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Abstract

Large amplitude conformational change is one of the features of biomolecular recognition and is also the basis for allosteric effects
and signal transduction in functional biological systems. However, synthetic receptors with controllable conformational changes are
rare. In this article, we present a thorough study on the host—guest chemistry of a conformationally adaptive macrocycle, namely
per-O-ethoxyzorb[4]arene (ZB4). Similar to per-O-ethoxyoxatub[4]arene, ZB4 is capable of accommodating a wide range of
organic cations. However, ZB4 does not show large amplitude conformational responses to the electronic substituents on the guests.
Instead of a linear free-energy relationship, ZB4 follows a parabolic free-energy relationship. This is explained by invoking the in-
fluence of secondary C—H---O hydrogen bonds on the primary cation-w interactions based on the information obtained from four
representative crystal structures. In addition, heat capacity changes (AC}) and enthalpy—entropy compensation phenomena both in-
dicate that solvent reorganization is also involved during the binding. This research further deepens our understanding on the

binding behavior of ZB4 and lays the basis for the construction of stimuli-responsive materials with ZB4 as a major component.

Introduction
Macrocyclic receptors are the principal workhorses used in  the arsenal of supramolecular chemists [2-11]. The majority of
supramolecular chemistry [1]. A myriad of synthetic macro- artificial macrocycles are featured with rigid backbones as it is

cycles have sprouted during the past decade, greatly enriching  widely accepted that preorganization [12] is crucial for mini-
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mizing the entropy cost in molecular recognition. In contrast,
bioreceptors often possess flexible backbone structures and
even undergo large amplitude conformational changes upon
binding substrates [13,14]. This conformational adaptivity is the
basis of the allosteric effects [15,16] and signal transduction
[17] observed with bioreceptors. However, similar conforma-
tionally adaptive synthetic macrocyclic receptors are relatively
rare in the literature [18-23].

During the last five years, we have developed two classes of
macrocyclic receptors with biomimetic structures [24]: endo-
functionalized molecular tubes [25-30] and conformationally
adaptive macrocycles [31-37]. Among the conformationally
adaptive macrocycles two types were reported: oxatub[n]arenes
[31-36] and zorb[n]arenes [37]. These macrocycles possess
multiple conformers due to the naphthalene flipping in analogy
with the phenyl-ring flipping seen in the more common calix-
arenes. The conformers so formed undergo quick interconver-
sion and each one has a slightly different cavity. Thus, these
conformers consist of a complex conformational network. We
have carefully looked into the properties of oxatub[z]arenes and
found that the macrocycles have many unique properties. For
example, oxatub[4]arene has a wide guest scope and can bind
almost all of the common organic cations [32]. It also shows
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conformational responses to solvent change [33] and remote
electronic substituents on the guests [34]. In addition, different
alkyl side chains on oxatub[4]arenes lead to different macro-
scopic self-assembly behaviors [36]. Zorb[4]arene was first
synthesized, reported and so named by the Georghiou
group in 2005. The derivatives per-O-methoxy- and per-O-
ethoxyzorb[4]arene were shown to be effective tetramethyl-
ammonium ion receptors [38]. The per-O-n-butoxyzorb[4]arene
(ZB4, Scheme 1a) was only recently further studied by us with
respect to its rich conformational properties and the conse-
quence on macroscopic self-assembly [37]. In the present
research, we report the binding behavior of ZB4 to a much
wider guest scope. We found that the guest-binding ability and
conformational adaptivity of ZB4 are quite different from that
of per-O-n-butoxyoxatub[4]arene (TA4).

Results and Discussion

Conformational adaptability enables oxatub[4]arenes to host a
wide range of organic cations [32]. ZB4 is also a conformation-
ally adaptive macrocycle. We wondered whether ZB4 has a
wide guest binding scope. It was reported that quaternary am-
monium-based organic cations (1*—3%) can be hosted by
zorb[4]arenes [37,38]. Quaternary ammonium cations 4* and 5%
and other types of organic cations hosted by TA4 (67—10™)

a) n-Bu0  On-Bu |+ N N
x O | R1R?2 | —
% 1+ 6* 8

3*:R' = CHy, R2= CHjy

1 /\,‘\]’ 4+ R'=H R2=H
/""" 5* R!=CHj,, R2 = CyHs
ZB4 2+ r 9 10
N N 11*:R3=Me 12*:R®=OMe 13* R3=SMe 14*:R3={-Bu
Q/\/ N 15 R3=F 16%R3=Cl 17" R3=Br 18*R3=|
R3 Z g3 19*:R3=CN 20*: R®=CF; 21*: R3=NO,
BuO OBu BuO ' OBu /\

\

I: cone

Il: partial cone
C4v Cs

1I: 1,2-alternate
Con

IV: 1,3-alternate
Daqg

Scheme 1: (a) Chemical structures of ZB4 and the guests involved in this research. The counterions are PFg™. (b) The four representative conformers
of ZB4 resulting from naphthalene flipping. Numberings on the structures are used to assign NMR signals.
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were tested with ZB4. Most of these guests can indeed be
complexed. But there are some exceptions. Changing the core
quaternary ammonium structure of 3* completely shuts down
the binding, because no obvious complexation-induced shifts
were detected in the 1:1 mixture of ZB4 with 4+ or 5% (Figures
S1 and S2 in Supporting Information File 1). This indicates the
importance of the core quaternary ammonium ions in the
host—guest complexation. All other guests can be encapsulated
in the cavity of ZB4, and significant chemical shifts on both the
guests and ZB4 were observed in the NMR spectra (Figures
S3-S7 in Supporting Information File 1). The ESI mass spectra
of equimolar mixtures of guests 9" and 10" and ZB4 were ob-
tained (Figures S9 and S10 in Supporting Information File 1)
and the predominant peaks were assigned to 1:1 complexes

after losing PFg4 .

NMR titrations and isothermal titration microcalorimetry (ITC)
were then performed to obtain the association constants. For
small guests such as 1%, 2*, 69", NMR titration experiments
with ZB4 have been performed due to the fast equilibrium of
the free and ZB4-complexed guests on the NMR time scale. All
titration curves agreed well with a 1:1 stoichiometry (Figures
S11-S14 in Supporting Information File 1). In case of guests 3*

Beilstein J. Org. Chem. 2018, 14, 1570-1577.

and 10%, the binding heats were high enough to be measured.
Thus the binding parameters were determined by ITC titrations
(Figure S15 in Supporting Information File 1) and the results
are shown in Table 1. Generally, ZB4 shows weaker binding
affinities to these guests than TA4 does with the same counter-
ions. For example, ZB4 and cation 3*, with a binding constant
of 5.4 x 10* M1, was the best guest among the studied ones.
However, the corresponding association constant with TA4 has
been 1.7 x 103 M. Similar differences were also observed for
cations 9% and 10*, their binding affinities with ZB4 were lower
by 1-2 orders of magnitude than those with TA4. However, the
small guests, such as 2* and 6*-8" share rather similar binding
affinities to both ZB4 and TA4.

The X-ray crystal structure of free ZB4 shows it to exist as a
self-inclusion conformation in the solid state (Figure 1a). This
conformation is different from the ones containing different
lower-rim alkyl groups reported earlier [37,38]. Crystals were
obtained by slow evaporation of the compounds’ CH3CN solu-
tions and the different conformations in the solid state may
result from the packing of the different lower-rim alkyl groups.
For the conformers with cavities (Scheme 1b), three out of the
four have been predominantly selected by three different guests.

Table 1: Association constants (M~") and other thermodynamic parameters as determined by 'H NMR ftitrations (400 MHz, CD,Cl,/CD3CN 1:1,
298 K) or by ITC titrations in a 1:1 mixture of 1,2-dichloroethane and MeCN at 298 K.

guests? Ky (M7 guests? Ky (M7
1+b 4700 + 600 7* 349 + 29
2% 590 + 30 8* 468 = 31
6* 524 + 48 o* 1300 + 100
guests® Ky (M~ AG (kJ:'mol™) AH (kJ'mol™") -TAS (kJ:mol™)
3% (5.4+1.2)x104 -27.0+0.8 -31.6 46
10* (4.3 +1.0) x 10 -26.5+0.7 -18.1 -8.4

aThe association constants were determined by NMR titrations; Pthe binding parameters of these guests have been reported (see ref. [37]); Sthe asso-

ciation constants were determined by ITC titrations.

ZB4

2*@zB4-IV

d) i gi i
3t@zBa-m 10*@zB4-|

Figure 1: X-ray single crystal structure of ZB4 and the host—guest complexes. a) ZB4, b) 2*@ZB4-V, c) 3*@zB4-1V, d) 10*@ZB4-1. Hydrogen
atoms of the host are removed and butyl groups are shortened to methyl groups for viewing clarity. The X-ray single crystal structures of 2*@ZB4-IV

(b) and 3*@2zB4-lll (c) have been reported previously (see [37]).
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For example, guests 2% and 3" induced conformers IV and II1,
respectively, to achieve optimal binding [37]. This has been un-
ambiguously confirmed by X-ray single crystallography
(Figure 1b and 1c). Guest 107 is a strong binder and its induc-
tion on the conformations of ZB4 was further analyzed. The
guest exchange in solution of 10*@ZB4 is fast/intermediate on
the NMR timescale, as witnessed by broadening of all signals in
the spectrum at 25 °C (Figure S7b in Supporting Information
File 1). Thus, a "H NMR experiment at —20 °C was performed
to slow down the guest exchange. Indeed, the protons a and b
are clearly separated, suggesting that the guest exchange is now
slow on the NMR timescale (Figure S7c in Supporting Informa-
tion File 1). Only two signals for the aromatic protons of the
host are observed, suggesting that ZB4 predominantly exists as
either conformer I or IV in the complex 10¥@ZB4. However, it
has been not clear which one ZB4 adopts. Fortunately, a single
crystal suitable for X-ray diffraction could be obtained by slow
evaporation of the solution of 10* and ZB4 in a mixture of
CH,Cl, and CH3CN. The crystal structure clearly shows that
conformer I (Figure 1d) is the selected conformation by guest
10*.

TA4 shows a large amplitude of conformational change in
response to the remote electronic substituents on the guests
[34]. We wondered whether a similar behavior would be ob-
served for ZB4. Consequently, a series of guests with different
substituents in the para-positions of guest 3* were employed to
study the electronic substituent effect of the guests on the
binding behavior of ZB4. As the guest exchange is slow on the
NMR timescale the experiments were performed by 'H NMR
spectroscopy. Surprisingly, all the "H NMR spectra of the com-
plexes (Figure S8 in Supporting Information File 1) shared sim-
ilar peak patterns as 3*@ZB4, suggesting conformer III (Cyp,
symmetry) [37] to be the most favored conformation for all
complexes. Obviously the conformational network of ZB4

Beilstein J. Org. Chem. 2018, 14, 1570-1577.

shows no response to the electronic substituents on the guests.
This is quite different from TA4.

In addition, there has been a linear free energy relationship be-
tween electronic properties of substituents present in the guests
and their binding affinities with TA4, indicating that the
binding affinities are affected by substituents through a field/
inductive effect [34]. However, this is again quite different for
7ZB4. The association constants of ZB4 to these guests were de-
termined by ITC titrations (Figures S15-S26 in Supporting
Information File 1), and the data are shown in Table 2. The
logarithm of the corresponding association constants of
11*-21% over 3* were parabolic as the function of Hammett pa-
rameter (op,) [39] (Figure 2). For substituents C(Me)3;, OMe,
Me, SMe, F, Cl, Br, and I, the binding affinities increase with
increasing o,. However, the binding affinities decrease with
further increasing 6, (CF3, NOy, and CN). The guest with iodo
substituent (18%) is the best, with an association constant of

T T T T T T T T T T T
0.2 0.4 0.6 0.8

Figure 2: Parabolic free-energy relationship between log(Kr/Kn) and
Hammett parameter 0. Kg: guests 11%-21%; Ky: guest 3*.

Table 2: Association constants (M~") and other thermodynamic parameters of ZB4 with guests 11*—21* as determined by ITC titrations in a 1:1 mix-

ture of 1,2-dichloroethane and MeCN at 298 K.

guests RS Ka
11* CHs (6.4 £0.5) x 104
12* OMe (8.8 1.1) x 10*
13* SMe (2.3+0.2) x 10°
14* t-Bu (2.3+0.6) x 104
15* F (1.2£0.1) x 105
16* Cl (2.2+0.3) x 10°
17+ Br (3.4+0.2) x 10°
18* | (4.9+0.7) x 10°
19* CN (8.6 £1.5) x 104
20* CF3 (1.9+0.2) x 105
21* NO, (1.2+0.1) x 10°

AG (kJ-mol™) AH (kJ-mol™") -TAS (kJ:mol™")
-274%05 -37.0 9.6
-282+£0.7 -38.1 9.8
-30.6+0.7 -50.1 19.5
-249105 -40.7 15.8
-29.0£0.7 -35.6 6.6
-30.6+0.8 -37.3 6.7
-31.510.8 -39.0 7.5
-32.510.9 -40.0 7.5
-28.220.7 -32.4 42
-30.120.9 -37.4 7.3
-304205 -32.6 3.2
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4.9 x 105 M™! at 25 °C. It is interesting to note that although the
substituents of guests 12* and 19% are quite different in view of
their electronic properties, they share very similar binding
affinities.

What is the underlying reason for the response of binding affini-
ties to the electronic substituent effect on the guests? Luckily,
single crystals of complexes 147 @ZB4-111, 16*@ZB4-I1I,
18*@ZB4-111, and 21*@ZB4-III suitable for X-ray single
crystallography, were obtained and their crystal structures are
shown in Figure 3. The substituents of these four guests located
at three representative positions in Figure 2. Therefore, a closer
look at their crystal structures may provide an explanation for
their surprising binding behaviors. Multiple non-covalent inter-
actions, including C—H---O hydrogen bonds, cation-w, C-H'1
and 77 interactions, are involved in all the cases. Undoubt-
edly, cation -7 interactions between the core quaternary ammo-
nium ions of the guests and the four naphthalene rings of the
host should still be the major driving force as mentioned above.
However, it was noticed that the distances between diagonal
linker oxygen atoms in the backbone of the host are slightly dif-
ferent for the four complexes. These interactions may be tuned
by the size of the host cavity. As shown in Figure 3 (bottom),
the vertical and horizontal distances between the diagonal
oxygen atoms are different for all the four complexes. This dis-
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tance is presumably tuned through the C—H---O hydrogen bonds
between the CH,—O—CH, oxygen atoms and the aromatic
protons of the guests. The acidities of aromatic protons on the
guests are, however, influenced by the substituents. Indeed, the
electron-withdrawing nitro group and the electron-donating tert-
butyl group both result in shorter C—H---O hydrogen bonds than
the chloro and iodo groups do. The cavity sizes of ZB4 in com-
plexes 167" @ZB4-111 and 187 @ZB4-111 may be better suited
than those of 14*@ZB4-I11 and 21"@ZB4-III to host the
quaternary ammonium and maximize all the non-covalent inter-
actions. Any deviation from these cavity sizes weakens the
binding. That is, the secondary C—H--*O hydrogen bonds can be
tuned through the substituents to leverage the primary cation-
interactions and thus the final binding affinities. This may
explain the parabolic distribution of binding affinities over the
Hammett parameters (c},) of the substituents as shown in
Figure 2. The conformational adaptivity or flexibility allows
Z.B4 to adapt according to the need of the guests. Simultaneous-
ly, the guest may also conformationally adapt to better interact
with ZB4. As shown in Figure 4, the crystal structure of 18" in
18" @ZB4-1I11 is slightly different in shape from free cation 18*.

In addition, thermodynamic parameters at different tempera-
tures for the complex between ZB4 and 18" were determined by
ITC experiments (Figure S27 in Supporting Information File 1).

14*@zB4-n

16*@zB4-Il

18*@zB4-1ll 21*@zB4-lIl

Figure 3: X-ray single crystal structures of 14*@ZB4-lll, 16*@ZB4-lll, 18*@ZB4-lll and 21*@ZB4-lll. Butyl groups of the host are removed for

viewing clarity.
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18+

Figure 4: X-ray single crystal structures of 18*@2zB4-lll and 18* in 18*@zB4-lII.

The data are compiled in Table 3. The heat capacity change
(AC,) for the formation of 18"@ZB4 is —0.13 kJ mol ! K™! as
determined from the slope of the linear fitting in plots of AH
versus temperature from 283 to 313 K (Figure 5). The release of
solvent molecules upon complex formation may account for the
negative heat capacity change and similar heat capacity changes
were also reported for the fullerenes recognition [40]. Mean-
while, the changes of AG for the formation of 18*@ZB4 com-
plex over the temperature range 283-313 K is very small
(0.31 kJ mol™1), while the changes in AH and —TAS are much
larger (ca. 4—4.3 kJ mol™'). The changes in AH and —TAS are

Beilstein J. Org. Chem. 2018, 14, 1570-1577.

18* in 18*@ZB4-llI

opposite in signs and perfectly compensate each other. The
enthalpy—entropy compensation phenomenon may be explained
by invoking a solvent reorganization during the formation of
18T @ZB4 complex, which is common for reactions taking

place in aqueous solution [41].

Conclusion

In summary, we systematically studied the guest binding scope,
electronic substituent effects and thermodynamic origin on the
molecular recognition of ZB4 using NMR, ITC titration and
X-ray crystallography. Similar to TA4, ZB4 is able to host a

Table 3: Thermodynamic parameters for the complex between 18* and ZB4 as determined by ITC in a 1:1 mixture of 1,2-dichloroethane and MeCN

at different temperatures.

T (K) Ky (M1 AG (kJ'mol™)
283 8.4 x 10° -32.09
293 5.2 x 10° -32.04
298 4.2 %105 -32.10
303 3.3 x10° -32.01
308 2.6 x 10° -31.88
313 2.0 x 10° -31.78
-394
-~ -404
©
E .
-
S
Ry
< —42"
_43 L L] L] L L) L}
282 288 294 300 306 312

Temperature (K)

AH (kJ'mol™1) -TAS (kJ-mol™)
-38.59 6.50
-39.96 7.92
-40.72 8.62
-41.19 9.18
-42.08 10.2
-42.58 10.8
-394
—~-40-
g
= 414
=
I
= -424
_43 L L] L] T T
-11 -10 -9 -8 -7

TAS (kJ mol™)

Figure 5: Linear relationships of AH with temperature (left, slope = —0.13, R? = 0.9956) and TAS (right, slope = 0.93, RZ = 0.9976).
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wide range of organic cations. However, in contrast to TA4,
ZB4 shows no large amplitude of conformational response to
the electronic nature of substituents on the guests, and its
binding affinities follow a parabolic rather than a linear free
energy relationship. A closer look at four representative crystal
structures suggested that the parabolic free energy relationship
may be caused through influencing the major interactions in the
host—guest complexes by tuning the weak C—H---O hydrogen
bonds. Heat capacity changes and enthalpy—entropy compensa-
tion indicate that solvent reorganization is also involved during
the host—guest binding. Generally, ZB4 is quite different from
TA4, and further enriches the arsenal of conformationally adap-
tive macrocycles. With these model systems, we may further
understand the importance of conformational adaptivity in bio-
molecular recognition and even design stimuli-responsive mate-
rials by harnessing this large amplitude of conformational
changes.

Supporting Information

Supporting Information File 1

Experimental procedures, NMR spectra, mass spectra,
determination of association constants and X-ray single
crystal data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-134-S1.pdf]

Acknowledgements

This research was financially supported by the National Natural
Science foundation of China (WJ: Nos. 21572097 and
21772083), Thousand Young Talents Program (WJ), and
SZSTI (WJ: Nos. JCYJ20160226192118056,
JCYJ20170307105848463, and KQISCX20170728162528382).
Academy of Finland (AV: project no. 314343) is also acknowl-
edged for funding. We thank SUSTech-MCPC for the support

with instruments.

ORCID® iDs

Arto Valkonen - https://orcid.org/0000-0003-2806-3807
Kari Rissanen - https://orcid.org/0000-0002-7282-8419

References

1. Schrader, T.; Hamilton, A. D. Functional Synthetic Receptors;
Wiley-VCH: Weinheim, Germany, 2005. doi:10.1002/352760572X

2. Rambo, B. M.; Gong, H.-Y.; Oh, M.; Sessler, J. L. Acc. Chem. Res.
2012, 45, 1390—-1401. doi:10.1021/ar300076b

3. Lee, S;; Chen, C.-H.; Flood, A. H. Nat. Chem. 2013, 5, 704-710.
doi:10.1038/nchem.1668

4. Ogoshi, T.; Yamagishi, T.-a.; Nakamoto, Y. Chem. Rev. 2016, 116,
7937-8002. doi:10.1021/acs.chemrev.5b00765

Beilstein J. Org. Chem. 2018, 14, 1570-1577.

5. Chen, H.; Fan, J.; Hu, X;; Ma, J.; Wang, S.; Li, J.; Yu, Y,; Jia, X; Li, C.
Chem. Sci. 2015, 6, 197-202. doi:10.1039/C4SC02422B

6. Liu, H.-B.; Zhang, Q.; Wang, M.-X. Angew. Chem., Int. Ed. 2018, 57,
6536-6540. doi:10.1002/anie.201802650

7. Zhang, G.-W.; Li, P.-F.; Meng, Z.; Wang, H.-X.; Han, Y.; Chen, C.-F.
Angew. Chem., Int. Ed. 2016, 55, 5304-5308.
doi:10.1002/anie.201600911

8. Svec, J.; Necas, M.; Sindelar, V. Angew. Chem., Int. Ed. 2010, 49,
2378-2381. doi:10.1002/anie.201000420

9. Gao, B.; Tan, L.-L,; Song, N.; Li, K.; Yang, Y.-W. Chem. Commun.
2016, 52, 5804-5807. doi:10.1039/C6CC01892K

10.Zhu, H.; Shi, B.; Chen, K.; Wei, P.; Xia, D.; Mondal, J. H.; Huang, F.
Org. Lett. 2016, 18, 5054—-5057. doi:10.1021/acs.orglett.6602500

11.Jiang, B.; Wang, W.; Zhang, Y.; Lu, Y.; Zhang, C.-W.; Yin, G.-Q;
Zhao, X.-L.; Xu, L.; Tan, H,; Li, X.; Jin, G.-X.; Yang, H.-B.
Angew. Chem., Int. Ed. 2017, 56, 14438-14442.
doi:10.1002/anie.201707209

12.Cram, D. J. Angew. Chem., Int. Ed. Engl. 1986, 25, 1039-1057.
doi:10.1002/anie.198610393

13.Koshland, D. E., Jr. Nat. Med. 1998, 4, 1112-1114. doi:10.1038/2605

14.Tama, F.; Sanejouand, Y.-H. Protein Eng. 2001, 14, 1-6.
doi:10.1093/protein/14.1.1

15.Kremer, C.; Lutzen, A. Chem. — Eur. J. 2013, 19, 6162—6196.
doi:10.1002/chem.201203814

16.Yuan, Y.; Tam, M. F.; Simplaceanu, V.; Ho, C. Chem. Rev. 2015, 115,
1702-1724. doi:10.1021/cr500495x

17.Changeux, J.-P.; Edelstein, S. J. Science 2005, 308, 1424-1428.
doi:10.1126/science.1108595

18.lkeda, A.; Shinkai, S. Chem. Rev. 1997, 97, 1713-1734.
doi:10.1021/cr960385x

19.Wang, M.-X. Acc. Chem. Res. 2012, 45, 182—195.
doi:10.1021/ar200108c

20.Kim, D. S.; Sessler, J. L. Chem. Soc. Rev. 2015, 44, 532-546.

doi:10.1039/C4CS00157E

.Talotta, C.; Gaeta, C.; Qi, Z.; Schalley, C. A.; Neri, P.

Angew. Chem., Int. Ed. 2013, 52, 7437-7441.

doi:10.1002/anie.201301570

22.Talotta, C.; Gaeta, C.; De Rosa, M.; Ascenso, J. R.; Marcos, P. M.;
Neri, P. Eur. J. Org. Chem. 2016, 158—167.
doi:10.1002/ejoc.201501319

23.Galan, A.; Escudero-Adan, E. C.; Frontera, A., Il; Ballester, P.
J. Org. Chem. 2014, 79, 5545-5557. doi:10.1021/jo5007224

24.Yang, L.-P.; Liu, W.-E.; Jiang, W. Tetrahedron Lett. 2016, 57,
3978-3985. doi:10.1016/j.tetlet.2016.07.077

25.Huang, G.; He, Z; Cai, C.-X,; Pan, F.; Yang, D.; Rissanen, K.;
Jiang, W. Chem. Commun. 2015, 51, 15490-15493.
doi:10.1039/C5CC06768E

26.Huang, G.; Valkonen, A.; Rissanen, K.; Jiang, W. Chem. Commun.
2016, 52, 9078-9081. doi:10.1039/C6CC00349D

27.Huang, G.-B.; Wang, S.-H.; Ke, H.; Yang, L.-P.; Jiang, W.
J. Am. Chem. Soc. 2016, 138, 14550-14553.
doi:10.1021/jacs.6b09472

28.Wang, L.-L.; Chen, Z.; Liu, W.-E.; Ke, H.; Wang, S.-H.; Jiang, W.
J. Am. Chem. Soc. 2017, 139, 8436-8439. doi:10.1021/jacs.7b05021

29.Huang, G.-B.; Liu, W.-E.; Valkonen, A.; Yao, H.; Rissanen, K;;
Jiang, W. Chin. Chem. Lett. 2018, 29, 91-94.
doi:10.1016/j.cclet.2017.07.005

30.Ma, Y.-L.; Ke, H.; Valkonen, A.; Rissanen, K.; Jiang, W.
Angew. Chem., Int. Ed. 2018, 57, 709-713.
doi:10.1002/anie.201711077

2

=

1576


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-14-134-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-14-134-S1.pdf
https://orcid.org/0000-0003-2806-3807
https://orcid.org/0000-0002-7282-8419
https://doi.org/10.1002%2F352760572X
https://doi.org/10.1021%2Far300076b
https://doi.org/10.1038%2Fnchem.1668
https://doi.org/10.1021%2Facs.chemrev.5b00765
https://doi.org/10.1039%2FC4SC02422B
https://doi.org/10.1002%2Fanie.201802650
https://doi.org/10.1002%2Fanie.201600911
https://doi.org/10.1002%2Fanie.201000420
https://doi.org/10.1039%2FC6CC01892K
https://doi.org/10.1021%2Facs.orglett.6b02500
https://doi.org/10.1002%2Fanie.201707209
https://doi.org/10.1002%2Fanie.198610393
https://doi.org/10.1038%2F2605
https://doi.org/10.1093%2Fprotein%2F14.1.1
https://doi.org/10.1002%2Fchem.201203814
https://doi.org/10.1021%2Fcr500495x
https://doi.org/10.1126%2Fscience.1108595
https://doi.org/10.1021%2Fcr960385x
https://doi.org/10.1021%2Far200108c
https://doi.org/10.1039%2FC4CS00157E
https://doi.org/10.1002%2Fanie.201301570
https://doi.org/10.1002%2Fejoc.201501319
https://doi.org/10.1021%2Fjo5007224
https://doi.org/10.1016%2Fj.tetlet.2016.07.077
https://doi.org/10.1039%2FC5CC06768E
https://doi.org/10.1039%2FC6CC00349D
https://doi.org/10.1021%2Fjacs.6b09472
https://doi.org/10.1021%2Fjacs.7b05021
https://doi.org/10.1016%2Fj.cclet.2017.07.005
https://doi.org/10.1002%2Fanie.201711077

31.Jia, F.; He, Z;; Yang, L.-P.; Pan, Z.-S,; Yi, M.; Jiang, R.-W.; Jiang, W.
Chem. Sci. 2015, 6, 6731-6738. doi:10.1039/C5SC03251B

32.Jia, F.; Wang, H.-Y,; Li, D.-H.; Yang, L.-P.; Jiang, W. Chem. Commun.

2016, 52, 5666—-5669. doi:10.1039/C6CC01052K

33.Yang, L.-P.; Liu, H.; Lu, S.-B.; Jia, F.; Jiang, W. Org. Lett. 2017, 19,
1212-1215. doi:10.1021/acs.orglett.7b00181

34.Jia, F.; Yang, L.-P.; Li, D.-H.; Jiang, W. J. Org. Chem. 2017, 82,
10444-10449. doi:10.1021/acs.joc.7b01914

35.Jia, F.; Li, D.-H.; Yang, T.-L.; Yang, L.-P.; Dang, L.; Jiang, W.
Chem. Commun. 2017, 53, 336—339. doi:10.1039/C6CC09038A

36.Yang, L.-P.; Jia, F.; Pan, F.; Pan, Z.-S.; Rissanen, K.; Jiang, W.
Chem. Commun. 2017, 53, 12572—-12575. doi:10.1039/C7CC07630D

37.Yang, L.-P.; Jia, F.; Zhou, Q.-H.; Pan, F.; Sun, J.-N.; Rissanen, K;
Chung, L. W.; Jiang, W. Chem. — Eur. J. 2017, 23, 1516-1520.
doi:10.1002/chem.201605701

38.Tran, A. H.; Miller, D. O.; Georghiou, P. E. J. Org. Chem. 2005, 70,
1115-1121. doi:10.1021/jo0484427

39.Hansch, C.; Leo, A.; Taft, R. W. Chem. Rev. 1991, 97, 165-195.
doi:10.1021/cr00002a004

40.Le, V. H; Yanney, M.; McGuire, M.; Sygula, A.; Lewis, E. A.
J. Phys. Chem. B 2014, 118, 11956—11964. doi:10.1021/jp5087152

41. Adriaenssens, L.; Gil-Ramirez, G.; Frontera, A.; Quifionero, D.;
Escudero-Adan, E. C.; Ballester, P. J. Am. Chem. Soc. 2014, 136,
3208-3218. doi:10.1021/ja412098v

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(https://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.14.134

Beilstein J. Org. Chem. 2018, 14, 1570-1577.

1577


https://doi.org/10.1039%2FC5SC03251B
https://doi.org/10.1039%2FC6CC01052K
https://doi.org/10.1021%2Facs.orglett.7b00181
https://doi.org/10.1021%2Facs.joc.7b01914
https://doi.org/10.1039%2FC6CC09038A
https://doi.org/10.1039%2FC7CC07630D
https://doi.org/10.1002%2Fchem.201605701
https://doi.org/10.1021%2Fjo0484427
https://doi.org/10.1021%2Fcr00002a004
https://doi.org/10.1021%2Fjp5087152
https://doi.org/10.1021%2Fja412098v
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.14.134

(J BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Synthesis of diamido-bridged bis-pillar[5]arenes and
tris-pillar[5]arenes for construction of unique
[1]rotaxanes and bis-[1]rotaxanes

Ying Han, Li-Ming Xu, Cui-Yun Nie, Shuo Jiang, Jing Sun and Chao-Guo Yan"

Full Research Paper
Address:
College of Chemistry & Chemical Engineering, Yangzhou University,

Yangzhou 225002, P. R. China

Email:
Chao-Guo Yan' - cgyan@yzu.edu.cn

* Corresponding author
Keywords:

bis-[1]rotaxane; mechanically interlocked molecule; pillar[5]arene;
[1]rotaxane; self-assembly

Abstract

Beilstein J. Org. Chem. 2018, 14, 1660-1667.
doi:10.3762/bjoc.14.142

Received: 17 April 2018
Accepted: 20 June 2018
Published: 04 July 2018

This article is part of the thematic issue "Macrocyclic and supramolecular
chemistry".

Guest Editor: M.-X. Wang

© 2018 Han et al.; licensee Beilstein-Institut.
License and terms: see end of document.

The pillar[5]arene mono- and di(oxyalkoxy)benzoic acids were successfully prepared in high yields by sequential alkylation of

o-bromoalkoxy-substituted pillar[5]arenes with methyl or ethyl p-hydroxybenzoate followed by a hydrolytic reaction under basic

conditions. Under catalysis of HOBt/EDCI, the amidation reaction of pillar[5]arene mono(oxybutoxy)benzoic acid with

monoamido-functionalized pillar[5]arenes afforded diamido-bridged bis-pillar[5]arenes. 'H NMR and 2D NOESY spectra clearly

indicated that [1]rotaxanes were formed by insertion of longer diaminoalkylene unit into the cavity of one pillar[5]arene with

another pillar[5]arene acting as a stopper. The similar catalysed amidation reaction of pillar[5]arene di(oxybutoxy)benzoic acid with

monoamido-functionalized pillar[5]arenes resulted in the diamido-bridged tris-pillar[5]arenes, which successfully form the unique

bis-[1]rotaxanes bearing longer than diaminopropylene diamido bridges.

Introduction

The construction and dynamic motion of the mechanically inter-
locked molecules (MIMs) have attracted significant research
interests due to their intrinsic self-assembled nature and poten-
tial applications in various aspects [1-4]. Pseudo[1]rotaxane and
[1]rotaxane are one of particular supramolecular assembly
system and are considered as an important building block in the

construction of diverse MIMs [5-10]. [1]Rotaxane has a macro-

cyclic wheel component connected with a self-locked chain
axle, and a bulky stopper at the terminal axle to prevent dissoci-
ation of the subcomponents. In recent years, many effects have
been devoted to the construction and functionalization of
pseudo[1]rotaxanes and [1]rotaxanes [11-20]. For this purpose,
the well-known macrocycles such as crown ether [21-23],

cyclodextrin [24-26], calixarene [27-29] and pillararene have
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been successfully employed as the wheel subcomponent.
Pillararenes are new star macrocyclic compounds with aromat-
ic rings para-bridged by methylene units and have unique
tubular shape rather than cone [30-32]. In recent years, an
explosive development on the construction of various supramo-
lecular devices and diverse responsive materials has been re-
ported by using diverse functionalized pillararenes [33-35]. Due
to easily preparation and suitable cavity, functionalized
pillar[5]arenes were widely used as wheel component for con-
structing of the various interlocked molecules [36-42]. In the
past few years, many elegant works on the construction of
pseudo[1]rotaxanes and [1]rotaxanes have been developed on
the basis of various mono-functionalized pillar[5]arenes
[43-57]. Recently, we have successfully constructed a couple of
pseudo[ 1]rotaxane and [1]rotaxane both in solution and in solid
state developed by using mono-functionalized pillar[5]arene
Schiff base, urea and pyridylimine derivatives [58-63]. In
continuation of our effort on the development on the construc-
tion of [1]rotaxanes via various mono-functionalized
pillar[5]arene derivatives, herein we wish to report the conve-
nient synthesis of diamido-bridged bis-pillar[5]arenes and tris-
pillar[5]arenes as well as formation of unique [1]rotaxanes and
bis-[1]rotaxanes.

Results and Discussion

The synthetic route for the pillar[5]arene mono(oxyalkoxy)ben-

zoic acids was illustrated in Scheme 1. Firstly, the alkylation of
mono(bromoalkoxy)pillar[S]arene 1a—c (n = 4, 5, 6) [64] with
methyl or ethyl p-hydroxybenzoate was carried out in the re-
fluxed medium of KI/K,CO3/CH3CN for one day. The
pillar[5]arene mono(oxyalkoxy)benzoates 2a—f were successful-
ly prepared in high yields. Then, basic hydrolysis of
pillar[5]arene mono(oxyalkoxy)benzoates 2a—f in ethanol in the
presence of potassium hydroxide afforded the desired
pillar[5]arene mono(oxyalkoxy)benzoic acids 3a—c. The struc-
tures of the prepared pillar[5]arenes 2a—f and 3a—c were fully
characterized by the spectroscopic methods. The single crystal

Beilstein J. Org. Chem. 2018, 14, 1660-1667.

structures of the pillar[S]arenes 2a (Figure 1), 2¢, 2d, 2e (Sup-
porting Information File 1, Figure S1-S3) and 2f (Figure 2)
were successfully determined by X-ray diffraction. The same
structural feature was obtained in the five single crystals. That
is, the longer chain of methyl (ethyl) oxyalkoxybenzoate not
only does not inserted in the cavity of the pillar[5]arene to form
the pseudo[1]rotaxane, but also does not thread to the cavity of
the neighbouring pillar[5]arene to form the supramolecular
polymer. This result is consistent to the Cao’s previously re-
ported results in the series of pillar[5]arenes bearing aliphatic
esters [49], in that they found the chain of methyl oxybutyrate
did not threaded into the cavity of pillar[5]arene.

Figure 1: single crystal structure of pillar[5]arene 2a.

Figure 2: Single crystal structure of pillar[5]arene 2f.

OH

CO,R

KI/K,CO3
CH3CN/reflux

\
(CH2)n Br

1a—c (n =4, 5, 6)

Scheme 1: Synthesis of pillar[5]arene mono(oxyalkoxy)benzoic acids 3a—c.

CO2R

2a-f (n =4, 5, 6; R=Me, Et)

1. KOH/EtOH
2. HCI
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COxH

3a-c (n =4,5,6)
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The above synthetic pillar[5]arene mono(oxyalkoxy)benzoic
acids have a longer chain functionalized group and a large
macrocycle, which enabled them to be a good candidate as an
efficient terminal stopper for the construction of rotaxanes.
Therefore, the amidation reaction of pillar[S]arene mono(oxy-
butoxy)benzoic acid 3a with our previously reported amido-
functionalized pillar[5]arenes 4a—d (n = 2, 3, 4, 6) [58] was
carried out in chloroform under the combined catalysis of
1-hydroxybenzotrizole (HOBt) and 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDCI). The reaction
proceeded smoothly to give diamido-bridged bis-pillar[5]arenes
5a—d (n =2, 3, 4, 6) in moderate yields (Scheme 2). It has been
reported that the chain of N-(w-aminoalkyl)oxyacetamide
inserted in the cavity of pillar[5]arene in the amido-functionali-
zed pillar[5]arene 4a—d (n = 2, 3, 4, 6) to form pseudo[ 1 ]rotax-
anes both in solution and in solid state [58]. The diamido-
bridged bis-pillar[S]arenes 5a—d might form the expected
[1]rotaxanes. 'H NMR spectrum of the bis-pillar[5]arenes 5a
clearly showed that there is no any signals at very high
magnetic field (& < 0), which indicated that the diamino-
ethylene chain does not inserted in the cavity of pillar[5]arene
to form the expected [1]rotaxane. Therefore, the two moieties of
pillar[S]arenes are just connected by the diaminoethylene chain

wilioSh

O

oo
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from the outside in diamido-bridged bis-pillar[5]arenes 5a.
However, a couple of characteristic signals at very high magnet-
ic field can be seen in the 'H NMR spectra of the bis-
pillar[5]arenes 5b—d. There is a broad singlet at —1.82 ppm in
5b, a mixed peak at —1.88 to —2.14 ppm in 5¢ and several peaks
in the range of 0.07 to —2.07 ppm in 5d. This result clearly
displayed that the unique [1]rotaxane structures were actually
formed by threading the longer diaminoalkylene bridge in the
cavity of one molecular pillar[5]arene, while another
pillar[S]arene as the bigger stopper. Additionally, 2D NOESY
spectra of the compound 5d provided more strong evidence
for the formation of [1]rotaxane (Figure 3). The NOE correla-
tions were clearly observed between Ha, Hb, Hc, Hd, and He
protons of the bridging hexylene chain with the proton Hf in the
core of pillar[5]arene. The proton Hb of the bridging hexylene
chain also correlated with protons of the aromatic protons Hg
and Hf.

According to similar reaction procedure for the synthesis
of pillar[5]arene mono(oxyalkoxy)benzoic acids 3a—c,
pillar[5]arene di(oxybutoxy)benzoic acid 8 was prepared in
moderate yield from sequential alkylation and basic hydrolysis
reaction (Scheme 3). The single crystal structure of the

HN, \ NH
o,

3a 4a-d (n=2,3,4,6)
HOBYEDCI | CHCI;
n-Bu \
\ n-By 0 0
0] O — H — H
< O]
N\ 7/ 'LJ4>\_// Ill g H 5 H |4
O\ O H H‘g \
5 NN S
o

5a-d (n =2, 3, 4, 6)

Scheme 2: Synthesis of diamido-bridged bis-pillar[5]arenes 5a—d.
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Figure 3: The 2D NOSEY spectrum of bis-pillar[5]arene 5d.
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\
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Scheme 3: Synthesis of pillar[5]arene di(oxyalkoxy)benzoic acid 8.

pillar[5]arene di(oxybutoxy)benzoate 7 showed that the two
chains of methyl oxybutoxybenzoate did not insert in the cavity
of pillar[5]arene (Figure 4) as that of the above mentioned
pillar[5]arene mono(oxybutoxy)benzoates 2a—f. The two chains
straight stretched to the opposite direction of central
pillar[5]arene. It might be attribute to the electron-rich effect of

the methyl oxybutoxybenzoate unit, which kept it away from
the electron-rich cavity of pillar[5]arene.

Under the combined catalysis of HOBT and EDCI, the amide

reaction of pillar[5]arene di(oxybutoxy)benzoic acid 8a with

two molecular amido-functionalized pillar[5]arenes 4a—d in
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Figure 4: Single crystal structure of pillar[5]arene 7.

chloroform afforded tris-pillar[5]arenes 9a—d in moderate yields
(Scheme 4). The structures of the synthetic tris-pillar[5]arenes
9a—d were fully characterized by IR, HRMS, 'H and '3C NMR
spectra. The '"H NMR spectra provided stronger evidence for
the formation of fascinating bis-[1]rotaxanes. Because there are
no peaks with negative chemical shift in the 'H NMR spectra of
the tris-pillar[5]arene 9a, it can be concluded that the three

CO,H

HOBYEDCI
CHClg, 1t

pillar[S]arenes are connected from the outsides by two diamido-
ethylene-bridges. There is one broad peak at —1.80 ppm in tris-
pillar[5]arene 9b, a mixed peak at —2.00 ppm in tris-
pillar[5]arene 9c¢, and five broad peaks at —0.29 ppm,
—0.74 ppm, —0.97 ppm, —1.62 ppm and —2.08 ppm in tris-
pillar[5]arene 9d. Therefore, 'H NMR spectra of 9b—d indicat-
ed that the diaminoalkylene chain ambiguously inserted in the

4a-d (n =2, 3,4, 6)

Scheme 4: Synthesis of diamido-bridged tris-pillar[5]arenes 9a—d.

9a-d (n =2, 3, 4, 6)
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cavity of the pillar[5]arene. In other words, the fascinating bis-
[1]rotaxane structures were formed in the tris-pillar[5]arenes
9b—d. Here, the lengths of bridging chains played the critical
role in the selflocked behaviour of pillar[5]arene-based
[1]rotaxanes.

In order to confirm the formation of the bis-[1]rotaxanes,
2D NOESY spectra of the compounds 9a—d were recorded. The
2D NOESY spectrum of compound 9d was showed in Figure 5.
There it can be seen that the NOE correlations were clearly ob-
served between Ha, Hb, Hc, Hd, Hf, Hg, Hh protons of the
bridging diaminohexylene chain and the protons Hi, Hj in the
core of pillar[5]arene. Additionally, some correlations exists be-
tween protons Ha, He, Hd and Hh and active amino (N-H)
group. These NOE correlations clearly indicated the two
bridged diaminohexylene chain threading into the cavity of the
two pillar[5]arenes to form the bis-[1]rotaxane. The similar
correlations were also observed in the NOESY spectra of the
tris-pillar[5]arene 9b and 9¢ (see Supporting Information File 1,
Figures S5 and S6). However, there is no such correlation in the
2D NOESY spectrum of the compound 9a (see Supporting
Information File 1, Figure S4), which confirmed that the
diamidoethylene bridge did not insert to the cavity of the

Hd h

FAY
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pillar[5]arene to form [1]rotaxanes. Thus, the 2D NOESY spec-
tra provided stronger evidence for the formation of novel bis-
[1]rotaxanes for the tris-pillar[5]arenes 9¢—d bearing longer
than diaminopropylene diamido-bridges.

Conclusion

In summary, we have conveniently prepared several
pillar[5]arene mono- and di(oxyalkoxy)benzoic acids and found
that the chain of alkyl oxyalkoxybenzoate did not inserted to the
cavity of pillar[5]arene. More importantly, a series of diamido-
bridged bis-pillar[5]arenes and tris-pillar[5]arenes were effi-
ciently synthesized by catalyzed amidation reaction of
pillar[5]arene mono- and di(oxybutoxy)benzoic acids with
monoamide-functionalized pillar[5]arenes. On the basis of
IH NMR and 2D NOESY spectra, we successfully concluded
that the chains longer than diaminopropylene threaded into the
one or two cavities of the pillar[5]arenes to form the unique
[1]rotaxane and bis-[1]rotaxanes. This work not only provided a
fundamental self-assembly of the mechanically interlocked mol-
ecules, but also developed the potential applications of
pillar[5]arene in supramolecular chemistry. The design and con-
struction of diverse mechanically interlocked molecules are
underway in our laboratory.

Hb, £

=114 <o - i
HLI | . . e
. . Fa.
] i - I

Hk

6.0

f1 (pw

6.5

t-8.0

Figure 5: The 2D NOSEY spectra of tris-pillar[5]arene 9d.
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Supporting Information

Experimental procedures, analytical data, and copies of the
'H and '3C NMR spectra, HRMS spectra for all new
products. Single crystal data for 2a (CCDC: 1837205), 2¢
(CCDC: 1837206), 2d (CCDC: 1837207), 2e (CCDC:
1837208), 2f (CCDC: 1837209) and 7 (CCDC: 1846692)
have been deposited at the Cambridge Crystallographic
Data Centre.

Supporting Information File 1
Experimental and analytical data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-142-S1.pdf]
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Abstract

Host—guest complexes of C-hexyl-2-bromoresorcinarene (BrC6) with twelve potential aromatic N-oxide guests were studied using
single crystal X-ray diffraction analysis and '"H NMR spectroscopy. In the solid state, of the nine obtained X-ray crystal structures,
eight were consistent with the formation of BrC6-N-oxide endo complexes. The lone exception was from the association between
4-phenylpyridine N-oxide and BrC6, in that case the host forms a self-inclusion complex. BrC6, as opposed to more rigid previ-
ously studied C-ethyl-2-bromoresorcinarene and C-propyl-2-bromoresorcinarene, undergoes remarkable cavity conformational
changes to host different N-oxide guests through C—H-myst) interactions. In solution phase CD30D/CDCl; (1:1 v/v), all twelve
N-oxide guests form endo complexes according to 'H NMR; however, in more polar CD3;0D/DMSO-dg (9:1 v/v), only three
N-oxides with electron-donating groups form solution-phase endo complexes with BrCé6. In solid-state studies, 3-methylpyridine
N-oxide+BrC6 crystallises with both the upper- and lower-rim BrC6 cavities occupied by N-oxide guests. Computational DFT-
based studies support that lower-rim long hexyl chains provide the additional stability required for this ditopic behaviour. The
lower-rim cavity, far from being a neutral hydrophobic environment, is a highly polarizable electrostatically positive surface, aiding

in the binding of polar guests such as N-oxides.
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Introduction

Resorcinarenes are macrocyclic compounds with a bowl-shaped
cavity stabilised by circular intramolecular O---H-O hydrogen
bonds (HBs) [1,2]. The combination of their confined cavity
and conformational flexibility has driven the interest in these
synthetic receptors [3], a subclass of calixarenes [4], for a wide
range of applications in fields such as catalysis [5-9], sensors
[10,11], coordination chemistry [12,13], biological systems [14]
and especially for host—guest (H-G) chemistry [15]. Resor-
cinarenes can be modified at either the upper rim 2-position,
lower rim, or both, to deliver supramolecular structures with the
required structure for a given function [16-18]. We have shown
that resorcinarenes are particularly suited hosts for both neutral
and protonated N-heterocyclic compounds [19,20] and alkyl
ammonium cations [21-25]. The resulting complexes have been
extensively studied in both solid and solution state. The most
common defined interactions involve encapsulation in the bowl-
shaped upper rim (endo complexation) due to size complemen-
tarity between host cavity and guest shape, and are generally
stabilised through multiple C—H---n interactions [26-28]. The
cavity capacity to undergo induced conformational changes in
response to the incorporation of various upper-rim substituents,
differing lower-rim alkyl chain length, specific guests, and
selective solvents, have made resorcinarenes an attractive plat-
form for H-G applications. Through careful rational supramo-
lecular design via self-assembly processes, our lab and others
have combined simple 1:1 H-G building blocks into dimers
[29-31], hexamers [32] or supramolecular chains (1D), sheets
(2D), or lattice (3D) networks [15]. The detailed analysis of the
molecular level interactions of these systems also has enabled
our research to design constructs with specific individual mo-
lecular and electronic properties by tuning the structure of the

interacting partners.

Over the past decade, the N-oxide family has attracted the
attention of the H-G community in molecular recognition
processes [33-35]. In order to tune the resorcinarene-PyNO
H-G recognition events at the molecular level, a better under-
standing of the particular interactions is required. The N-oxide
oxygen atoms potential to act as a HB acceptor for multiple si-
multaneous N-O---(O—H)},ost interactions raises the molecular
complexity. These are the dominant non-covalent interactions,
in both the solid and solution state, compared to endo cavity
C—H-mst) interactions that win in the presence of most other
guests. Therefore, investigating H-G complexes relying on
N-O--(H-O)post HBs is challenging especially in HB competi-
tive solvents such as methanol and dimethyl sulfoxide (DMSO).
In reports from our lab, we disclosed that the n-acidity of aro-
matic protons assist in orienting the N-oxide guest by C-H-n
interactions, and that the HB accepting N—O group is posi-

tioned “up”, extending out beyond the cavity to interact with
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solvent molecules. Our work, investigating the interactions of
PyNO guests with various resorcinarene hosts, has investigated
the impact of host cavity flexibility, guest’s steric and elec-
tronic demands, and solvent effects, in both solution and the
solid state [36-38]. For example, we recently studied C-ethyl-2-
bromoresorcinarene (BrC2) [39] and C-propyl-2-bromoresor-
cinarene (BrC3) [40] to understand the effect of the electronic
nature of the host cavity core and rigidity of the resorcinarene
skeleton on the ability to host various PyNO guests. All of these
studies have been focused on interactions between the guest and
the host upper-rim cavity, either as endo guests or as exo com-
plexes. However, in these studies, we have occasionally ob-
served interactions between N-oxide hosts and the cavity
formed by the lower rim alkyl chains. This cavity is well-known
to provide additional binding sites for guest molecules [40,41].
Inspired, in the present study, we have investigated the H-G
complexes of C-hexyl-2-bromoresorcinarene (BrC6) and twelve
PyNO guest molecules (Figure 1). The incorporation of long
chains in the lower rim creates a hydrophobic secondary lower-
rim cavity. This provides the potential for the formation of si-

multaneous upper- and lower-rim endo complexes.

Results and Discussion
Solid-state X-ray crystallography

Nine X-ray crystal structures were obtained from BrC6 in com-
bination with twelve PyNO guest molecules. Several attempts
to obtain single crystals of BrC6 by itself, 1+BrC6, 2+BrC6
and 9+BrC6 in methanol were unsuccessful. In the following
discussions, for example, 1+BrC6 indicates either from combi-
nation of guest 1 and BrCé6 or exo complex while 1@BrC6
denotes the endo complexation process. However, considering
the host flexibility, ‘A’ (Table 1), which is the measure of
difference between centroid-to-centroid distances of opposite
host aromatic rings, guests 1, 2, and 9 should easily fit into
BrC6 cavity for endo complexation processes. The lack of a
crystal structure for these systems should consequently not
imply that they do not encapsulate. The A values for BrC6 in
H-G complexes are >1.0 A (Table 1) and range between 1.08 A
and 2.39 A, which are relatively high when compared to BrC2
(range, 0.08—1.06 A) and BrC3 (range, 0.32—-1.81 A) values. In
solid-state crystals, the lower-rim hexyl chains which prefer dif-
ferent orientations due to C—C bond flexibility cause BrC6 to
crystallise as non-centrosymmetric hosts in all H-G complexes.
In our previous PyNO-BrC2 complexes, more than 50% of
BrC2 hosts are centrosymmetric [39]. In other words, long
lower-rim hexyl chains cause the high A values observed for
BrC6, which facilitates a remarkably flexible cavity for various
guests. For the following discussions, the position of the guest
inside the BrC6 cavity is represented as ‘%’, defined as the

measured distance from the centroid of the lower-rim host car-
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Figure 1: The chemical structures of C-ethyl-2-bromoresorcinarene (BrC2), C-propyl-2-bromoresorcinarene (BrC3) and C-hexyl-2-bromoresor-
cinarene (BrC6) as hosts and pyridine N-oxide (1), 2-methylpyridine N-oxide (2), 3-methylpyridine N-oxide (3), 4-methylpyridine N-oxide (4), 2,6-
dimethylpyridine N-oxide (5), 2-methoxypyridine N-oxide (6), 3-methoxypyridine N-oxide (7), 4-methoxypyridine N-oxide (8), 2,6-dimethoxypyridine
N-oxide (9), 4-phenylpyridine N-oxide (10), 4,4'-bipyridine N,N'-dioxide (11) and 2,2'-bipyridine N,N'-dioxide (12) as guests.

bon atoms to the nearest endo guest non-hydrogen atom. In the
X-ray structure of 3@BrC6 (Figure 2a), guest 3, oriented
parallel to the host aromatic rings (4 = 3.43 A) is positioned in
one corner of the cavity with only the proton meta- to the N-O
group interacting with a host aromatic ring. This short contact
C—H-+Tpgp) interaction is about 2.65-2.85 A long. In 4@BrC6
(Figure 2b), once again guest 4 is oriented parallel to the host
aromatic rings (4 = 3.38 A) and the H-G recognition occurs by
C—H'mpost) interaction at two sites through C2 proton
(2.49-2.89 A) and methyl group hydrogen atoms (2.93-3.0 A).
This behaviour is in contrast with H-G complex 4@BrC2,
where the BrC2 rigid cavity only allows the methyl group of 4
to insert inside the cavity forming C—H-'x interactions between
methyl group hydrogens and the host aromatic rings [39].
Unlike 3 and 4, the sterically unhindered 5 sits deeper inside the
cavity (Figure 2c) with 2 = 2.66 A thereby forming numerous
C-H--m interactions between protons meta- to the N-O group
and host aromatic rings (2.86-3.0 A).

Guests 6 and 7 have never been previously analysed by us in
our earlier resorcinarene—PyNO H—G studies [39,40]. As shown
in Figure 2, despite the BrC6 cavity’s flexible nature, the posi-
tion of the methoxy substituent plays a crucial role for both

Table 1: Summary of solid-state host—guest endo/exo complexations,
and cavity conformation flexibility in BrC6.

Guest endo A-C B-D A [(B-D) h?
/exo (ca.,A) (ca,A) -(A-C)] (ca,A)

1 NAP - - - -

2 NAP - - - -

3 endo 6.05 7.41 1.36 3.31

4 endo 5.84 7.54 1.70 3.29

5 endo 6.24 7.33 1.09 2.66
6.23 7.34 1.11 2.62

6 endo 5.89 7.48 1.59 3.23

7 endo 5.85 7.57 1.72 3.49

8 endo 6.25 7.33 1.08 2.82

9 NA2 - - - -

10 —d 5.76 7.60 1.84 -

1 endo 5.52 7.91 2.39 4.0

12¢ ondo 5.81 7.46 1.65 2.83

6.04 7.43 1.39 2.77

2h: Position of the endo cavity guest, calculated from the centroid of
the lower rim host carbons to the nearest non-hydrogen atom of the
guest; PCrystal structure not available; ®Asymmetric unit contains two
crystallographically independent BrC6 host molecules; 9self-inclusion
complex.
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Figure 2: X-ray crystal structures of (a) 3@BrC6, (b) 4@BrC6, (c) 5@BrC6, (d) 6@BrC6, (e) 7@BrCe6, (f) 8@BrC6, (g) BrC6 obtained from 10+BrC6,
(h) 11@BrC6, and (i) 12@BrC6. The endo cavity N-oxide guests are shown in CPK models, and the host in capped-stick models. The lower-rim alkyl

chains and selected hydrogen atoms were omitted for viewing clarity.

guest orientation and the depth of the guest’s occupation of the
cavity. For example, in 6@BrC6 (Figure 2d) and 7@BrC6
(Figure 2e), guests 6 and 7 have & = 3.23 A and 3.50 A, due to
their steric demands. However, in complex 8@BrC6 (Figure 2f)
the unhindered para-methoxy group facilitates 8 to sit deep
inside the cavity at = 2.82 A. The guest’s parallel orientation
to the host aromatic rings in 6@BrC6 is caused by either steric
hindrance or unfavourable positioning. This prevents the forma-
tion of stronger C—H--m interactions; consequently, 6@BrC6 is
only stabilised by weak C—C contacts at distances of 3.31 A.
However, 7 with similar ‘4’ values, due to the bulky methoxy
group on the core aromatic ring, is tilted towards one side with
the proton meta- to the N-O group able to manifest C-H:-'x
interactions with distances of 2.52 and 3.0 A. Of all the endo
cavity interactions, the C—H*(centroid) has the shortest contact
(2.52 A). As shown in Figure 2f, the core aromatic ring of 8 and

those of BrC6 in 8@BrC6 are parallel to each other. As a result,

the bromine of the C—Br bond and the C2-position establish
short contacts of 3.52 A. However, the prominent interactions

responsible for locking the H-G complex are the C—H--'x (ca.
2.92 A) and C-H--O (ca. 2.61 and 2.71 A) contacts between
guest C3 hydrogens and the host carbon/hydroxy oxygens, re-
spectively.

From our experience, the lack of m-acidic aromatic protons in
guest 10 usually results in exo complexes [36,37,39]. To our
surprise, 10+BrC6 forms a self-inclusion complex of BrC6 by
itself as shown in Figure 2g, the property usually preferred
by resorcinarenes when solvate and guest molecules are
absent inside the cavity. Note that the self-inclusion complex
of BrC6 has exo methanol solvent hydrogen bonds to host
hydroxy groups. This can possibly be explained by the longer
lower-rim hexyl chains providing enough intermolecular
host(C—H)-*(H-C)pos¢ interactions to form a stable 3D crystal
lattice. On the other hand, guest 11 with two N-O groups makes
the C2-protons m-acidic enough to form an endo complex,
11@BrC6 (Figure 2h). The host BrC6 undergoes a remarkable
conformation change elongated to one side to accommodate the
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rod-shaped guest 11. The % value for 11 in 11@BrC6 is ca.
4.0 A, which is quite high when compared to values observed
for small guest molecules in BrC6 H-G complexes. However,
the large A and 4 values are typical for rod shape guests such as
11. Despite higher ‘4’ values, guest 11 is stabilised by several
C-H-m interactions between C2 protons and host aromatic
rings. The distances range between 2.72 and 3.0 A, with
C—H"Tt(centroid) ON two sides being the shortest contacts with
distances of 2.49 A and 2.67 A. In our previous report,
11+BrC2, due to the BrC2 rigid cavity the rod-shaped 11 form
an exo complex [39]. In 12@BrC6 (Figure 2i), the C—C bond
rotation in guest 12 allows one aromatic ring to reside inside
the cavity at & = 2.83 A. The H-G molecules are positioned
primarily by the 7---m contacts rather than C—H---w interactions,
with a short C-+-C contact being ca. 3.20 A. Furthermore, since
11 is able to undergo C—C bond rotation, BrC6 tends to main-
tain a nearly ideal crown geometry suggesting excellent confor-
mational complementarity between 11 and BrC6.

Comparison of ditopic H-G complexes
In 3@BrC6, the asymmetric unit contains one host and four
guest 3 molecules. Of the four guests, one resides in the upper-

@)

(c)

&~

N
y %

3@BrC2, 10.9 kcal/mol

«
«

3@BrC3, 11.3 kcal/mol

Beilstein J. Org. Chem. 2018, 14, 1723-1733.

rim endo cavity, held in position by C—H---n interactions. The
second sits in the lower rim between the hexyl chains and is
stabilised through N-O-*(H-C)ar(host) and other weak non-
covalent interactions. The remaining final two guests are exo
cavity hydrogen bonded to the host’s hydroxy groups. To our
surprise, our previous X-ray crystal structures of 3@BrC3 and
3@BrC2 complexes obtained from acetone showed interactions
with the putative guests (i.e., N-oxide and acetone molecules)
by encapsulation within the upper-rim and lower-rim cavity
[39,40]. Therefore, in an effort to better understand the
host—guest interactions and the potentials of the secondary
lower-rim binding mode, molecular mechanics (OPLS-2005)
[42] calculations were performed on complexes, 3@BrC2,
3@BrC3 and 3@BrC6 using Jaguar (Schrodinger) [43,44].
Consequently, the structures are modelled for both exo and endo
complexes in acetone. Of note, the X-ray crystal structure of
3@BrC6 (Figure 3e) is obtained from methanol and is presented
here only for reference, while its corresponding computational
model was optimised using acetone media. To ensure that we
were adequately screening the host conformer space in these
simulations, no constraints were enforced on either N-oxide or

acetone molecules. The low energy structures obtained from

3@BrC6, 0 kcal/mol

Figure 3: Comparison of X-ray crystal structures (a) 3@BrC2, (c) 3@BrC3, and (e) 3@BrC6 and their DFT-based optimised geometries (b) 3@BrC2,

(d) 3@BrC3, and (f) 3@BrC6, respectively.
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these OPLS-2005 searches were then further analysed using
DFT-based techniques [45-47]. The resulting optimised geome-
tries of the 3@BrC2, 3@BrC3 and 3@BrC6 along with the
MO06-2X/6-31G(d,p)//@B97X-D/6-311G(d,p) calculated rela-
tive energies of complexes with respect to the most stable com-
plex 3@BrC6 by following isodesmic reaction schemes (see
Supporting Information File 1, Table S3) are shown in Figure 3.

In the optimised structures, the inclusion complexes of
3@BrCo6, 3@BrC3 and 3@BrC2 show that the N-O group of 3
in 3@BrC6, 3@BrC3 and 3@BrC2 is positioned outward from
the host cavity similar to solid-state X-ray crystal structures as
shown in Figure 3. Further, in the lower-rim, the C=0 group of
acetone in 3@BrC2 and 3@BrC3, and N-O group of 3 in
3@BrC6 are positioned closer to the lower-rim C—Hp, forming
non-classical H-bond, (C—H),-*O=C/O-N, interactions. All
three optimised complexes evince C—H--n interactions in both
lower- and upper-rim cavities and C—H---*O=C/O-N interactions
at the lower-rim pocket are responsible for the ditopic behav-
iour of BrC2/BrC3/BrC6 and 3. The relative energies for
3@BrC2, 3@BrC3 and 3@BrC6 are 10.9, 11.3, and 0 kcal/mol,
respectively, and clearly 3@BrC6 tend to have the lowest
energy and is the most stable among the three complexes. In the
optimised 3@BrC6 structure, the upper-rim N-oxide oxygen
atom are tilted towards the hydroxy group of the host molecule
to form intermolecular negative charge assisted H-bonding,
C-H---O [48], interactions with a distance of 1.49 A.

In order to gain insights into lower-rim cavity binding sites
from a qualitative analysis standpoint, a molecular electrostatic
potential (MEP) surface map for 3@BrC6 was calculated. This
shows that the host BrC6 lower-rim cavity is not neutral as

EE NN NN NN NN NN NN EEEENEEEEEEN
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might be expected, but instead contains a sharp positive electro-
static potential region as depicted with blue colour in Figure 4b.
This provides an excellent opportunity for the negative poten-
tial regions of the N-oxide oxygen atom in guest 3 (red region in
Figure 4a) to establish several intermolecular (C—H)a,**O-N
H-bond interactions at the lower-rim host pocket.

In addition, we used Bader’s quantum theory of atoms in mole-
cules (QTAIM) [49] to analyse multiple non-covalent interac-
tions (i.e., H-bonding and C-H--'m) interactions in both the
upper-rim endo cavity and the lower-rim site present in
3@BrC6. Based on QTAIM, the presence of a bond path be-
tween the donor and the acceptor atoms containing a (3, —1)
bond critical point (BCPs; highlighted as small blue circles in
Figure S1, Supporting Information File 1), confirm the exis-
tence of bonds in this system. In other words, the bond critical
point and bond path connecting two atoms are evidence for a
real interaction rather than a simple spacial relationship. At the
bond critical points, the electronic charge density [p(r)], and its
Laplacians (V2p(r)) are important parameters to evaluate the
nature and strength of interactions. Numerical values for these
topological parameters related to several non-covalent interac-
tions at both upper and lower rim of complex 3@BrC6 are
shown in Table 2 (see Supporting Information File 1, Figure S1
for the related molecular graph). Based on QTAIM analysis,
the presence of several C—H---n interactions are evident from
the existence of the (3, —1) bond critical point (BCPs; small
red circles) between the bond path connecting the hydrogen
atoms in the alkyl chain of the lower cavity in BrC6 with the
ortho, meta and para carbon atoms of the N-oxide aromatic
ring (highlighted as (C—H)alky1" “T(ortho)> (C—H)alkyl T (meta),
(C—H)alkyl""T(para))- In addition, C-H-m interactions are present

high

low

Figure 4: (a) The negative potential localised on the N-oxide oxygen in 3@BrC6 and, (b) the positive charge distribution in lower-rim host cavity

[+0.06 to —0.06 a.u.].
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in the upper rim of the host as observed from the existence of
the (3, —1) bond critical point between the bond path connecting
the aromatic C—H bonds of BrC6 with ortho, meta and para
carbon atoms of the N-oxide aromatic ring (highlighted as
(C-H)ArT(ortho)> (C-H)Ar T(meta), (C—H)Ar " T(para))- The p(r)
values associated with these interactions ranged between 0.0046
to 0.0119 a.u. and the positive values of Laplacians (Vzp(r)) at
the BCPs were from 0.0134 to 0.0397 a.u. suggesting the exis-
tence of a weak “closed shell” [50-52] character for non-cova-
lent interactions (such as ionic bonds, HBs, stacking type and
van der Waals interactions) between 3 and BrC6 (Table 2). This
is completely consistent with the observations made from the
crystal structures.

Table 2: Values of the density of all electrons p(r) and Laplacian of
electron density — V2p(r), (Hartree) at the bond critical points (3, —1)
for selected significant lower-rim non-covalent C—H---1r and H-bond
C—H--O-N as well as upper-rim endo cavity C—H---1r interactions in the
model system 3@BrC6 as well as calculated energies of these bonds,
E(x) (kcal/mol), proposed by Espinosa et al. [53,54].

Non-covalent motif p(r) v2p(r) Ex?
Lower rim

(C-H)aikyI"T(ortho) 0.0074 0.0247 1.2
(C—H) alkyI T(meta) 0.0058 0.0180 1.2
(C-H) aikyi T (para) 0.0046 0.0134 0.8
(C-H) aikyi T(para) 0.0049 0.0156 0.8
Upper rim

(C-H)ar T (ortho) 0.0090 0.0294 1.5
(C-H)ar"T(meta) 0.0106 0.0332 1.9
(C-H)ar T (para) 0.0099 0.0311 1.8
C-H--O-N 0.0119 0.0397 29
C—H:-O-N 0.0104 0.0324 10.2
C—H--O-N 0.0086 0.0268 8.4
C-H--O-N 0.0113 0.0351 11.0

aSee Supporting Information File 1 for more details and E(x) calcula-
tions.

TH NMR host—guest solution studies

Guest binding studies of the N-oxide guests (1-12) by the
receptor BrC6 were investigated in solution via a series of
'H NMR experiments in different hydrogen bond competing
solvents and solvent mixtures: acetone-dg, methanol/chloro-
form (CD30D/CDCI3) 1:1 v/v and methanol/dimethyl sulf-
oxide (CD30D/DMSO-dg) 9:1 v/v. The above solvent mixtures
were chosen due to the poor solubility of some of the guests in
pure methanol. DMSO is known to be an extremely HB
competitive solvent and thus prevents the clear formation of

host—guest complexes [40,55], while the less competitive chlo-
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roform tends to enhance capsular assemblies [55]. Only one set
of resonances from the 'H NMR of the receptor BrC6 in all the
solvents and solvent mixtures is observed, thus confirming a
symmetrical crown conformation in solution (Figure 5). Our
previous report studying the interactions between BrC3 and
some N-oxides in acetone-dg revealed moderate deshielding of
the hydroxy groups of the BrC3 receptor and minor deshielding
of the aromatic protons of the guest when complexes were
formed [40]. This confirmed that the assembly was driven by
hydrogen bonding [55,56]. Taking the example of BrC6 and 3,
a similar moderate deshielding of the hydroxy groups of the
BrC6 receptor and a minor deshielding of the aromatic protons
of the guest signals are observed (Figure 5) confirming this
assembly is also driven by hydrogen bonding. These shifts’
changes are substantially increased when more electron-donat-
ing groups are present on the aromatic N-oxides such as with 5
(two methyl groups) and 9 (two methoxy groups, Figures S5
and S9, Supporting Information File 1). This is expected as the
four electron-withdrawing bromine groups on the BrCé6 recep-
tor renders the receptor slightly electron deficient further facili-
tating m—x interactions. With the larger N-oxide guests 10-12,
though the shift changes of the guest are not strong enough
to conclusively indicate endo complexation, clear changes in
the hydroxy groups suggest interaction via hydrogen bonding
(Figures S10-S12, Supporting Information File 1).

Due to fast H/D exchange processes on the NMR time scale at
298 K in protic solvents, the hydrogen bond interactions be-
tween host and guests were not observed. In CD3;0D/CDCl3,
complexation-induced chemical shift changes of the guests are
observed which results from the electronic shielding effects of
the core aromatic rings of the host cavity. As an example, sig-
nificant up-field shift changes of up to 0.17 ppm for the
c-proton, and smaller up-field shifts of 0.10 ppm for the
a-proton in guest 3 were observed (Figure 5b). These shifts
suggest that in solution, the N-O group of guest 3 is pointing
outward from the BrC6 cavity during endo complexation. In
the X-ray structure of 3@BrC6, only the c-proton of 3 has
C-H-m(post) short contacts with distances ranging between ca.
2.65 A and 2.85 A. This supports the maximum chemical shift
change of 0.17 ppm observed by 'H NMR experiments for the
c-proton in guest 3. The 'H NMR experiments for guests 1, 2,
and 4-9 (Figures S2—-S9, Supporting Information File 1) show
similar up-field chemical shift changes for the aromatic protons
of N-oxides suggesting guests are inside the host cavity
stabilised through C—H---7 interactions. Very low shift changes
for 11 clearly point to a minimal interaction with the host. This
is contrary to the X-ray crystal structure, 11@BrC6, where 11
and BrC6 are locked by several C—H--'w interactions, and of
more prominently remarkably short C—H**T(¢entroiq) interac-
tions (2.49 A and 2.67 A). Interestingly, shift changes of up to
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Figure 5: An expansion of the "H NMR (6.6 mM at 298 K, 500 MHz) of BrC6

complexes with 3. Spectra are produced from BrC6, 3 and an equimolar

mixture of BrC6 and 3 in: (a) (CD3)20, (b) CD30D/CDCI3 1:1 v/v, and (c) CD30D/DMSO-dg 9:1 v/v. Dashed lines highlight the observed shift changes
of the resonances, labels are in ppm. (d) Bar chart showing the comparative shift changes of the guests in the different solvent media.

0.19 ppm for guest 12 are a clear indication for the endo com-
plex. Chemical shift changes of up to 0.12 ppm for guest 10
suggest an endo complexation contrary to the X-ray. These ob-
servations also matches well with the presence and calculated
values of energy for those interactions predicted by our compu-
tational analysis and match exactly with reported [48,53] HB
interactions with medium strength as well as stacking type
interactions with weak characters.

In CD30OD/DMSO-dg 9:1 v/v, under similar experimental
conditions to CD30D/CDClj 9:1 v/v, no significant chemical

shift changes were observed for nine of the twelve pyridine
N-oxides. The above results clearly show the strong influence of
DMSO in interfering with the host—guest complexation be-
tween BrC6 and the aromatic N-oxides. However, with guests
such as 5 and 9, endo cavity host—guest interactions persist even
in these very competitive environments (Table 3, Figures S5
and S9, Supporting Information File 1).

Conclusion
Host—guest systems formed between C-hexyl-2-bromoresor-

cinarene (BrC6) and twelve aromatic N-oxides have been char-
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Table 3: Summary of endo/exo host—guest complexations studied in
solution by TH NMR in comparison to the solid state by single crystal
X-ray crystallography.

Complex  'H NMR solution studies X-ray
crystal
(CD3),0 CD3OD/ CD3OD/  structure

CDCl3 DMSO-dg

(1:1 viv) (9:1 viv)
1+BrC6 -2 endo exo NAP
2+BrC6 -2 endo exo NAP
3+BrC6 -2 endo exo endo
4+BrC6 -a endo exo endo
5+BrC6 -a endo endo endo
6+BrC6 -2 endo endo endo
7+BrC6 -2 endo exo endo
8+BrC6 -a endo exo endo
9+Brc6 -2 endo endo NAP
10+BrC6 -2 endo exo ¢
11+BrC6 -° endo exo endo
12+BrC6 -° endo exo endo

@H-bonds dominate the assembly in acetone and only deshielding ob-
served; PCrystal structure not available; °Self-inclusion complex.

acterised using solid-state X-ray crystallography and 'H NMR
solution studies in three different hydrogen-bond-competitive
solvents. In the solid state, BrC6 undergoes large cavity confor-
mational changes to accommodate the N-oxide guests com-
pared to our previously studied host systems, C-ethyl-2-
bromoresorcinarene and C-propyl-2-bromoresorcinarene, thus
proving BrC6 as more reliable host system for a range of
N-oxide guests. In solution through 'H NMR analyses in metha-
nol/chloroform, significant shielding for aromatic N-oxide
guests suggests endo complexation processes similar to solid
state X-ray crystal structures were observed. In methanol/
DMSO-dg chemical shift changes were observed only for three
N-oxide guests with suitable electron-donating groups on the
core aromatic ring suggesting endo complexation, and for other
N-oxide guests, DMSO solvation prevents the endo complex-
ation processes. In acetone-dg, significant changes for host
hydroxy groups suggest host—guest assemblies were driven by
hydrogen bond interactions at the upper rim. DFT based calcu-
lations using M06-2X/6-31G(d,p)//®@B97X-D/6-311G(d)
support the experimental results and show that the ditopic
host—guest binding modes of 3-methylpyridine N-oxide+BrC6
is more favourable due to longer lower-rim hexyl chains com-
pared to 3-methylpyridine N-oxide+C-ethyl-2-bromoresor-
cinarene and 3-methylpyridine N-oxide+C-propyl-2-bromore-
sorcinarene. The predicted low energy of 3-methylpyridine
N-oxide+BrC6 with respect to the other complexes can be attri-
buted to multiple intermolecular hydrogen bonding and stacking

interactions at both upper and lower-rims.

Beilstein J. Org. Chem. 2018, 14, 1723-1733.
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Supporting Information File 1

Experimental details, IH NMR solution-data, X-ray
crystallography experimental details and computational
data.
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Abstract

Photoactive ruthenium-based complexes are actively studied for their biological applications as potential theragnostic agents against
cancer. One major issue of these inorganic complexes is to penetrate inside cells in order to fulfil their function, either sensing the
internal cell environment or exert a photocytotoxic activity. The use of lipophilic ligands allows the corresponding ruthenium com-
plexes to passively diffuse inside cells but limits their structural and photophysical properties. Moreover, this strategy does not
provide any cell selectivity. This limitation is also faced by complexes anchored on cell-penetrating peptides. In order to provide a

selective cell targeting, we developed a multivalent system composed of a photoreactive ruthenium(II) complex tethered to a
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calix[4]arene platform bearing multiple RGD-containing cyclopentapeptides. Extensive photophysical and photochemical charac-

terizations of this Ru(Il)—calixarene conjugate as well as the study of its photoreactivity in the presence of guanosine monophos-

phate have been achieved. The results show that the ruthenium complex should be able to perform efficiently its photoinduced cyto-

toxic activity, once incorporated into targeted cancer cells thanks to the multivalent platform.

Introduction

Long-living luminescent polyazaaromatic ruthenium(Il) com-
plexes are intensively studied in a biological context, in particu-
lar (i) for their ability to sense their environment and (ii) for
their photoreactivity towards relevant biological targets [1-4].
Sensors for biological species are mostly based on complexes
bearing the well-known dppz ligand (dppz = dipyrido[3,2-
a:2’,3’-c]phenazine) and its derivatives. J. K. Barton et al.
demonstrated in 1990 that [Ru(bpy),(dppz)]*" behaves as a
light-switch for DNA [5]: this complex is not luminescent
in water but upon intercalation within the DNA base pairs
stack, the complex luminescence is restored. Derivatives of
[Ru(bpy)z(dppz)]2+ and complexes bearing similar aromatic
planar ligands were developed to probe specific sites of DNA,
such as mismatches [6-8], abasic sites [9] or G-quadruplexes
[10,11]. Aside photosensors, photoreactive complexes able to
damage biological targets were also developed. These com-
plexes are mainly used to induce damages in cancerous cells
upon light irradiation. Two types of photooxidative damages
can be induced: (i) by photosensitization of singlet oxygen and
subsequent generation of highly reactive oxygen species (ROS)
(type I photosensitization) or (ii) by direct oxidative electron
transfer to biological molecules such as DNA or amino acids
(type II photosensitization). In particular, it was shown that Rul!
complexes containing at least two highly n-deficient polyaza-
aromatic ligands such as 1,4,5,8-tetraazaphenanthrene (TAP)
[12-14] or 1,4,5,8,9,12-hexaazatriphenylene (HAT) [15] are
able to oxidize the guanine base (G) of DNA or the tryptophan
(Trp) amino acid residue through a photoinduced electron-
transfer (PET) process [16-19]. Interestingly, the two radical
species generated by this PET can recombine to form a cova-
lent photoadduct [20-22]. When this photoadduct is formed
with the guanine base, the activity of enzymes such as RNA
polymerase or endonuclease is inhibited in vitro at the level of
the photoadduct [23,24]. In order to target a specific DNA se-
quence, photoreactive Rull complexes have been anchored to
specific antisense oligonucleotides to inhibit the expression of
the complementary targeted genes under illumination [25,26].
This photoinduced gene-silencing strategy has been proven to
be also efficient in living cells [27,28], paving the way for the
use of photoactivable Rul! complexes as photocontrolled anti-
cancer therapeutic agents.

Despite their interesting photochemical properties, photoreac-

tive Ru' complexes have shown low cell-penetration efficiency,

preventing their direct use in biological applications. More
lipophilic ligands such as bathophenanthroline and modified
dppz were developed and the internalization of the correspond-
ing Ru'l complexes was demonstrated [29-32]. These com-
plexes are however not photoreactive due to the absence of
n-deficient ligands. More recently, Rull complexes bearing two
modified TAP ligands with highly lipophilic moieties were re-
ported [33]. These compounds are able to enter the cells and
photoinduce caspase-dependent and reactive-oxygen-species-
dependent apoptosis. Another strategy for the design of cell
penetrating photoreactive Rul! complexes consists of tethering
the complex to a vector that allows a cellular uptake. In this
context, Os!l, RhIl and Rul! complexes were anchored to cell
penetrating peptides (CPP) such as polyarginine [34-37]. The
tethering of a photoreactive Ru'l complex on the fransacti-
vating transcriptional activator (TAT) peptide was also re-
ported and it was shown that the corresponding Rul conjugate
could be internalized inside HeLa cells without any modifica-
tion of the photochemical properties of the complex [38].

It should be noted that modifications of ligands to make the
resulting complexes more lipophilic or the conjugation of a
complex to a CPP do not provide any control on the way these
complexes will be internalized by cells and prevent thus any
targeting of malignant cells over healthy ones. The next step in
the development of phototherapeutic agents based on polyaza-
aromatic Ru'l complexes is thus the specific targeting of
cancerous cells. In this regard, o3 integrin represents an inter-
esting target as this membrane receptor is overexpressed in the
endothelial cells of neoangiogenic vessels and in several human
tumor cells [39,40]. It is well known that RGD-containing
oligopeptides (RGD = Arg-Gly-Asp tripeptide pattern) bind
selectively to o3 integrin with a high affinity and a very high
selectivity [41-43]. As multivalency enhances the binding
strength of a ligand to its receptor [44-46], clustered RGD-con-
taining compounds were developed and were shown to exhibit
attractive biological properties for the imaging of tumors [47-
50] and for the targeted drug delivery [51-53].

In the course of designing phototherapeutic agents that could
specifically target cancerous cells, we envisaged to graft a
photoreactive Ru!! complex on a multivalent platform deco-
rated with multiple RGD-containing cyclopentapeptides. A

calix[4]arene moiety was chosen as the multivalent platform as
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this rigid macrocycle displays two distinct faces that can be
selectively functionalized [54-56]. It is noteworthy that the
calix[4]arene skeleton has been already exploited for the devel-
opment of multivalent glyco- and peptidocalixarenes that can
be recognized by cell-membrane receptors [57-59] and of
calixarene derivatives able to specifically target membrane pro-
teins involved in the angiogenesis process [60]. Furthermore,
the use of calixarenes for biological applications is the subject
of intensive researches. They are indeed exploited in various
areas such as surface recognition, structural mimes or mem-
brane receptor inhibition [61-63], and it was also shown that
calixarenes themselves display antibacterial, antiviral, and anti-
cancer properties [64].

Herein, we describe the synthesis of a multivalent photothera-
peutic agent designed in order to specifically target membrane
receptors involved in the angiogenesis process. The multivalent
system is composed of a photoreactive [Ru(TAP),phen]?"
complex tethered to a calix[4]arene platform bearing four
c-[RGDfK] moieties [65] (Figure 1). Before studying this
conjugate in vitro, it was first mandatory to check that the
photochemistry of the Ru' complex was not altered by the pres-
ence of the targeting platform. The photophysical properties of
this Rull-calixarene conjugate were thus examined and com-
pared to those of the reference complex [Ru(TAP)zphen]2+.

Results and Discussion

Synthesis of Ru'l-calixarene conjugate 9

For the synthesis of the target multivalent system, the
strategy relies on the anchoring i) of the photoreactive
[Ru(TAP)zphen]2+ complex on the calix[4]arene small rim
through a peptide-type coupling and ii) of the four c-[RGDfK]
moieties on the opposite rim through a copper-catalyzed

photoreactive
complex

cellular
targeting units

N
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azide—alkyne cycloaddition (CuAAC) [66-68] (Figure 1). It was
thus necessary to block the calix[4]arene skeleton in the cone
conformation and to functionalize separately the two distinct
rims (Scheme 1). Firstly, known calixarene 2 with an appending
carboxylate arm on the small rim was synthesized from com-
mercial p-tert-butylcalix[4]arene 1 according to a four-step se-
quence [69]. Note that propyl groups were chosen for the modi-
fication of the small rim because these groups are the smallest
possible for blocking the oxygen-through-the-annulus rotation
of the aromatic units [70]. The nitro groups of 2 were then
reduced using SnCl,-2H,0 in ethanol, affording tetra-amino
compound 3 [69] in 50% yield. Diazotation followed by nucleo-
philic substitution with sodium azide gave the desired tetra-
azido compound 4 in 56% overall yield from 3. It is note-
worthy that the introduction of the azido groups on the
calix[4]arene scaffold was clearly confirmed by the presence of
an intense band at 2108 cm™! in the IR spectrum of 4. Phenan-
throline derivative 5 was synthesized from 5-glycinamido-1,10-
phenanthroline in a two-step sequence consisting of a peptide-
type coupling reaction with a Boc-protected glycine N-hydro-
succinimide ester followed by the deprotection of the amino
group (see Supporting Information File 1) [71]. Different cou-
pling agents (DCC/HOBt, EDC-HCI/HOBt, PyBOP) and condi-
tions were then tested for the peptide-type coupling reaction be-
tween calix[4]arene 4 and phenanthroline derivative 5. The use
of an excess of 5 (2 equiv) in the presence of EDC-HCI and
HOBt in DMF at room temperature led to the best yield and the
easiest purification process. Under these optimal conditions, the
desired compound 6 was isolated in a high 94% yield. Finally,
the reaction between [Ru(TAP)y(H,0),]?" and 6 in DMF at
100 °C gave the Rull-calix[4]arene complex 7 in 95% yield
after C18 reversed-phase silica gel column chromatographic

purification. Complex 7 was fully characterized by 1D and

multivalent
platform :>

Figure 1: Targeted multivalent phototherapeutic agent and its calix[4]arene-based precursor. RGD = Arg—Gly—Asp residues, f = D-Phe residue.
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Scheme 1: Synthesis of Ru'l-calix[4]arene complex 7.

2D NMR spectroscopy in CD3CN at 600 MHz. In accordance
with the presence for the chiral Ru(TAP),;phen moiety, the
'H NMR spectrum of 7 is characteristic of a C; symmetrical
compound as all the protons belonging to the ArH, ArCH, and
OPr group are differentiated. Moreover, complex 7 was also
characterized by high-resolution mass spectrometry (HRMS).
The ESI mass spectrum displays two intense signals at m/z
764.736 and m/z 1642.456 that are attributed respectively to the
doubly charged 7" and singly charged [7 + CF3COO7]" by
comparison between the experimental and theoretical isotope
distributions (see Supporting Information File 1).

With Ru'l-calix[4]arene complex 7 in hands, we next moved
to the introduction of the cellular targeting units on the large
rim through copper-catalyzed azide—alkyne cycloaddition
(CuAAC). Note that the triazole moieties that would result from
such a cycloaddition are known to be stable towards hydrolysis
and protease, which allows their use in a biological environ-
ment [72]. For the CuAAC, the use of Cul-generated in situ
from a mixture of CuSO4-5H,0 and sodium ascorbate is often
reported in the field of calixarene chemistry [66,73-78]. Unfor-
tunately, this methodology led to poor yields and a lack of
reproducibility in the case of calixarene 7 and c-[RGDfK]-
alkyne 8, even when a microwave heating was used. We then
evaluated the use of copper nanoparticles (CuNPs), as these
nanomaterials are known to catalyze efficiently a wide range of
organic reactions and notably the azide—alkyne cycloaddition

[79]. Calixarene 7 was reacted with a slight excess (5 equiv) of

1) SnCly2H,0 NaOOC—\P
OH| ] HO - o] op EtOH, 60 °C rOOPr

NH3*CF4CO0~
2) NaOH (1 M)
50% L O o
NH
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cyclopeptide 8 in the presence of CuNPs and the mixture was
heated by microwave (100 W) at 50 °C for 1 hour. The use of
CuNPs greatly facilitated the monitoring of the reaction and the
work-up, as these nanomaterials being easily removed from
the crude mixture by simple centrifugation. To our delight,
[Ru(TAP),phen]?*-calix[4]arene-[c-(RGDfK)]4 conjugate 9
was isolated in 31% yield after purification by semi-preparative
RP-HPLC (Scheme 2). The successful synthesis and purifica-
tion of conjugate 9 was also confirmed by HRMS. Indeed, the
ESI mass spectrum features several peaks corresponding to
characteristic ions of different charge states at m/z 1421.577
(3+), 1066.434 (4+) and 853.556 (5+) that are attributed to
[9 + H]?, [9 + 2H]*" and [9 + 3H]*" by comparison between
the experimental and theoretical isotope distributions (see Sup-
porting Information File 1).

Molecular modeling simulations were carried out to provide
insights into the size and morphology of conjugate 9. An opti-
mized geometry is presented in Figure 2, as issued from a mo-
lecular dynamics (MD) simulations. The ruthenium complex
and the RGD units are spatially well-separated thanks to their
grafting on opposite faces of the rigid calixarene-based plat-
form. In this conformation, the distances between the Ru atom
and each of the nearest carbon atoms of RGDfK units exceed
30 A. Along the MD simulations, we noticed that the Ru com-
plex remained far from the cyclic pentapeptides. This is due to
the fact that the linkers of each arm are smaller than the size of

the calixarene platform, preventing contacts between the Ru
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Scheme 2: Synthesis of Ru'l-calix[4]arene-[c-(RGDfK)]4 conjugate 9.

Figure 2: MD snapshot showing an optimized model of conjugate 9.
RGDfK units are depicted in orange ribbons, the calixarene is in blue
and the Ru complex is colored by atom type.

complex and the RGDfK units. The global structure has an av-
erage radius of gyration Ry of 1.25 nm + 0.1 nm. Noteworthy,
the distance between the RGDfK units largely varies along the
MD simulations, ranging from 10 A to 24 A (average at 17 A),
as estimated from the distance between equivalent carbon atoms
crossing the linker and the cyclic pentapeptides. This large vari-
ation in the distance is due to the flexibility of the linkers be-
tween the calixarene platform and the RGDfK units, together
with the many possibilities of H-bonding between: (i) oxygen

Beilstein J. Org. Chem. 2018, 14, 1758-1768.

o) 0
K-R
I A

f f .G

atoms at C=0 in the linker and the hydrogen atoms of (N-H) of
arginine of a neighboring ‘arm’; (ii) H-bonds between arginine
terminal N—H and C=0 of the peptide bond of phenylalanine of
an adjacent cyclic pentapeptide (see Supporting Information
File 1), yielding adjacent cyclic pentapeptides in close prox-
imity for a large set of conformations.

This separation between the Ru complex and the cyclic peptides
by the calixarene should be an advantage by preventing any
negative effect of the RGD peptidic units on the photochem-
istry of the complex and, alternatively, prevents any influence
of the complex on the affinity of the RGD patterns to interact
with the targeted integrins. However, the possible H-bonding
interactions between neighboring RGD units could be a draw-
back in view of the accessibility of the arginine groups to

interact with the integrins.

Photophysical properties of Ru'l-calixarene
conjugate 9

The absorption and emission spectra of Ru-calix(RGD)4 conju-
gate 9 (as its CF3COO™ salt) were recorded in water at room
temperature (Figure 3). These spectro-scopic data are gathered
in Table 1 with the ones of the free [Ru(TAP),phen]?" complex
for comparison purpose.

Conjugate 9 exhibits absorption bands at 416 and 458 nm that
corresponds to dn(Ru)—n*(phen/TAP) metal-to-ligand charge
transitions (MLCT) similarly to what is observed for the unteth-
ered [Ru(TAP),phen]?* complex (MLCT bands at 412 and
464 nm). The presence of the calix[4]arene platform has thus no
impact on the visible part of the spectrum. The influence of the
calixarene moiety is however visible in the UV region of the
spectrum (around 200 nm) where the absorption bands are more

intense. This increase is due to the contribution of the peptidic
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Figure 3: Absorption and emission spectra of Ru'l-calix[4]arene-
[c-(RGDfK)]4 conjugate 9 in water.

subunits of the RGD moieties and of the aromatic units of the
calixarene. It should be noted that the absorption at wave-
lengths longer than 550 nm does not go perfectly down to zero.
This phenomenon is likely due to some light scattering caused
by the presence of some small aggregates in solution. It appears
that conjugate 9 is not completely soluble in pure water despite
the presence of the charged Ru!l complex and the peptidic
moieties on the calix[4]arene scaffold. Fortunately, these small
aggregates totally disappeared when only 5% of DMSO was
added to the medium [80].

The photoluminescence emission originating from the MLCT
state is centered at 645 nm for both conjugate 9 and reference
[Ru(TAP),phen]?*complex. We measured the luminescence
lifetime and determined the quantum yield of luminescence
under air and argon atmosphere for conjugate 9 and reference
[Ru(TAP)zphen]2+ in water with 5% DMSO in order to avoid
any formation of aggregates. The data gathered in Table 1
clearly indicate that the tethering of the [Ru(TAP),phen]**
complex onto the calixarene platform does not induce any mod-
ification of the photophysical properties of the complex. In
order to rule out any intramolecular quenching processes,
control experiments were realized with the complex grafted
onto the unmodified calixarene (conjugate 7) in the presence of
free cyclic pentapeptide units c-[RGDfK] 8 (see Supporting
Information File 1). No modification of the luminescence by
intermolecular quenching was observed, confirming the absence
of internal quenching in the conjugate 9.
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Photoreactivity of Ru'l-calixarene conjugate 9
The photoreactivity of Ru-TAP complexes is based on their
ability to induce direct oxidation of guanine upon light excita-
tion. In order to confirm that the tethering onto the calixarene
platform does not impede the conjugated complex to photoreact
with its biological target, we measured the evolution of the lu-
minescence intensity and the excited state lifetime of conjugate
9 as function of the concentration of guanosine monophosphate
(GMP, Figure 4).

6 —
5 lo/! .+
* + 1/t ,’v
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5] PR 3
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0 2 4 6 & 1ox10”
[GMP] (M)

Figure 4: Luminescence intensity and excited state lifetime of conju-
gate 9 in the presence of GMP measured in 10 mM Tris-HCI buffer at
pH 7.0.

Stern—Volmer analyses indicate that a dynamic quenching is
occurring, with a quenching rate close to the diffusion limit
(kg=5.6 108 M~ !s7! in intensity and k=523 108 M 1slin
lifetime). This quenching of the luminescence of conjugate 9 in
the presence of GMP reveals that a photoinduced electron
transfer can take place between the excited complex and the
guanine moiety, which could give rise to the formation of a
photoadduct from the recombination of the monoreduced com-
plex and the radical guanine generated after the photoinduced
electron transfer (PET). In order to confirm the occurrence of
PET, transient absorption measurements with conjugate 9 were
performed in the absence and in the presence of GMP. The re-
corded transient absorption spectra are presented in Figure 5. In
absence of GMP, the transient absorption spectrum of conju-
gate 9 is dominated by the luminescence, the ground state
bleaching and some excited state absorption around 340 nm
whereas in the presence of GMP a positive transient signal can

Table 1: Photophysical properties of conjugate 9 and [Ru(TAP)yphen]?* in water.

Complex A2DS (nm) A°™ (nm)
[RU(TAP),phen]2* 231,272,412, 464 645
conjugate 9 274,416, 458 645

(DAir a,b (DAr a,b TaVAir b,c (ns) TavAr b,c (ns)
0.029 0.055 714 891
0.025 0.044 901 1087

aPhotoluminescence quantum yields are determined by comparison with [Ru(bpy)s]?*. Errors on @ estimated to <20%. PMeasurement with 5%

DMSO. CErrors on lifetime estimated to 15%.
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be observed around 500 nm on a long time scale. This transient
is specific of a monoreduced Rul-TAP*~ species [81], confirm-

a

(<) 0.00 — ing that a PET occurs.

§ 005 . .

I3 To verify if a photoadduct can be obtained between the com-
§ -0.10 plex anchored on the calixarene platform and a guanine base, a
g 015 - continuous irradiation of a solution containing conjugate 9 and
% GMP was achieved. The crude irradiation mixture was then
o

g -0.20 — analyzed by MALDI mass spectrometry (HRMS, Figure 6).

! ! I ! ! ! !

350 400 450 500 550 600 650 )
Wavelength (nm) mass-to-charge ratio (m/z = 4625.9) are detected and formally

Alongside the parent conjugate 9 ions, ionized species at higher

correspond to the addition of GMP minus two hydrogen atoms.
The comparison between the experimental and theoretical
isotope patterns confirms (inset Figure 6) that irradiation of
conjugate 9 and GMP efficiently yielded the desired photo-

Transient absorption (AOD)

adduct.
Conclusion
The present work validates the design strategy that consists in
400 500 600 using calix[4]arenes as addressable platforms for the elabo-
Wavelength (nm) ration of multivalent photoreactive systems that could poten-

tially target and enter cancer cells. The selective tethering of
. ) . . a photoreactive Ru-TAP complex on the small rim of a
Figure 5: Transient absorption spectra of Ru'-calix[4]arene- . . . L.
[c-(RGDfK)]4 conjugate 9 (in 10 mM Tris-HCI buffer at pH 7.0) calix[4]arene and the introduction of four c-[RGDfK] moieties

measured 500 ns after the laser pulse (gray, top) and 1 ps after the on its large rim were efficiently achieved. In good agreement
laser pulse in the presence of 10 mM GMP (purple, bottom). . R . . .
with molecular modeling simulations, it was shown that the
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Figure 6: MALDI-MS analysis of a solution containing conjugate 9 and GMP after continuous light irradiation. In the inset, the experimental (bottom)
and theoretical (top) isotope distributions are compared for both 9* and [9 + GMP - 2H]* ions.
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photophysical properties of the tethered complex 9 are not
altered by the anchoring onto the calixarene platform and that
the cyclic pentapeptide units do not interfere with the photore-
activity of the complex. Moreover, we verified that the com-
plex is able to photoreact with its biological target, i.e., the
guanine content of DNA, by demonstrating the occurrence of a
photoinduced electron transfer and the formation of a covalent
photoadduct between the Ru-calix(RGD)4 conjugate 9 and
GMP. In conclusion, the ruthenium complex should be able to
perform efficiently its photoinduced cytotoxic activity, once in-
corporated into targeted cancer cells thanks to the multivalent
platform. In cellulo studies are currently under investigation and
will be reported in the near future.

Experimental

General: All the solvents and reagents for the syntheses were at
least reagent grade quality and were used without further purifi-
cation. Anhydrous N,N-dimethylformamide was purchased
from ACROS Organics. Reactions were magnetically stirred
and monitored by thin-layer chromatography using Fluka silica
gel or aluminium oxide on TLC-PET foils with fluorescent
indicator at 254 nm. All reactions involving ruthenium(II)
were carried out in the dark. C18 reversed-phase silica gel
(230—400 mesh) was used for chromatography. 'H NMR spec-
tra were recorded at ambient temperature on Bruker 300,
Variant 400 and 600 MHz spectrometers and '3C NMR spectra
were recorded at 75, 100 or 150 MHz. Traces of residual sol-
vents were used as internal standards for 'H NMR (7.26 ppm
for CDCl3, 3.31 for CD30D, 4.79 for D,0, 2.50 for DMSO-dg
and 1.94 ppm for CD3CN) and '3C NMR (77.16 ppm for
CDCl3, 49.00 for CD30D, 39.52 for DMSO-dg and 118.26 ppm
for CD3CN) chemical shift referencing. Abbreviations:
s = singlet, d = doublet, t = triplet, ¢ = quartet, br = broad,
m = massif, mult = multiplet). 2D NMR spectra (COSY,
HSQC, HMBC, HSQC) were recorded to complete signal as-
signments. Melting points were recorded on a Stuart Scientific
Analogue SMP11 or Biichi Melting Point B-545. Infrared spec-

tra were recorded on a Bruker Alpha (ATR) spectrometer.

High-resolution mass spectra were obtained on a Waters Synapt
G2-Si spectrometer (Waters, Manchester, UK) equipped with
an electrospray ionization used in the positive ion mode. Source
parameters were as follow: capillary voltage, 3.1 kV; sampling
cone, 30 V; source Offset, 80 V; source temperature, 150 °C
and desolvation temperature, 200 °C. Matrix-assisted laser de-
sorption/ionization time-of-flight (MALDI-ToF) mass spectra
were recorded using a Waters QToF Premier mass spectrome-
ter equipped with a Nd-YAG laser of 355 nm with a maximum
pulse energy of 65 pJ delivered to the sample at 50 Hz repeating
rate. Time-of-flight mass analyses were performed in the reflec-

tion mode at a resolution of about 10 000. The matrix, trans-2-
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(3-(4-tert-butylphenyl)-2-methyl-2-propenylidene)malononi-
trile, was prepared as a 40 mg/mL solution in chloroform. The
matrix solution (1 pL) was applied to a stainless-steel target and
air-dried. The crude photoirradiation product was dissolved in
acetonitrile and 1 pL aliquot of this solution was applied onto
the target area (already bearing the matrix crystals) and then air-
dried.

The HPLC purification process on final compound 9 was per-
formed on a semi-preparative Infinity Agilent 1290 UHPLC
system equipped with a binary pump, a thermostatically con-
trolled injection system, a thermostatically controlled column
compartment and a Diode Array detector. Waters C18 (Atlantis
T3) column was used and the elution conditions are described in

Supporting Information File 1.

Calix[4]arenes 2 and 3 were synthesized from commercial
p-tert-butylcalix[4]arene 1 according to procedures described in
the literature [69]. The experimental procedures and characteri-
zation data for calixarene derivatives 4, 6, 7 and 9, phenanthro-
line derivative 5 and c-[RGDfK]-alkyne 8 are given in Support-
ing Information File 1.

The UV-vis absorption spectra were recorded on a Perkin-
Elmer Lambda UV-vis spectrophotometer and the emission
spectra with a Shimadzu RF-5001 PC spectrometer (detection:
Hamamatsu R-928 red-sensitive photomultiplier tube, excita-
tion source: xenon lamp 250 W). Emission quantum yields were
determined by integrating the corrected emission spectra over
the frequencies. [Ru(bpy)3]*" in water under air was chosen as
the standard luminophore (quantum yield of 0.042 under argon).
The luminescence lifetimes were measured by the time-corre-
lated single photon counting (TC-SPC) technique with the Edin-
burgh Instruments LifeSpecll Picosecond Fluorescence Life-
time Spectrometer equipped with a laser diode (A = 439 nm,
pulse = 100 ps). The samples were thermostatted at 20 + 2 °C
with a Haake Model NB22 temperature controller. The data
were collected by a multichannel analyzer (2048 channels) with
a number of counts in the first channel equal to 104. The result-
ing decays were deconvoluted for the instrumental response and
fitted to the exponential functions using the original manufac-
turer software package (Edinburgh Instruments). The reduced
x2, weighted residuals and autocorrelation function were em-
ployed to judge the quality of the fits.

For molecular modelling simulations, the initial structure of the
ruthenium complex was obtained from previous DFT calcula-
tions using a previously reported methodology [82]. The
geometries of the RAFTs and calixarene were built using DS
BIOVIA® software and geometry-optimized using the
CHARMM force-field, taking into account previous molecular
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modelling simulations on cyclic peptides [83]. The structures
were linked together yielding through several steps of energy
minimizations, maintaining the ruthenium complex constrained
in octahedral geometry by harmonic constraints. After energy
minimization of the entire structure, MD simulations of 5 ns
were produced in NVT ensemble at 300 K, in the generalized
Born implicit solvent model. Although the MD simulation time
used here is way insufficient to probe the conformational land-
scape of this large molecule, the conformations reported here
represent relaxed geometries showing possible intermolecular
contacts between the cyclic pentapeptides. The analysis and vi-
sualization of MD simulations were carried out using DS
BIOVIA and Chimera [84] software.

Supporting Information

Supporting Information File 1
Supplementary information.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-150-S1.pdf]
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Based on the indicator displacement assay (IDA) approach, we herein report the fluorescence “switch-on” sensing and quantitative

detection of bisphosphonates (BPs), a class of drugs extensively used in the treatment of patients with various skeletal diseases.

Guanidinium-modified calix[5]arene (GC5A) affords strong binding on the micromolar to nanomolar level towards BPs domi-

nantly via multiple salt bridge interactions, which was evaluated by fluorescence competitive titrations. Fluorescent IDA enables

the highly sensitive and label-free detection of BPs in buffer solution, and more importantly, in artificial urine. Calibration lines

were therefore set up in untreated artificial urine, allowing for quantifying the concentrations of BPs in the biologically relevant low

range.

Introduction

Bisphosphonates (BPs) are a kind of drugs characterized by the
—C(PO3); group (Scheme 1a) for treating various types of bone
disorders and calcium metabolic diseases [1]. They are widely
used in the treatment of osteoporosis, osteitis deformans, hyper-
calcaemia and bone pain caused by bone metastases of malig-
nant tumors [2,3]. In addition, BPs are increasingly considered
due to their potential role in preventing and treating cancer-in-

duced bone loss and antitumor effects [4,5]. With this regard,

assays for BPs are significant for identifying the quality of phar-
maceutical formulations, as well as monitoring drug plasma
concentrations, analyzing drug biodistribution in bone tissue,
and detecting drug excretion in urine. For example, BPs are of
poor bioavailability if orally administered (generally with
absorption less than 1%) and about 50% of the absorbed dose is
taken up selectively by the skeleton. Therefore, tracking the
concentrations of BPs in biological systems has clinical signifi-
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Scheme 1: The chemical structures of (a) bisphosphonates (BPs) and (b) guanidinium-modified calix[5]arene (GC5A). (c) Schematic illustration of a

salt-bridge between a phosphate anion and a guanidinium cation.

cance for the doctor to record a patient's drug absorption in real
time and adjust the dosage in time [6]. Numerous analytical
methods, based on diverse principles, have been developed for
detecting BPs in pharmaceuticals and biological materials [7,8].
Due to BPs' high polarity, they are difficult to separate on
reversed-phase columns. To make them more amenable to anal-
ysis, ion-pairing or complex-forming reagents were used to de-
crease the ionic character of the molecules [9]. However, this
method will greatly reduce the life of the column [10]. More-
over, the absence of a chromophore in most BPs lead to the
employment of derivatization by an UV—vis light-absorbing or
fluorescence label for detection [11,12]. However, directly
labeling BPs in biological media is difficult because many other
components can reduce the efficiency of the labeling reaction.
Especially in urine, it is extraordinary challenging to achieve
labelling of BPs because urine generally contains a large
amount of polar compounds such as phosphates, unless these
are removed in advance [7]. lon chromatography combined
with conductivity detection (or other detectors) can be used to
solve the problems of separation and detection of BPs, but the
relatively expensive instruments often are not affordable [13].
As a result, the development of a label-free optical method for
BPs detection is highly appealing in view of low cost, ease of
use and high sensitivity of optical sensing modalities, but
remains a challenge since BPs are considered as unlabeled
analytes.

With the development of the host—guest concept in supramolec-
ular chemistry, the indicator displacement assay (IDA),
pioneered by Prof. Anslyn and co-workers, has been popular-
ized as an alternative strategy for molecular sensing, comple-
mentary to direct sensing [14-16]. IDA refers to a signal change
of an indicator upon competition between an analyte and the

indicator for the binding to a receptor. The label-free method

renders IDA particularly suitable for the detection of analytes
lacking chromophores. The key factor in IDA is the rational
design of artificial receptors that are capable of binding analytes
strongly and specifically. Calixarenes are the third generation of
macrocyclic receptors after crown ethers and cyclodextrins. Due
to their facial modification, Prof. Bohmer demonstrated calix-
arenes as having “(almost) unlimited possibilities” [17]. We
have focused on molecular recognition and self-assembly of
water-soluble calixarene derivatives for a long time [18-24],
directed by exploring biomedical applications of them [25-28].
In this work, we report a fluorescent IDA approach for
detecting BPs quantitatively in not only buffer solution but also
artificial urine (Scheme 2). The rationale behind the IDA ap-
proach is the strong and selective complexation of BPs by
guanidinium-modified calix[5]arene (GC5A, Scheme 1b). Such
label-free sensing strategy exhibits potential application in real-
time monitoring concentrations of BPs in urine and pharmaco-

kinetic studies.

direct binding

—_—

+ ‘

GC5A BP

GC5A & BP

competitive binding

~o. 0 0
J
.00~
9
Fl GC5A & FI Fl

Scheme 2: Schematic illustration of the binding between BPs and
GC5A and the operating IDA principle of fluorescence “switch-on”
sensing of BPs by the GC5A-FI reporter pair.
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Results and Discussion

The main skeleton of BPs possesses two phosphate groups
which are potential binding sites and therefore GC5A was
tested as binding receptor. GC5A was prepared according to our
previous procedure [26] and the guanidinium groups installed in
the upper rim are expected to form multiple salt bridge interac-
tions (charge-assisted hydrogen bonds) with the phosphate
groups of BPs (Scheme 1¢) [26,29].

To execute IDA, we employed fluorescein (F1) as the reporter
dye according to our previously published result [26]. F1 of high
brightness is strongly encapsulated into the GC5A cavity
(K, = 5.0 x 10° M1, accompanied with a drastic complex-
ation-induced fluorescence quenching (/fee/Ipound = 37)- Taken
together, these factors make the GC5A-Fl reporter pair an ideal
combination for the projected IDA application. IDA was imple-
mented to determine the binding affinities between GC5A and
BPs via competitive fluorescence titrations. More importantly,
the displacement of the reporter dye, accompanied with fluores-
cence recovery, offers the opportunity for fluorescence “switch-
on” sensing of BPs. In general, fluorescent IDA could be oper-
ated at low uM or even nM concentrations, which is desirable
with respect to sensing sensitivity.

Beilstein J. Org. Chem. 2018, 14, 1840-1845.

We tested the host—guest complexation of GC5A with a total
number of 9 BP drugs clinically applied (Scheme 3) by utilizing
competitive fluorescence titrations. Upon gradual addition of
BPs gives rise to the displacement of F1 out of the GC5A cavity,
and therefore recovery of the intrinsic emission of F1 (Figure 1
and Figures S1-S8 in Supporting Information File 1). The data
fitted well with the 1:1 competitive binding model, giving the
K, values as listed in Table 1. Ibandronate, alendronate and
neridronate gave an around 40-100 times weaker binding than
etidronate, which is probably due to the aminoalkyl-substitu-
ents present in the former compounds. However, pamidronate
having an aminoethyl substituent shows comparable binding to
etidronate. At present, the reason for this behavior remains
unclear. Overall, the strong binding of 9 BPs with GC5A with
association constants in the pM to nM range is suitable for the
following sensing study.

By executing IDA based on the GC5AFl reporter pair, we real-
ized the fluorescence “switch-on” sensing of BPs. We herein
selected clodronate, zoledronate and etidronate to further inves-
tigate their quantitative detection. As shown in Figure 2a, in-
creasing the concentrations of BPs resulted in a practically
linear fluorescence increase. The limit of detection (LOD) for

“ _OH
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Q, HO” L o,
¥ _OH (.)H ” ||3_o ,\P’OH Cu)
C'ci OH <Tj HOT o
\
N
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Scheme 3: The chemical structures of the selected BP drugs.
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Figure 1: (a) Fluorescence competitive titration of GC5A-FI (0.9/1.0 pM) with risedronate (up to 29.6 uM) in HEPES buffer (10 mM, pH 7.4) at 25 °C,
Aex = 500 nm. (b) The competitive titration curve, Agyy = 514 nm, and fitting data according to a 1:1 competitive binding model.

Table 1: Association constants (K,) of BPs and GC5A determined ac-

cording to the competitive titration method. All experiments were per-

formed in HEPES buffer (10 mM, pH 7.4) at 25 °C.

BPs was calculated to be 4.9 nM for clodronate, 6.6 nM for
zoledronate and 3.1 nM for etidronate by utilizing a 3o/slope
method [7,30,31]. These low values of LOD also demonstrate
the high sensitivity of the IDA strategy based on the GC5A-F1

BPs Ka (M1 combination. The ultra-sensitive detection of BPs down to the
low nM range benefits from not only the strong binding ability
7 -
clodronate (6.60 £ 0.37) x 107 of GC5A but also the efficient fluorescence response of the
zoledronate (1.34 £0.12) x 10 GCS5A-Fl reporter pair.
etidronate (1.24 £0.15) x 107
tiludronate (8.31+0.97) x 108 L . .
risedronate (8.24 + 1.34) x 108 Com-pared to sensing in bu.ffered .solutlons, it .1s mc-)re chal-
pamidronate (5.37 +0.71) x 106 lenging to detect analytes directly in complex biological sam-
ibandronate (3.01 £0.65) x 105 ples such as urine, blood serum or plasma, saliva, etc. The
alendronate (1.80 £ 0.18) x 10° aforementioned results in HEPES buffer of high performance
neridronate (1.26 + 0.26) x 10° encouraged us to further test the IDA strategy in urine. As the
urine composition is affected by individual differences, water
intake, the time of urination and other factors [32], we herein
a) 20 18
y = 1.31x+0.994 y = 0.976x+0.999 13] ¥ =2.03x+0.999
81 R2=0.998 164 R?=0.998 R?=0.999
1s] LOD =4.9 M LOD = 6.6 nM LOD =3.1nM
o - 1.4 ° 12
£ 14 i £
iz 12 1.1
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0.0 0.2 0.4 0.6 0.8 0.0 0.4 0.6 0.8 0.00 0.05 0.10 0.15
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Figure 2: The set-up calibration lines of the fluorescence intensities for quantitatively determining the concentrations of clodronate, zoledronate and
etidronate in (a) HEPES buffer (10 mM, pH 7.4) and (b) artificial urine at 25 °C. Error bars could not be shown if less than 0.005.
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employed artificial urine as the proof-of-principle sample. Al-
though there are numerous interfering substances in artificial
urine [33], we still observed the linear increase in fluorescence
of the GC5A-FI reporter pair upon gradual addition of BPs
(Figure 2b). The LOD values in artificial urine were calculated
as 0.78 uM for clodronate, 0.98 uM for zoledronate, and
0.10 pM for etidronate. With respect to the requisite detection
limit in urine BP concentrations typically observed in patients
with bone disease after the administration of BPs [7], the
present IDA strategy with such low LOD values represents a
sensitive approach for detecting BPs. Based on the linear rela-
tionship of good performance (R%: clodronate 0.999, zole-
dronate 0.999 and etidronate 0.999), we set up a series of cali-
bration lines of the fluorescence output. These calibration lines
of BPs are meaningful for quantitatively tracking drug excre-
tion in urine down to the low uM range.

Conclusion

In conclusion, we have established an IDA approach based on
the GC5A-Fl reporter pair for fluorescence “switch-on” sensing
and quantitative detection of BPs. Thanks to the strong binding
capabilities of GC5A towards BPs, we realized a highly sensi-
tive and label-free detection of BPs through the fluorescent
IDA. For accurately determining unknown concentrations of
BPs down to the low uM range of tracking drug excretion, cali-
bration lines were successfully set up in artificial urine. The
present study paves a new avenue for detecting BPs in a low-
cost, easily to operate, label-free and sensitive way, promising
feasible application in tracking drug excretion, studying phar-
macokinetic processes, and inspecting pharmaceutical quality.

Supporting Information

Supporting Information File 1
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We report here the efficient synthesis of a series of [3]catenanes featuring the use of cucurbit[6]uril to simultaneously mediate the

mechanical and covalent bond formations. By coupling the mechanical interlocking with covalent macrocyclization, formation of

topological isomers is eliminated and the [3]catenanes are formed exclusively in good yields. The efficient access to these [3]cate-

nanes and the presence of other recognition units render them promising building blocks for the construction of other high-order

interlocked structures.

Introduction

Catenanes are topologically non-trivial molecules possessing
mechanically interlocked macrocycles. The flexible but strong
mechanical bond between the interlocked macrocycles offers a
unique opportunity for exploiting catenanes as molecular
machines or new materials with unusual mechanical properties
[1-9]. Over the years, different templates and ring-closing reac-
tions to form the interlocked macrocycles have been developed,
but the majority of the reported catenanes is limited to the Hopf
link (i.e., the simplest [2]catenane with two crossings) [9]. Syn-
thesis of other high-order catenanes with more interlocked

macrocycles and/or more crossing points remain challenging

and more general synthetic strategies to catenanes are yet to be
realized [10-12]. A major challenge in [n]catenane synthesis is
the precise spatiotemporal control of the covalent formation of
the macrocycles and their mechanical interlocking. Otherwise,
various topological isomers such as the non-interlocked prod-
ucts or lower-order catenanes will form, which are detrimental
to the synthesis efficiency as well as complicating the purifica-
tion process [13-19].

One strategy to overcome this challenge is to couple the me-

chanical bond and covalent bond formation in a single step. If
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the building block preorganization by reversible interactions
(which will lead to mechanical interlocking) is also necessary
for the covalent bond formation, the covalent trapping of the
non-interlocked precursors will be suppressed and the mechani-
cal interlocking of the macrocycles will be ensured. One exam-
ple is the use of an active metal template, in which the macrocy-
clization is mediated by the metal ion inside the cavity of a
metal-coordinating macrocycle [20]. Cucurbit[6]uril (CB[6])
has also been demonstrated to bind to ammonium-containing
azides and alkynes and to mediate their cycloaddition inside the
CBJ6] cavity [21,22]. Yet, these strategies have been largely
limited to the synthesis of rotaxane-based interlocked systems
[23], probably because of the additional challenges associated
with the macrocyclization in catenane synthesis. Previously, we
have reported a preliminary study of a [6]catenane synthesis
featuring the CB[6]-mediated azide—alkyne cycloaddition
(CBAAUC) using phenanthroline-based building blocks [24]. To
further explore the applicability and generality of the CBAAC
in the construction of mechanically interlocked molecules, we
report here the efficient synthesis of a series of [3]catenanes
from a combination of different azide and alkyne building
blocks. These [3]catenanes were obtained in good yields
(>85%) with straightforward purification procedures. The good
compatibility of CBAAC with these various building blocks and
the good yields of the [3]catenanes can serve as an entry point
to other high-order [n]catenanes by introducing additional

macrocycles through other non-covalent interactions.

Results and Discussion
Building block design

The bis(aminoalkyne) and bis(aminoazide) building blocks used
in this study are summarized in Scheme 1. The secondary
amines are designed to form ammoniums that will strongly bind
to CBJ[6] through ion-dipole interactions under aqueous acidic
conditions. Upon formation of the inclusion complex with
CB[6], the azide and alkyne functionalities inside the CB[6]
cavity will be placed in close proximity and their cycloaddition
will be facilitated. As the cycloaddition is preceded by CB[6]
binding, triazole formation will therefore ensure the inter-
locking of the CB[6]. A [1 + 1] macrocyclization of the diazide
and dialkyne will then result in the exclusive formation of the
[3]catenane with no other topological isomers.

The building blocks contain either a central hexaethylene glycol
(HEQG) unit or are derived from 1,5-dioxynaphthalene (DN),
naphthalenediimide (NDI), 2,9-phenanthroline (Phen) or 4,4’-
biphenyl (BP) cores which can engage in additional non-cova-
lent interactions, such as metal-ligand coordination,
charge transfer, n-stacking and hydrophobic interactions,
for the later interlocking of additional macrocycles to

give higher-order [n]catenanes. The new building blocks were

Beilstein J. Org. Chem. 2018, 14, 1846-1853.

synthesized following similar procedures as previously de-
scribed [24].

Catenane synthesis by CBAAC

Synthesis of [3]catenanes

The CBAAC-mediated [3]catenane synthesis was first investi-
gated using the dioxynaphthalene building blocks DN-N3 and
DN-CC. Different from the previously reported [3]catenane
Cat-0 which is derived from DN-N3 and Phen-CC [24], both
DN-N3 and DN-CC contain the flexible ethylene glycol linkers
between the terminal azide and alkyne groups, so that any other
possible preorganization effects, except that of the ammonium
binding to CB[6] could be eliminated to study the efficiency of
CBAAC in the catenane formation. In our first trial, a
1:1:2 mixture of DN-N3, DN-CC and CB[6] in 0.2 M HCI was
heated at 70 °C and the reaction mixture was analyzed by
LC-MS. After heating for 1 hour, although a peak correspond-
ing to the [1 + 1] cyclized product with m/z values consistent
with the [3]catenane Cat-1 could be observed, some unreacted
building blocks and unidentified products were also found.
Further extending the reaction time to 3, 5 or 8 hours resulted in
similar chromatograms with no significant improvement of the
yield of Cat-1. A similar observation has been reported in a
CBAAC-mediated rotaxane synthesis and additional templates
have been used to positively cooperate with the CB[6] binding
to the ammoniums on the building blocks to improve the effi-
ciency of CBAAC [23]. In view of the low solubility of CB[6]
and the possibility of thermal-assisted azide—alkyne cycloaddi-
tion of the unbound building blocks that may lead to the incom-
plete cycloaddition and other side products, we decided to first
assemble a pseudo[3]rotaxane CB[6] complex with either the
azide or alkyne building block, before introducing the other
building block to the reaction mixture. By heating a solution of
DN-N3 in the presence of two equivalents of CB[6] in
0.2 M aq HCI for 2 hours, a clear solution was formed that indi-
cated CBJ[6] dissolution and formation of the inclusion com-
plex. One equivalent of DN-CC was added and the mixture was
further heated at 70 °C. LC-MS analysis of the reaction mix-
ture showed that the building blocks were completely con-
sumed after one hour of heating, and that the crude mixture
contained the [3]catenane Cat-1 as the major product with
>85% yield (Scheme 2). Using DN-CC to first form the
pseudo[3]rotaxane CB[6] complex did not affect the efficiency
of CBAAC and Cat-1 was obtained in a similar yield. These
results show that the initial formation of the pseudorotaxane
complex helps the CBAAC by avoiding any cycloadditions
outside of the CB[6] cavity and that CBAAC can be an effi-
cient strategy for catenane synthesis.

Cat-1 and its interlocked nature were further characterized by
MS2, 'H and 13C NMR spectroscopy. The PF¢ salt of Cat-1
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Scheme 1: Diazide and dialkyne building blocks used in this study.

was isolated in 69% yield as a white solid by precipitation with
a saturated NHy4PFg solution and simple filtration. The ESIMS
spectrum showed two peaks at m/z = 808.5 and 1076.3, consis-
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tent with the 3+ and 4+ ions of Cat-1. Similar to Cat-0, the
MS? spectrum of Cat-1 revealed CB[6]-bound fragments,

showing the strong CB[6]-ammonium interactions are
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preserved under the MS conditions. Inclusion of the triazole in
the CB[6] cavity was evidenced by the upfield shifted triazole
resonance from 8.5 ppm to 6.4 ppm when compared with that of
free triazole in non-interlocked system [22,24,25]. NOE cross
peaks between the triazole and CB[6] protons were also ob-
served. The 'H NMR spectrum of Cat-1 showed one set of aro-
matic resonances, suggesting the chemical environments of two
dioxynaphthalene units are highly similar and that Cat-1 is
adopting a symmetrical conformation in solution, consistent
with the tight binding of the diammonium to the CB[6] and the
overall flexibility of the [3]catenane structure.

With the success of CBAAC in the efficient synthesis of Cat-1,
nine other [3]catenanes (Cat-2—Cat-10) were synthesized from
different combinations of the alkyne and azide building blocks
under similar conditions (Scheme 3). In all cases, LC-MS anal-
ysis of the crude reaction mixtures showed the complete
consumption of the building blocks with the [3]catenane as the
only major product with yields >85%. This demonstrates not
only the high efficiency of CBAAC in catenane synthesis, but
also the good compatibility of CBAAC with various types of

building blocks. Because of the high yields of these [3]cate-
nanes, their isolations were all straightforward. Cat-2—Cat-10
were isolated either by precipitation as the PFg™ salts or by
preparative HPLC, and were fully characterized by MS, NMR
and UV-vis spectroscopy. Similar to Cat-1, the upfield shifted
triazole 'H NMR resonances of Cat-2—Cat-10 at ca. 6.4 ppm
are consistent with the inclusion of the triazole in the CB[6]
cavity [22,24,25]. The ESIMS, HRMS and MS2 spectra are all
consistent with the [3]catenanes with a similar fragmentation
behavior as that of Cat-1. The 'H NMR, !3C NMR and ESIMS
spectra of Cat-2—Cat-10 are shown in Figure 1 and Figure 2,
and in Supporting Information File 1, Figures S29-S55 and
S60-S68.

With the different combinations of the additional recognition
units (i.e., DN, NDI, Phen and BP) in these [3]catenanes, other
macrocycles/building blocks that could favorably interact with
these units could be introduced to give higher-order catenanes
with multiple interlocked rings. As a preliminary study of high-
order [n]catenane assembly using this approach, CBAAC of
BP-N3 and DN-CC was repeated in the presence of 10 equiva-
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Scheme 3: Synthesis of [3]catenanes by CBAAC. 2Assembly yield by HPLC; Pisolated yield by precipitation as PFg~ salt; Cisolated yield by prepara-

tive HPLC.

lents of B-cyclodextrin (8-CD), which is known to form a stable
inclusion complex with the BP unit due to hydrophobic effects
(Ky =7 % 103 M1 in D,0) [26] (Scheme 4). To our delight, a
[4]catenane (Cat-11) was obtained in 60% yield along with
30% of Cat-3. Of note, due to a much weaker binding between
the 1,5-dioxynaphthalene unit and B-CD [26,27], no [5]cate-
nane was observed. ESIMS and MS? spectra of Cat-11 are
consistent with the inclusion of one B-CD (and two CBJ[6]). The
IH NMR spectrum showed a slight upfield shift of the BP
protons to 7.61 and 7.48 ppm when compared with that of

Cat-3 at 7.75 and 7.54 ppm. These observations are all consis-
tent with a [4]catenane structure with the BP unit being
included in the cavity of the B-CD, which is further supported
by the appearance of the BP protons as two broad signals due to
their slightly different chemical environment inside the f-CD
(Supporting Information File 1, Figure S56). Together with our
previous demonstration of the compatibility of CBAAC with
Cu*-phenanthroline coordination in a [6]catenane assembly, the
successful synthesis of Cat-11 shows the feasibility of using

CBAAC with a versatile selection of building blocks and non-
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covalent interactions to construct complex high-order [n]cate-
nanes.

Conclusion

In summary, the use of CBAAC in the efficient [3]catenane
syntheses is described. Ten new [3]catenanes and a [4]catenane
were obtained in a simple one-pot procedure. The key feature of
this strategy is that the use of CB[6] couples the mechanical
interlocking with the covalent macrocycle formation, so that the
catenanes were formed exclusively with no formation of other
topological isomers. This CBAAC strategy is versatile and
building blocks containing various recognition units can be
used, therefore offering a convenient entry point to access more
complex high-order catenanes with multiple interlocked macro-

cycles.

Supporting Information

Supporting Information File 1

Detailed experimental procedures and characterization data
MS, MS2, 'H and 13C NMR and UV-vis spectra).
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-158-S1.pdf]
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A hemicryptophane cage bearing amine and amide functions in its three linkers was synthesized in five steps. The X-ray molecular

structure of the cage shows a triple-stranded helical arrangement of the linkers stabilized by intramolecular hydrogen bonds be-

tween amide and amine groups. The chirality of the cyclotriveratrylene unit controls the propeller arrangement of the three aromat-

ic rings in the opposite part of the cage. "H NMR studies suggest that this structure is retained in solution.

Introduction

Among the remarkable architectures found in biological
systems, those presenting a triple helical arrangement are of
particular interest. Beside its classical double strand structure
formed by Watson—Crick base pairing, DNA can also organize
in a triple helical fashion [1]. These three-stranded structures of
DNA naturally occur and play important roles in regulating
gene function and DNA metabolism. Collagen, the most abun-
dant protein in animals, also adopts a triple helical structure:
three parallel peptide chains coil about each other in a triple
stranded left-handed helical structure. Its high thermal and me-
chanical stability results mainly from the numerous hydrogen
bonds found in the triple helix framework [2]. Bioinspired
structures, based on peptide backbones, have been built,
allowing a better understanding of the properties of this biologi-

cal system and giving rise to numerous applications ranging

from artificial collagenous biomaterials to peptides for thera-
peutic uses [3-5].

Recently, molecular cages presenting a triple helical structure
have aroused a considerable interest [6-8]: for instance, Malik et
al. described the synthesis and recognition properties of an
organic cage including three helicene moieties in its arms [9].
This cage presents a triple stranded helical structure with the
framework fully twisted due to the arrangement of the three
helicene units in a propeller fashion. Other recent examples are
the triple-stranded phenylene cages presenting a helical rod-like
shape synthesized by Kirsche et al. [10].

Hemicryptophanes are chiral covalent cages combining a

cyclotriveratrylene (CTV, north part) unit with another C3 sym-
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metrical moiety (south part). They display recognition proper-
ties toward neurotransmitters and carbohydrates, and can act as
molecular switches and supramolecular catalysts [11]. Their C3
symmetry makes them promising candidates to build molecular
cages displaying a triple helical arrangement of the linkers.
Furthermore, we have previously reported that the chirality unit
in the south part and the chirality of the CTV unit in the north
part influence each other, suggesting that the chirality of the
CTV moiety could control the helical arrangement of the linkers
[12,13].

We herein report the synthesis of the hemicryptophane 1 bear-
ing both amide and amine functions in its three likers. In solu-
tion, the 'H NMR spectrum shows a C3 symmetrical cage,
which is also observed in the solid state by X-ray crystallogra-
phy. Moreover, in the solid, amide and amine functional groups
of different linkers interact through hydrogen bonding, leading

Beilstein J. Org. Chem. 2018, 14, 1885-1889.

to a triple helical arrangement of the linkers. The CTV unit is
also found to strongly control the chirality of this triple helices
since the CTV with a P (respectively M) configuration induces
a A (respectively A) chirality of the propeller-like arrangement
of the linkers.

Results and Discussion

Synthesis of cage 1

According to the synthetic pathway shown in Scheme 1,
hemicryptophane host 1 was obtained in five steps [14,15].
Alkylation of vanillyl alcohol by chloroacetic acid in ethanol
under reflux afforded 2 in 73% yield. The CTV triester was ob-
tained by adding first one equivalent of HCl and then a catalyt-
ic amount of para-toluenesulfonic acid in methanol to com-
pound 2. Then, compound 3 was reacted with ethylenediamine,
providing 4 in 48% yield. The reaction between 1,3,5-
tris(bromomethyl)benzene and 2-hydroxybenzaldehyde provi-
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ded the precursor of the south unit 5 in 78% yield. Finally, a
[1 + 1] macrocyclization between 4 and 5 was achieved by a re-
ductive amination in a 1:1 CHCI3/MeOH mixture. A remark-
able yield of 92% was obtained for this last step. As this kind of
reductive amination has been proved to be under thermo-
dynamic control, the resulting intermediate cage bearing three
imine functions is highly sable [12,13]. Hydrogen bonds be-
tween the amide group and the formed imine function could
account for the high stability of this intermediate, shifting the
equilibrium between the different oligomers and the cage in
favor of this latter (vide infra).

"H NMR of cage 1

The 'H NMR spectrum of hemicryptophane 1 in CDClz shows
that this host presents, on average, a C3 symmetry in solution
(Figure 1). The characteristic signals of the CTV unit can be ob-
served: one signal for the OMe group at 3.94 ppm, two singlets
for the aromatic protons at 6.58 and 6.75 ppm and the expected
AB systems for the CH, bridges at 4.67 and 3.44 ppm. The aro-
matic protons of the benzene ring in the south part of the cage
and the corresponding diastereotopic CH, bridges displays a
singlet at 7.46 ppm and two doublets at 5.11 and 4.92 ppm, re-

Beilstein J. Org. Chem. 2018, 14, 1885-1889.

spectively. The signals of the aromatic protons of the linkers
give two doublets and two triplets between 6.75 and 7.2 ppm,
whereas the diastereotopic aliphatic protons exhibit expected
broad multiplets between 1.50 ppm and 2.36 ppm. The
Ar—CH,—NH diastereotopic protons appear as two doublets at
3.87 and 3.49 ppm.

Structure of cage 1

Slow evaporation of a solution of cage 1 in a 1:1 mixture of
CHCI3/MeOH affords crystals suitable for X-ray diffraction. In
the solid, the hemicryptophane cage presents a perfect Cj
symmetry (Figure 2). Further examination of the crystal struc-
ture reveals that 1 adopts a chiral conformation where the three
linkers are twisted into a triple helix with the lone pair of the
amines and the amide hydrogen atoms oriented toward the
cavity, while the amide oxygen atoms are oriented outwards.
Intramolecular hydrogen bonding between the nitrogen of the
amine function of one linker with the N—H of the amide group
of another arm can account for this helical structure
(Namine' ‘Namide distances of 2.97 A). This structure sheds light
on the excellent yield achieved in the last step of the synthesis.
Indeed, such intramolecular hydrogen bonding probably also
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Figure 1: "H NMR spectrum of 1 (400 MHz, CDClg).
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Figure 2: X-ray molecular structure of 1. Hydrogen atoms are omitted for clarity; dashed lines represent hydrogen bonds.

occurred in the imine precursor, accounting for its high thermo-
dynamic stability compared to oligomers that could also be
formed during the reaction between 4 and S.

Interestingly, one can also see that the CTV with the P configu-
ration (respectively M) imposes a A (respectively A) propeller-
like arrangement of the lateral arms, with a 120° turn around the
C3 axis of the molecule (Figure 2). This also underlines how the
chirality of the CTV unit propagates along the linkers to induce

the propeller shape of the three aromatic rings in the south part
of the hemicryptophane. This remote control of the helicity of
the southern part by that of the northern CTV unit, through nine
bonds, is allowed by this specific triple stranded helical struc-
ture, which induces a strong twist of the whole framework.

This helical arrangement probably also occurred in solution.
Indeed, the south part of cage 1 is similar to that of cage 6
(Figure 3) and the comparison between the signals of the

3.5

ppm

Figure 3: (a) Structure of compound 6. (b) "H NMR of 6 (CDCl3, 400 MHz). (c) "H NMR of 1 (CDCl3, 400 MHz).
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CH,—NH and Ar—-O—CHj—Ar protons of cage 6 with those of
cage 1 shows respectively downfield and highfield shifts of
around —0.2 ppm and more than +0.8 ppm, respectively [16].
Moreover, the chemical shift differences of the two diastereo-
topic protons of the two AB systems are much greater for 1 than
for 6 with A = 0.38 ppm for the CH,NH and of A3 = 0.19 ppm
for the Ar—-O—CHj,—Ar of 1, compared to 0.07 ppm and
0.05 ppm for 6, respectively (Figure 3). This is consistent with a
more rigid structure of cage 1 in solution, as suggested by the
solid-state structure.

Conclusion

In summary, we have described the synthesis of a new
hemicryptophane organic cage, which adopts a triple helical
structure because of the propeller-like arrangement of its three
linkers. The chirality of the CTV was shown to control that of
the whole helical cage structure, since only P-A and M-A enan-
tiomers were observed in solid state. NMR studies suggest that
this propeller-like arrangement also occurs in solution. Further
investigations are in progress in order to propagate the chirality
of the CTV to even more remote opposite sites through the for-
mation of such triple helical structures.

Supporting Information

Supporting Information File 1

Procedures for the synthesis of compounds 1-5;
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A number of upper rim-functionalized calix[4]thiourea cyclohexanediamine derivatives have been designed, synthesized and used

as catalysts for enantioselective Michael addition reactions between nitroolefins and acetylacetone. The optimal catalyst 2 with a

mono-thiourea group exhibited good performance in the presence of water/toluene (v/v = 1:2). Under the optimal reaction condi-

tions, high yields of up to 99% and moderate to good enantioselectivities up to 94% ee were achieved. Detailed experiments clearly

showed that the upper rim-functionalized hydrophobic calixarene scaffold played an important role in cooperation with the catalyt-

ic center to the good reactivities and enantioselectivities.

Introduction

During the past decades, asymmetric organocatalysis has played
an important role as a tool for the syntheses of chiral molecules
under mild conditions [1-4]. Among these reactions, the asym-
metric Michael reaction is a powerful strategy to construct
versatile intermediates due to its synthetic convenience and
good stereoselectivity [5,6]. Accordingly, different versions of
this reaction have been extensively studied. Notably, the
Michael addition reaction of 1,3-dicarbonyl compounds to

conjugated nitroalkenes is very important for the synthesis of

chiral nitro carbonyl compounds, such as bioactive agrochemi-
cals and drugs [7,8]. Although great progress has been made in
this research field, it is still need of further effort to synthesize
new efficient chiral organic catalysts for this kind of Michael

reactions.
The thiourea functional group has played a critical role in

organocatalysis due to its ability in forming hydrogen bonds

with substrates. This may lead to activated forms of the sub-
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strates allowing the corresponding reaction to occur [9-11]. For
example, Jacobsen and co-workers pioneered an effective chiral
thiourea catalyst which was employed in an asymmetric
Strecker reaction [12,13]. In 2016, Hernandez-Rodriguez and
co-workers reported the preparation of bifunctional thioureas
that contained either a methyl or trifluoromethyl group [14].
They discovered that the employment of chiral moieties with an
a-trifluoromethyl group in thioureas show a positive effect on

the selectivity and yields of the Michael reactions.

Supramolecular catalysis has drawn tremendous interest in the
past few years [15-23]. In this context, calixarenes are ideal
supramolecular macrocyclic scaffolds for the design of molecu-
lar receptors and organocatalysts due to their unique and
tunable molecular architecture together with the ease of func-
tionalization on the lower and upper rims [24-28]. Interestingly,
their hydrophobic cavity also exhibits phase transfer catalytic
function [29]. By attaching different pendants with catalytic
ability to the scaffolds, this may offer us the opportunity to
improve the green aspect of many reactions both in organic and
aqueous medium [30]. For example, it has been reported that
calixarenes linked with thiourea groups can be used to catalyze
asymmetric Aldol reactions or Michael addition reactions in
recent years [31-33]. Compared with the lower rim in the cone
conformation of calixarenes, the functionalization of the upper
rim is more challenging. Notably, it should be more valuable to
exploit the cavity of upper rim-functionalized calixarenes
because of the possibility of simultaneously using the hydro-
phobic cavity and chiral sites during a catalytic process [24,25].

Recently, we have reported a series of different functionalized
organic catalysts based on calixarenes [26,34-38]. For example,
we have been developed a calix[4]arene-based L-proline cata-
lyst able to catalyze aldol reactions in aqueous solution with

1

Scheme 1: Catalysts synthesized and screened in this study.
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excellent enantioselectivity [35]. As part of our ongoing studies
to develop novel types of organocatalysts for asymmetric catal-
ysis, in this study, we aimed to synthesize novel upper rim-
functionalized calix[4]thiourea cyclohexanediamine derivatives
to catalyze asymmetric Michael addition reactions of acetylace-
tone and aromatic nitroalkenes.

Results and Discussion

Synthesis of catalysts

The chemical structures and synthetic pathways for catalysts are
shown in Scheme 1 and Scheme 2, respectively. A series of
upper rim-functionalized calix[4]arene-based cyclohexanedi-
amine derivatives 1-3 have been prepared. Calix[4]arene deriv-
ative 5 with an amino group on the upper rim was first pre-
pared according to a literature report [38]. Then, the amino
group was converted to an isothiocyano group through reaction
with phenyl chlorothionocarbonate under alkaline conditions to
obtain compound 6. Subsequently, different chiral cyclohexane-
diamine derivatives were reacted with calix[4]arene-based com-
pound 6 to form the corresponding substituted thioureas. By this
route the monosubstituted primary amine 1, monosubstituted
tertiary amine 2 and disubstituted tertiary amine 3, respectively,
were obtained. Of note, for the preparation of compound 1 the
chiral mono-Boc-protected cyclohexanediamine was used for
the coupling reaction. The protecting group was removed by
treatment with CF3COOH to afford 1. Moreover, in order to
comparatively study the role of the cavity of calix[4]arene, we
also synthesized a model catalyst 4 by a similar synthetic proce-
dure as outlined for catalyst 2. All compounds 1-4 were fully
characterized by NMR spectroscopy and HRMS analyses.

Optimization of reaction conditions
Generally, conjugate additions were employed for evaluating
the catalytic activities of the new chiral amino-substituted

/
: AN .. :
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Ph,O\H/CI

S

OC4Hsg

CH,Cly, NaOH, rt

Scheme 2: Synthetic routes for organocatalysts 1-4.

thioureas [33,39]. For this, the Michael addition reaction of ace-
tylacetone (8) to B-nitrostyrene (7a) was chosen as the model
reaction to evaluate the efficiency of compounds 1-4 as chiral

Table 1: Screening of catalysts and solvents.?

entry

0 NOoO OO~ WON -

©

10
1"
12
13
14

7a

catalyst

N NMNDNDNMMNMDMNMDDMNMNDMNMNDNDRAODN-=-

N

PAEN

solvent

H>O
H,O
H,0
H20
toluene
CH3CN
DMF
DMSO
1,4-dioxane
THF
CH.Cl,
Et,O
n-hexane
neat

6a:R'=H
6b: R'=NCS

OC4Hg

2 mol % catalyst

Beilstein J. Org. Chem. 2018, 14, 1901-1907.

HN

Boc CF3COOH 1
CHClo, it CH,Cly, rt
CH,Cly, rt 2

solvent, rt

time (h)

9a
yield?

96
99
99
75
62
29
26
23
17
56
37
67
80
13

NO,

(%) ee® (%)

6
41
42
28
90
53
23
23
26
77
58
68
50
70

organocatalysts (Table 1, entries 1-4). From Table 1, it can be
seen that the yield with using the model catalyst 4 (only 75%) is
significantly lower than those obtained with catalysts 1-3 in

aReagents and conditions: catalyst (2 mol %), nitrostyrene (0.5 mmol), and acetylacetone (1 mmol), solvent (0.5 mL), rt; Pisolated yields; cdetermined
by chiral HPLC analysis.
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water (96-99%). Moreover, the reaction time using catalyst 4
was 6 h which is much longer compared to 1 h needed in case
of catalysts 1-3. These results showed that the catalysts com-
prising the calix[4]arene cavity are superior to the model cata-
lyst in terms of catalytic reactivity. This is likely due to the for-
mation of multiple microreactors at the water molecules’ inter-
face, with the calix[4]arene hydrophobic cavity attracting reac-
tants and accelerating the reaction [35,40]. The primary amine-
containing catalyst 1 showed poor performance compared to the
corresponding tertiary-amine containing catalysts 2 and 3. Al-
though catalysts 2 and 3 demonstrated similar reactivities, we
chose monosubstituted catalyst 2 as catalyst for further optimi-
zation according to the principle of atomic economy.

Next, the effect of solvents on the reaction catalyzed by 2 was
investigated and the results are summarized in Table 1. The
results revealed that both the yield and the enantioselectivity
were highly dependent on the solvents. Poor yields, lower enan-
tioselectivities and long reaction time (48 h) were observed
when the reactions were performed in organic solvents or with-
out any solvent (Table 1, entries 6—14). Interestingly, using tol-
uene as the solvent afforded a higher enantioselectivity
(90% ee) with a low yield (62%, Table 1, entry 5), while H,O
as the solvent gave higher yields (99% yield) with poor enantio-
selectivity (41% ee, Table 1, entry 2).

Therefore, in order to get good yield and enantioselectivity at
the same time, a mixed solvent of toluene and water was chosen
for the reaction (Table 2). The results showed that a good yield
and enantioselectivity could be obtained when the volume ratio
of toluene to water was 2:1 (Table 2, entry 5). We tried to
further improve the catalytic effect by decreasing the reaction

temperature and increasing the amount of acetylacetone. How-

Table 2: Optimization of reaction conditions.?

entry toluene/H50 (v/v)
1 1:1
2 1:2
3 1:3
4 1:5
5 2:1
6 31
74 2:1
8¢ 2:1
of 2:1

109 2:1

Beilstein J. Org. Chem. 2018, 14, 1901-1907.

ever, no improvements could be achieved (Table 2, entries 7
and 8). To our delight, increasing the catalyst loading of 2 from
2 mol % to 5 mol % resulted in a significant improvement in
enantioselectivity (94% ee; Table 2, entry 9). However, further
increasing the catalyst loading led to a slight decrease in enan-
tioselectivity (Table 2, entry 10). Based on the above screening,
the best results were obtained with 5 mol % of 2 in a mixed sol-

vent of toluene and water (v/v = 2:1) at room temperature.

The scope of reaction substrates

With the optimal reaction conditions in hand, a set of aryl
nitroolefins 7a—k was then employed to explore the generality
of this protocol and the results are summarized in Figure 1. All
nitroolefins reacted smoothly with acetylacetone (8) to afford
the corresponding products 9a—k in high yields (90-99%) and
moderate enantioselectivities for 9b—k (46—76% ee). In case of
9a an excellent enantioselectivity (94% ee) was obtained. This
might be due to the fact that the nitrostyrene 7a lacking substit-
uents has minimal steric hindrance and tends to bind with the
calixarene cavity by supramolecular host—guest interactions
which could further improve the enantioselectivity. In addition,
electronic effects of the substituents on the aromatic ring
showed a significant influence on the reaction. The presence of
a strong electron-withdrawing trifluoromethyl group afforded
the product 9e (76% ee) with higher enantioselectivity than a
strong-electron donating methoxy group (9¢, 46% ee), while
products with methyl and halogen groups showed moderate en-
antioselectivities (59-72% ee). For the same substituent at dif-
ferent positions of the aromatic ring, it can be seen that in case
of the electron-donating methoxy group the position of the sub-
stituent has a remarkable effect on the enantioselectivity (meta:
63% ee, para: 46% ee). However, no obvious trends could be

observed in case of ortho- or para-halogenated substrates.

time (h) yield® (%) ee® (%)
5 99 68
5 99 70
3 99 63
1 99 54
5 99 75
36 63 76
40 47 74
7 78 63
4 99 94
4 99 92

aReagents and conditions: catalyst 2 (2 mol %), nitrostyrene (0.5 mmol), and acetylacetone (1 mmol), toluene and water (0.48 mL), rt; Pisolated yields;
cdetermined by chiral HPLC analysis; 9reaction performed at 0 °C; ©2.5 mmol acetylacetone used; 5 mol % catalyst 2 used; 910 mol % catalyst 2

used.
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O O
M 5 mol % 2 )
ANNO; —_—
Ar water/toluene, rt Ar NO;
Ta—k 9a-k
O O O O O O
i\ NO, NO, NO,
|
Z HaC HaCO
9a 9b 9¢c
yield: 99% yield: 96% yield: 97%
ee: 94% ee: 72% ee: 46%
O O O O O O
N NO, NO, x NO,
| |
7 FaC Br~
OCH;
9d % _of
yield: 99% yield: 99% yield: 93%
ee: 63% ee: 76% ee: 64%
O O O O O O
N02 AN N02 N02
|
Br F Z F
9g ~ 9h 9i
yield: 95% yield: 90% yield: 91%
ee: 70% ee: 68% ee: 59%
O O O O
Cl Cl
9j 9k
yield: 92% yield: 90%
ee: 70% ee: 72%

Figure 1: Asymmetric Michael addition of acetylacetone with different nitroolefins catalyzed by organocatalyst 2. Reagents and conditions: catalyst 2

(5 mol %), nitroolefin (0.5 mmol), acetylacetone (1 mmol), toluene (0.32 mL) and water (0.16 mL), rt.

Mechanism study

There are two possibilities for the bifunctional thiourea-cata-
lyzed asymmetric Michael addition reaction mechanism as has
been summarized by Wang and co-worker [41]. In case of 1,3-
dicarbonyl compounds or nitroolefins as substrates in the reac-

tion, the question arises, which one is activated by the thiourea

group through double hydrogen bonding. Based on the better
enantioselectivity observed for product 9a over 9b—k, it was
deduced that the binding of the nitroolefin with the calixarene
cavity might be affected by the steric hindrance of the groups
present on the aromatic ring. We propose the following plau-
sible synergistic catalytic mechanism (Scheme 3). First, the two
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Scheme 3: Possible proposed reaction mechanism.

oxygen atoms of the nitro group in the nitrostyrene are acti-
vated through double hydrogen bonding with the thiourea
group, while the benzene ring is held by a supramolecular
host—guest interaction with the calixarene to form a stable tran-
sition state A. Then, another hydrogen bond is formed between
the nitrogen atom of the tertiary amine group in A and acetyl-
acetone in its enol form, leading to the formation of a ternary
complex B. Finally, nucleophilic attack of acetylacetone on the
nitrostyrene creates a new C—C bond forming binary complex C

from which the enantioselective product is released.

Conclusion

In summary, we have synthesized a series of upper rim-functio-
nalized calix[4]arene-based chiral cyclohexanediamine thiourea
catalysts 1-3 and tested as organocatalysts for the enantioselec-
tive Michael reactions of nitroolefins to 1,3-dicarbonyl com-
pounds. Under the optimal conditions, catalyst 2 smoothly cata-
lyzed the reactions in mixed solvent of toluene and water
(v/v = 2:1) at room temperature to afford the products in high
yields (90-99%) and with moderate to good enantioselectivities
(46-94% ee). By comparing with model catalyst 4, the
calixarene scaffold, especially its hydrophobic cavity present in

catalyst 2 played an important role in controlling reaction activ-
ities and enantioselectivities.

Supporting Information

Supporting Information File 1

Experimental procedures, characterization data for all
compounds and copies of NMR spectra.
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A two-station [2]catenane containing a large macrocycle with two different recognition sites, one bis(pyridinium)ethane and one

benzylanilinium, as well as a smaller DB24C8 ring was synthesized and characterized. '"H NMR spectroscopy showed that the

DB24CS8 ring can shuttle between the two recognition sites depending on the protonation state of the larger macrocycle. When the

aniline group is neutral, the DB24C8 ring resides solely at the bis(pyridinium)ethane site, while addition of acid forms a charged

benzylanilinium site. The DB24C8 then shuttles between the two charged recognition sites with occupancy favoring the bis(pyri-

dinium)ethane site by a ratio of 4:1. The unprotonated [2]catenane has a deep yellow/orange color when the DB24C8 ring resides

solely at the bis(pyridinium)ethane site and changes to colorless when the crown ether is shuttling (i.e., circumrotating) back and

forth between the two recognition sites thus optically signalling the onset of the shuttling dynamics.

Introduction

[2]Rotaxane molecular shuttles [1-5] are the dynamic building
blocks of a wide variety of molecular switches [6-9] and a num-
ber of sophisticated molecular machines that operate away from
equilibrium [10-15]. We have previously reported [2]rotaxane
molecular switches containing a single dibenzo[24]crown ether
DB24C8 wheel and two different recognition sites;
benzylanilinium and 1,2-bis(pyridinium)ethane [16].
These shuttles operate as bistable switches driven by acid/

base chemistry and can be optically sensed by either

a change in color (yellow/colorless) for [1IFCDB24C8]%*"
or a fluorescence change (OFF/ON) for [IACDB24C8]%"; see
Figure 1.

In addition, we have also previously prepared a [3]catenane
containing two dibenzo[24]crown ether DB24C8 rings inter-
locked onto a much larger macrocyclic ring containing two 1,2-
bis(pyridinium)ethane recognition sites linked by terphenyl
spacer groups [17] (Figure 2).
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Figure 1: Two [2]rotaxane molecular shuttles with both bis(pyridinium)ethane and benzylanilinium recognition sites that can be switched by acid—base
chemistry and optically sensed by a) a color change from colorless to yellow and b) a change in fluorescence from OFF to ON (CD3CN or CD,Cl,).

Code: F to indicate CF3 groups; A to indicate anthracene group.
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Figure 2: A [3]catenane containing two identical bis(pyridinium)ethane
recognition sites on a large macrocycle and two smaller threaded
DB24C8 rings.

It was thus of interest to design and build these two different
recognition sites (benzylanilinium and bis(pyridinium)ethane)
into an analogous circumrotational [2]catenane molecular
switch to compare to the linear [2]rotaxane molecular shuttles
outlined in Figure 1. This should be possible because of the
structural similarities (size and shape) between the bis(pyri-
dinium)ethane and benzylanilinium recognition sites. Each has
a two-atom chain in a low energy, anti-conformation linking ar-
omatic rings and the distance between the terminal nitrogen
atoms are 18.11 and 18.09 A (MM3) for the benzylaniline and
bis(dipyridinium)ethane axles 4 and 52%, respectively; see
Figure 2 and Scheme 1 compound [8cDB24C8]°" for this com-
parison and concept.

Results and Discussion

Synthesis

Although the previously reported [3]catenane (Figure 2) was
synthesized using a one-step, self-assembly procedure from two
bis(pyridinium)ethane axles, two terphenyl spacers and two
DB24C8 crown ethers, a [2]catenane with different recognition
sites requires a stepwise approach involving the incorporation
of each recognition site independently. Overall, the synthesis of
[2]catenane [8cDB24C8]%" required multiple steps and is
outlined in Scheme 1. Two literature preparations were used to
construct each of the known compounds, terphenyl linker 6 [18]
and bis(pyridinium)ethane axle [S][OTf], [19,20], while the
new benzylaniline axle 4 was prepared as shown from 3 [21].
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Scheme 1: Step-wise synthesis of [2]catenane [8CDB24C8]%* containing benzylanilinium and bis(pyridinium)ethane recognition sites and terphenyl
spacers.
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Once the precursor components were synthesized, the [2]cate-
nane was assembled in two steps. Firstly, [S][OTf], was reacted
with ten equivalents of the bis(bromomethyl)terphenyl linker 6
in CH3CN to afford [7][OTf]4 in moderate yield. Secondly, the
[2]pseudorotaxane [7CDB24C8]*" was formed using [7][OTf]4
in the presence of DB24C8 followed by ring closure using the
benzylaniline axle 4 to yield [8cDB24C8][OTf]g. The reaction
was performed under dilute conditions with 10 equivalents of
crown ether to favor ring closure and kinetic trapping of the
smaller ring.

To isolate the pure [2]catenane, the reaction solvent (CH3CN)
was evaporated and the residue washed with toluene to remove
excess crown ether. This was then followed by column chroma-
tography on silica gel using a 5:3:2 mixture of CH30H/
2 M NH4Cl/CH3NO, as the eluent. Fractions containing the
product (R¢ = 0.66) were combined and anion exchanged to the
triflate salt to yield [2]catenane [8CDB24C8][OTf]¢.

Characterization

The 'H NMR spectrum of [2]catenane [SCDB24C8]%" (298 K,
CD,Cl,) is shown in Figure 3 and the labelling scheme for the
H-atoms is given in Scheme 1. All resonances were assigned
based on 2D COSY NMR spectroscopy as well as comparison
to 'H NMR and COSY spectra of individual components 6 and
74*. Comparing the proton chemicals shifts for H-atoms n—y of
[8cDB24C8]°" with those of precursor 74" shows changes in
chemical shift typically associated with the close interaction of

DB24C8 with a bis(pyridinium)ethane recognition site [18]. In

Beilstein J. Org. Chem. 2018, 14, 1908-1916.

particular, the significant downfield shifts observed for ethyl-
ene protons s and ¢ from 5.30 ppm in 74" to 5.56 ppm for
[8cDB24C81°" as well as u and r, the ortho pyridinium
protons, from 9.04 ppm in 74" to 9.31 ppm for [8CDB24C8]"
are characteristic of hydrogen-bonding to the crown ether. In
addition, m-stacking interactions induce upfield shifts for
protons p, ¢, v and w from 8.48 ppm in 74" to 8.24 ppm for
[8CDB24C8]°". Protons o, x, n and y do not shift appreciably
because the crown ether does not extend far enough to interact
with these protons. In contrast, the chemical shifts for protons
a—d and I-L on the benzylaniline portion of the large ring of
[8cDB24C8]°" do not shift significantly inferring that in the
neutral aniline state the crown ether resides exclusively at the
bis(pyridinium)ethane site of the [2]catenane. Table 1 summa-
rizes the chemical shift differences between the [2]catenane
[8cDB24C81°" and precursor 74" which contains no crown
ether.

A sample of [8cDB24C81°" (1:1 CH3;OH/CH3CN) was
analyzed by high-resolution electrospray mass spectrometry
(HRESIMS). Sufficient resolution for each of the 2+, 3+, 4+
and 5+ molecular ions allowed for exact mass measurements
(<5 ppm) confirming the catenated nature of the structure.
Table 2 summarizes the observed values.

Acid-base driven switching

The analysis of the 'H NMR spectrum (CD3CN, 298 K) of
[8cDB24C81°" indicates that the DB24CS8 ring resides exclu-
sively at the bis(pyridinium)ethane recognition site. This is

o |CH:Cl
ny
Al
K
zZ,m
ur X J g,b H
Ek ) €
wp \ C,i ;
vap | 1 2
rod c ‘ G, a
N f
e
hj
i iLL
L B e L L L
9.5 9.0 8.5 8.0 7.5 ppm 7.0 6.5 6.0 5.5 5.0 4.5

Figure 3: "H NMR spectrum of [2]catenane [8CDB24C8]%* (500 MHz, 298 K, CD,Cl,) showing the assigned proton chemical shifts; see Scheme 1

for labelling.
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Table 1: Summary of major chemical shift differences between precur-
sor 74* and catenane [8CDB24C8]°*.

protons? 74* [8cDB24C8]t*
ny 5.89 5.90
o, X 9.05 9.03
p, w 8.47 8.19
g, v 8.50 8.22
rLu 9.04 9.31
st 5.30 5.56

aAll chemical shift values given in ppm relative to TMS in CD3CN at
298 K.

easily understood as the neutral benzylaniline site does not
allow for appreciable non-covalent interactions and cannot
compete for the DB24C8 ring with the dicationic bis(pyri-
dinium)ethane site. However, the addition of one equivalent of
triflic acid (CF3SO3H) to a solution of [8CDB24C8]°" results
in protonation of the aniline nitrogen atom to give
[8-HcDB24C8]7" and a second viable recognition site for the

crown ether.

Figure 4 shows a partial '"H NMR spectrum of protonated
[8-HCDB24C8]7" in CD3CN at 298 K. The smaller DB24C8
ring can now reside at either of the bis(pyridinium)ethane or
benzylanilinium sites and these two possible co-conformations
are designated A and B in Figure 4a. The ethylene protons at
the core of the bis(pyridinium)ethane motif, labelled s and ¢ in
A and s’ and ¢’ in B are clearly distinguishable and show that
there is a 4:1 ratio of A:B indicating that the smaller DB24C8
ring prefers to occupy the bis(pyridinium)ethane site over the
benzylanilinium site and that shuttling between the two sites is
slow on the NMR timescale under these experimental condi-
tions. Addition of base (NEt3) returns the system to its original
state and the process can be cycled by repeated addition of acid
(CF3SO3H) and base without significant degradation of the
compound as verified by 'H NMR spectroscopy.

Interestingly, these results are contrary to those observed for the
[2]rotaxane molecular shuttles [1IFcDB24C8]%" and

Table 2: Summary of major HRESIMS peaks for catenane [8CDB24C8]°*.

molecular ion calculated m/z

{[8cDB24C8][OTf]4)2* 1116.7969
{[8cDB24C8][OTf]3}3* 694.8804
{[8cDB24C8][OTf,}** 483.9222
{[8cDB24C8][OTf]}>* 357.3472

Beilstein J. Org. Chem. 2018, 14, 1908-1916.

[1AcDB24C8]2" shown in Figure 1. For that system, the
benzylanilinium site was preferred 3:1 for [IFcDB24C8]*" and
9:1 for [TACDB24C8]?" in CD3;CN and when CD,Cl, was
used the systems were completely bistable with DB24C8
preferring to reside exclusively at the bis(pyridinium)ethane site
when unprotonated and exclusively at the benzylanilinium site
when protonated.

The UV-visible spectra of [8cDB24C8]%" and
[8-HcDB24C8]7* are shown in Figure 5 for 2.0 x 107> M solu-
tions in CH3CN. The molar absorptivity (¢) of [8cDB24C8]6"
was calculated to be 22,680 L mol™ cm™! with Ay, at 412 nm.
The large absorption is due to an intramolecular charge transfer
(ICT) band arising from charge transfer between the aniline
nitrogen and pyridinium group of the benzylanilinium recogni-
tion site. However, this ICT band (412 nm) is eliminated by
protonating the aniline nitrogen to form [8-HcDB24C8]7".
Therefore, when the [2]catenane absorbs strongly showing a
deep yellow/orange solution this indicates that the crown
resides solely on the bis(pyridinium)ethane site for
[8cDB24C8]%" but, when the [2]catenane does not absorb in
the UV-visible region yielding a colorless solution this means
the crown ether must be shuttling (i.e., circumrotating) back and
forth between the two co-conformations, A and B, of
[8-HCDB24C8]7".

Conclusion

A two-station circumrotational [2]catenane has been synthe-
sized and its operation described. The system consists of a large
macrocycle containing two different recognition sites, one
bis(pyridinium)ethane and one benzylanilinium with a single
smaller DB24CS8 ring that can shuttle between the two recogni-
tion sites depending on the protonation state of the larger
macrocycle. When the aniline group is neutral, the DB24C8
ring resides only at the bis(pyridinium)ethane site. However,
addition of acid activates the benzylanilinium site allowing the
ring to shuttle between the two, now competing, recognition
sites. It was found that DB24C8 prefers the bis(pyridinium)-
ethane site over the protonated benzylanilinium site in a ratio of
4:1. This is quite different from similar [2]rotaxane molecular
shuttles (Figure 1) where, once protonated, the benzylanilinium

experimental m/z A (ppm)
1116.7972 0.3
694.8835 4.5
483.9246 5.0
357.3465 2.0
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Figure 4: a) The [2]catenane [8CDB24C8]°%* can be protonated to yield [8-HCDB24C8]"* in two different co-conformations A and B. b) The partial

TH NMR spectrum (500 MHz, 298 K, CD3CN) of [8-HCDB24C8]”* shows key resonances for both co-conformations A (red) and B (blue). See
Scheme 1 for labelling; atoms of co-conformer B are labelled with a prime, e.g., s’ versus s.
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Figure 5: UV-visible spectra of [8CDB24C8]®* (orange trace) and
[8-HCDB24C8]"* (black trace) in CH3CN solution at 2.0 x 107 M and
298 K.

site was preferred (CD3CN) and in some cases exclusively
(CD;,Cly) generating a true ON/OFF bistable switch; unfortu-
nately, the [2]catenane switch is insoluble in CD,Cl, when
protonated so a comparison could not be undertaken in this sol-
vent. This difference in site populations between [2]rotaxane
and [2]catenane is due to the presence of electron-withdrawing
CF3 groups on the [2]rotaxane which make the benzylanilinium
site more favorable in this case. Since it is fairly straightfor-
ward to change the nature of the stoppering groups of a
[2]rotaxane dumbbell while the cyclic nature of the large ring
makes it difficult to derivatize, [2]rotaxanes are deemed easier
to fine-tune from a structural perspective than [2]catenanes. Al-
though we were able to create an optically sensitive [2]cate-
nane molecular shuttle with the bis(pyridinium)ethane and
benzylanilinium recognition motifs, we could not achieve the
true ON/OFF, bistable molecular switching previously ob-
served for analogous [2]rotaxanes.

Experimental

General comments

4-Bromobenzyl bromide, 4-bromoaniline, 4-pyridylboronic
acid, 1,3-dichlorobenzene, p-tolylmagnesium bromide, n-butyl-
lithium and N-bromosuccinimide were purchased from Aldrich
and used as received. Benzoyl peroxide was purchased from
Acros and used as received. Compounds 3 [18], [S][OTf],
[19,20] and 6 [21] were prepared using literature methods. Sol-
vents were dried using an Innovative Technologies solvent
purification system. Thin-layer chromatography (TLC) was per-
formed using Teledyne Silica gel 60 F254 plates and viewed
under UV light. Column chromatography was performed using
Silicycle ultra-pure silica gel (230-400 mesh). The solvents
were dried and distilled prior to use. NMR spectra were re-

corded on a Bruker Avance III console equipped with an
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11.7 T magnet (e.g., 500 MHz for 'H). Samples were locked to
the deuterated solvent and all chemical shifts reported in ppm
referenced to tetramethylsilane. Mass spectra were recorded on
a Waters Xevo G2-XS instrument. Solutions with concentra-
tions of 0.001 molar were prepared in methanol and injected for
analysis at a rate of 5 pL/min using a syringe pump.

Synthesis of 4

DMF (250 mL) and H,O (100 mL) were added to a round
bottom Schlenk flask (500 mL) and degassed with N, for 2 h.
To this solvent mixture, 3 (1.11 g, 0.00325 mol), 4-pyridyl-
boronic acid (1.00 g, 0.00814 mol) and Na,CO3 (2.07 g,
0.195 mol) were added and the solution degassed for an addi-
tional 1 h. Catalyst [Pd(PPh3)4] (0.188 g, 16.3 mmol) was
added and the solution degassed for an additional 30 min. The
reaction was then refluxed for 5 days and the progress of the
reaction monitored using '"H NMR spectroscopy. After the
5 days, the reaction was cooled to room temperature and the
solvents removed by evaporation. The residue was dissolved in
CH,Cl, (100 mL) and washed with H,O (3 x 50 mL). The
CH,Cl, layer was dried over anhydrous MgSOy, filtered and
concentrated. Compound 4 precipitated as a pale yellow powder
which was collected by vacuum filtration. The filtrate was then
evaporated under vacuum and the residue subjected to column
chromatography (SiO,, 1% MeOH/CHCI3, Ry = 0.13) to yield
further product. The batches of product (from precipitate and
filtrate) were combined and recrystallized from acetone. Yield,
0.800 g, 73%; mp 186-188 °C; 'H NMR (500 MHz, CD;CN,
298 K) & 8.60 (d, 3J = 6.1 Hz, 2H), 8.48 (d, 3J = 6.1 Hz, 2H),
7.71 (d, 3J = 8.2 Hz, 2H), 7.59 (d, 3J = 6.2 Hz, 2H), 7.54 (d,
3J=8.7Hz, 2H), 7.51 (d, 3J = 8.2 Hz, 2H), 7.49 (d, 3J = 6.2 Hz,
2H), 6.73 (d, 3J = 8.7 Hz, 2H), 5.41 (br t, 1H), 4.46 (d,
3J = 6.2 Hz, 2H); 13C NMR (125 MHz, CD;CN, 298 K)
8 151.1, 150.3, 149.8, 147.6, 146.8, 140.5, 140.2, 129.9, 128.4,
127.9, 127.6, 120.8, 120.4, 113.1, 47.6; HRMS (ESI) m/z:
[M + H]* caled for [C3H,oN3]H, 338.1657; found, 338.1650.

Synthesis of [7][OTf]4

[5][OTf], (0.400 g, 0.626 mmol) and 6 (2.61 g, 6.26 mmol)
were dissolved in CH3CN (75 mL) and stirred at room tempera-
ture for 7 days. The resulting precipitate was filtered, collected
and stirred in CH,Cl, for 20 min and filtered to remove excess
6. The precipitate was then anion exchanged to the triflate salt
in a two-layer CH3NO,/NaOTf(aq) solution. The layers were
separated and the CH3NO; layer washed with H,O (3 x 5 mL)
and then dried over anhydrous MgSQOy4. The CH3NO, was re-
moved by rotary evaporation and [7][OTf]4 isolated as a pale
yellow solid. Yield 0.700 g, 69%; mp >180 °C (dec.); '"H NMR
(500 MHz, CD3CN, 298 K) 8 9.05 (d, 3J = 6.9 Hz, 4H), 9.04 (d,
3J=6.9 Hz, 4H), 8.50 (d, 3J = 6.1 Hz, 4H), 8.47 (d, 3/ = 6.1 Hz,
4H), 7.91 (s, 2H), 7.86 (d, 3J = 8.2 Hz, 4H), 7.71 (d,
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3J=8.2 Hz, 4H), 7.68 (d, 3J = 7.9 Hz, 2H), 7.67 (d, 3J = 8.2 Hz,
4H), 7.62 (d, 3J = 8.0 Hz, 4H), 7.57 (t, 3J=17.9, 3J = 8.1 Hz,
2H), 7.54 (d, 3J = 8.2 Hz, 4H), 5.89 (s, 4H), 5.30 (br s, 4H),
4.66 (s, 4H); HRMS (ESI) m/z: [M — OTf]" caled, 1457.1114;
found, 1457.1144.

Synthesis of [8cDB24C8][OTf]g

[71[OTf]4 (0.155 g, 0.0963 mmol) and DB24C8 (0.432 g,
0.963 mmol) were dissolved in a two phase CH3NO,/H,O mix-
ture and stirred at room temperature for 30 min to allow
[2]pseudorotaxane formation. Compound 4 (0.0330 g,
0.0963 mmol) was then added along with NaOTf (0.0330 g,
0.193 mmol) and the reaction stirred at room temperature for
21 days. The water layer was separated and the CH3NO, evapo-
rated. The resulting residue was washed with CH,Cl,
(3 x 10 mL) to remove excess DB24C8 and subjected to
column chromatography on silica gel (5:3:2 mixture of CH30H/
NH4Cl1 (2 M)/CH3NO,). Fractions containing the product
(R¢ = 0.66) were combined and the solvents evaporated. The
residue was dissolved in a two layer CH3NO,/NaOTf(aq) solu-
tion to anion exchange to the triflate salt. The H,O layer was re-
moved and the CH3NO; layer washed with H,O (3 X 5 mL) to
extract any remaining salts. The CH3NO; layer was dried with
anhydrous MgSOy4 and then evaporated to yield
[8cDB24C8][OTf]¢ as a yellow-orange solid. Yield 0.030 g,
12%; mp >210 °C (dec.); HRMS (ESI) m/z: [M — 20Tf]*" caled
for [Cl 13H103F12N702084]2+, 11 16.7969, found, 11 16.7972;
[M — 30Tf]?" caled for [C}12H03F9gN7017S313", 694.8804,
found, 694.8835; [M - 40OTf]*" caled for
[C111H103F6N701482]4+, 483.9222, found, 483.9246;
[M — 50Tf]>" caled for [Cy1oH;03F3N70; ST, 357.3472,
found, 357.3465; 'H NMR (500 MHz, CD,Cl,, 298 K) § 9.31
(d,3J,4 = 6.7 Hz, 2H, r), 9.31 (d, 3J,, = 6.7 Hz, 2H, 1), 9.03 (d,
3Jop = 6.8 Hz, 2H, 0), 9.03 (d, 3Jy,, = 6.8 Hz, 2H, x), 8.76 (d,
3J1;= 6.8 Hz, 2H, ), 8.49 (d, 3J,. = 6.9 Hz, 2H, d), 8.22 (d,
3J,-= 6.7 Hz, 2H, q), 8.22 (d, *J,,, = 6.7 Hz, 2H, v), 8.22 (d,
3Jy1= 6.8 Hz, 2H, J), 8.19 (d, *J,, = 6.8 Hz, 2H, p), 8.19 (d,
3 ), = 6.8 Hz, 2H, w), 8.04 (d, 3J.4 = 6.9 Hz, 2H, ¢), 7.87 (d,
3Jm = 8.2 Hz, 2H, 1), 7.87 (d, 3J4. = 8.2 Hz, 2H, A), 7.87 (d,
3Jxk1 = 8.2 Hz, 2H, K), 7.83 (s, 1H, k), 7.83 (s, 1H, E), 7.80 (d,
3Jqr= 8.4 Hz, 2H, g), 7.78 (d, 3J,, = 8.7 Hz, 2H, b), 7.77 (d,
3Jrg = 8.6 Hz, 2H, F), 7.74-7.70 (d, 1H, k), 7.74-7.70 (d, 1H,
j), 7.74-7.70 (d, 1H, B), 7.74-7.70 (d, 1H, D), 7.64 (d,
3J1= 8.2 Hz, 2H, m), 7.64 (d, 3J.4, = 8.2 Hz, 2H, z), 7.62 (dd,
1H, i), 97.62 (dd, 1H, C), 7.58 (d, 3Jyx = 8.2 Hz, 2H, L), 7.55
(d, *Jgr= 8.6 Hz, 2H, G), 7.51 (d, J;; = 8.4 Hz, 2H, /), 6.79 (d,
30, =8.7 Hz, 2H, a), 6.62 (m, 3J 140 = 5.8, 3 pmera = 3.6 Hz,
4H, 1), 6.33 (m, 3T, = 5.8, 3T pera = 3.6 Hz, 4H, 2), 5.90 (s,
2H, 1), 5.90 (s, 2H, ), 5.87 (t, 3Jyar = 5.6 Hz, 1H, N), 5.74 (d,
2H, H), 5.59 (s, 2H, e), 5.56 (s, 2H, s), 5.56 (s, 2H, ¢), 4.48 (d,
3Jyn = 5.6 Hz, 2H, M), 4.04-3.99 (m, 24H, 3-5).
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The hydrophobic/hydrophilic ratio in a molecule largely affects its assembled properties in aqueous media. In this study, we synthe-

sized a new bicyclic compound which could dynamically change its hydrophobic/hydrophilic ratio by chemical stimulus. The

bicyclic compound consisted of amphiphilic pillar[5]arene and hydrophobic alkyl chain rings, and formed a self-inclusion structure

in aqueous media, which was assigned as a pseudo[1]catenane structure. The hydrophobic chain ring was hidden inside the

pillar[5]arene cavity in the pseudo[1]catenane structure, thus the bicyclic compound was soluble in water at 20 °C with a clouding

point at 24 °C. The pseudo[1]catenane was converted to the de-threaded structure upon addition of the neutral guest 1,4-dicyanobu-

tane, which displaced the alkyl chain ring from the inside to the outside of the cavity. The hydrophobic alkyl chain ring was now

exposed to the aqueous media, causing aggregation of the hydrophobic alkyl chain rings, which induced insolubilization of the

bicyclic compound in aqueous media at 20 °C and a decrease in its clouding point.

Introduction

Thermo-responsive molecules exhibiting a lower critical solu-
tion temperature (LCST) are very important for applications
such as controlled drug release [1], molecular separation [2],
and tissue culture substrates [3]. Poly(N-isopropylacrylamide)
(pNIPAAm) is a widely used thermo-responsive polymer,
which exhibits a clouding point around 32 °C [1-4]. Recently,
thermo-responsive molecules with additional functions have

been developed to replace pNIPAAm [5-10]. For example, we
have developed thermo-responsive macrocyclic molecules
which exhibit LCST behavior regulated by host—guest chem-
istry [5-7]. The molecules consist of a non-ionic amphiphilic
part containing tri(ethylene oxide) moieties, and a hydrophobic
part consisting of a pillar[n]arene core (Figure la; 1, n = 5; 2,
n=0).
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Figure 1: Chemical structures of (a) tri(ethylene oxide)-substituted pillar[n]arenes (1, n = 5; 2, n = 6), (b) pseudo[1]catenane 3, (c) de-threaded form of

3 by complexation with 1,4-dicyanobutane, and (d) model compound 4.

Pillar[n]arenes, which were first reported by our group [11],
were used as the macrocyclic component because of their high
functionality and superior host—guest properties with neutral
guests [12-16]. The amphiphilic pillar[n]arenes 1 and 2 exhibit
clouding points at 41 and 42 °C, respectively [5,6]. The
oligo(ethylene oxide) moieties are solvated with water mole-
cules at room temperature, but de-solvation occurs upon
heating, which triggers aggregation of the hydrophobic
pillar[r]arene cores. The amphiphilic pillar[n]arenes can capture
guest molecules with encapsulation of an ionic guest molecule
resulting in a change of the hydrophobic/hydrophilic ratio, and
consequently a change in the clouding point. The clouding point
of 1 increased upon addition of a cationic guest as the hydro-

philic ratio in the molecule increased by formation of the com-
plex with the hydrophilic cationic guest [5]. We also demon-
strated photoresponsive LCST behavior by using a photore-
sponsive host—guest complex system between amphiphilic
pillar[6]arene 2 and a photoresponsive cationic azobenzene
guest [6]. However, neutral guest molecules could not induce a
clear LCST change because encapsulation of the neutral guest
in the hydrophobic pillar[n]arene core did not significantly
change the hydrophobic/hydrophilic ratio. In this study, we suc-
cessfully induced an LCST change using a neutral guest and a
new pillar[5]arene derivative. We synthesized a new bicyclic
compound consisting of an amphiphilic pillar[5]arene and
hydrophobic alkyl chain rings 3 (Figure 1b). This bicyclic com-

1938



pound formed a self-inclusion structure in aqueous media,
which was assigned as a pseudo[1]catenane structure. The
hydrophobic alkyl chain ring was hidden in the pillar[5]arene
cavity in the pseudo[1]catenane structure, thus 3 was soluble in
water at 20 °C and exhibited a clouding point at 24 °C. Howev-
er, a de-threaded structure formed upon addition of a neutral
guest, 1,4-dicyanobutane. The supramolecular structural change
contributed to a significant increase in the hydrophobic ratio of
the molecule, which induced insolubilization of 3 in aqueous
media at 20 °C and a decrease of the clouding point tempera-
ture. Neutral guest-responsive LCST changes are very rare,
while there have been some examples of LCST control using
ionic chemical stimuli [5,6].

Results and Discussion
Supramolecular structure and clouding point

of bicyclic compound 3

The bicyclic compound 3 was prepared using a copper(I)-cata-
lyzed alkyne—azide cycloaddition (CuAAC) “‘click’’ reaction
(see details in the experimental section). In addition, model
compound 4 was also synthesized as a reference (Figure 1d).
Compound 3 is soluble in various organic and aqueous solvents
as it comprises eight amphiphilic tri(ethylene oxide) chains. We
investigated the supramolecular structure of 3 by 'H NMR
spectroscopy. In CDCl3, the signals from the alkyl chain of 3
(blue peaks, a—e, Figure 2) were observed upfield compared
with the ones of the model compound 4 (Figure 2a). This is due
to an aromatic shielding by the pillar[5]arene cavity, indicating
that 3 mainly formed a pseudo[1]catenane structure in CDCl5.
The linear alkyl chains can act as guests for pillar[5]arenes, thus
the pseudo[ 1]catenane structure was stable in CDCl3 [17-19]. In

Beilstein J. Org. Chem. 2018, 14, 1937-1943.

D50, as in CDClj3, the proton signals from the alkyl chain ring
(blue peaks, a—e) were also observed upfield (Figure 2c¢), indi-
cating the formation of a pseudo[2]catenane structure in D5O.
The alkyl chain ring not only acts as a good guest for the
pillar[5]arene, but also as a hydrophobic portion, thus the
pseudo[2]catenane structure would be favored in D,O.

As for pillar[5]arene 1 with 10 tri(ethylene oxide) chains, com-
pound 3 also exhibits LCST behavior. Compound 3 is soluble in
aqueous media at 20 °C, the solution becomes turbid at 40 °C,
and turns back to a clear solution upon cooling. The clouding
point of 3 was determined by monitoring the transmittance
change (Figure 3). The clouding point of 3, determined by mon-
itoring the transmittance change, was 24 °C (2 mM in aqueous
solution, Figure 3a, black line) which is 18 °C lower than the
clouding point of 1 (42 °C, Figure 3b, black line) [5]. This is
due to the fact that the benzene units carrying the hydrophobic
alkyl chain ring in 3 are more hydrophobic than the tri(ethylene
oxide)-substituted benzene unit in 1, although the hydrophobic
alkyl chain ring was hidden inside the cavity by formation of

the pseudo[1]catenane structure in aqueous media.

Effect of a supramolecular structural change

on the clouding point

To displace the alkyl chain ring of 3 from the inside to the
outside of the cavity, a competitive guest molecule, 1,4-
dicyanobutane, was added. 1,4-Dicyanobutane was chosen
because it forms highly stable 1:1 host—guest complexes with
pillar[5]arenes (K > 10* M™1) [20]. Figure 2d shows the
'H NMR spectra of 3 in the presence of 1,4-dicyanobutane. In
the spectrum, additional peaks were observed upon the addition

CHCI,
T™S
(a)4
J a-e
) “ l Il 1 A M
()3 ‘
in CDCI, a-e
AL \ )\
|
(©)3 HOD
inD,0
} a-e
T‘ Signals from the alkyl chain
(d) 3 + 1,4-Dicyanobutane | Il outs&de the pillar[5]arene
" a-e
A LT A i_& \..._...A/\ Y\ ", S
(e) 1,4-Dicyanobutane l l
| )
BIO IO 6‘0 5'0 d’O 20 “t) (‘J -1 0
ppm

Figure 2: "H NMR spectra of (a) model compound 4 (2 mM at 25 °C in CDCl3), (b) 3 (2 mM at 25 °C in CDCl3), (c) 3 (2 mM at 10 °C in D0),
(d) 3 (2 mM) and 1,4-dicyanobutane (20 mM) at 10 °C in D,0O and (e) 1,4-dicyanobutane (20 mM at 10 °C in D,0). Resonances are labeled as shown

in Figure 1.
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Figure 3: Temperature dependence of light transmittance at 650 nm of an aqueous solution of (a) 3 (2 mM) upon addition of 1,4-dicyanobutane
(0—20 mM) and (b) 1 (2 mM) in the presence and absence of 1,4-dicyanobutane (20 mM) on heating.

of 1,4-dicyanobutane (orange peaks o’ and ) in Figure 2d. For
comparison Figure 2e shows the spectrum of 1,4-dycanaobu-
tane (orange peaks o and ). Similar signals were also observed
in the host—guest complexes of 1,4-dicyanobutane with other
pillar[5]arenes [17,20], and were assigned as the proton signals
from the methylene protons of the 1,4-dicyanobutane in the
cavity of pillar[5]arene 3. The complex formation of 3 and 1,4-
dicyanobutane indicates the displacement of the alkyl chain ring
from the inside to the outside of the cavity by 1,4-dicyanobu-
tane. The association constant between the pseudo[1]catenane
structure 3 and 1,4-dicyanobutane estimated by I'H NMR at
25 °C was 13.9 M™! (Supporting Information File 1, Figure S6),
which is remarkably lower than the association constant be-
tween 1 and 1,4-dicyanobutane (4.6 x 10* M~!, Figure S8 in
Supporting Information File 1). The pseudo[1]catenane struc-
ture is very stable, thus the alkyl chain ring acts as a competi-
tive guest to 1,4-dicyanobutane.

The effect of the supramolecular structural change from the
pseudo[1]catenane to the de-threaded structure on the clouding
point change was investigated next. Even at a low concentra-
tion of the competitive guest 1,4-dicyanobutane (2 mM), the
clouding point clearly decreased, indicating de-threading of the
hydrophobic alkyl chain extremely contributed to the change in
the hydrophobic/hydrophilic ratio. With increasing concentra-
tions of 1,4-dicyanobutane, the clouding points gradually de-
creased from 24 °C to 12 °C (Figure 3a). Formation of the
de-threaded form by complexation between 3 and 1,4-
dicyanobutane induced aggregation of the alkyl chain ring on
the outside of the cavity. However, only a very minor change in
the clouding point was observed upon addition of 1,4-
dicyanobutane to an aqueous solution of 1 (Figure 3b, indicat-
ing that the hydrophobic/hydrophilic ratio did not change much
by the host—guest complexation between 1 and 1,4-dicyanobu-

tane because 1,4-dicyanobutane was hidden inside the hydro-
philic pillar[5]arene cavity. Therefore, the supramolecular struc-
tural change of 3 induced a dramatic change in its hydrophobic/
hydrophilic ratio, and consequently the clouding point change.
Based on the supramolecular structural change, the neutral
guest, 1,4-dicyanobutane can be used for changing the clouding
point of 3.

We then demonstrated a chemically responsive transmittance
change using the supramolecular structural change. An aqueous
solution containing 3 at 20 °C was clear (Figure 4a) as the
clouding point of the self-inclusion structure 3 is 24 °C. Upon
addition of the neutral guest 1,4-dicyanobutane, the solution
changed from clear to turbid (Figure 4c¢) as the clouding point
of the complex is 12 °C.

The details of this neutral guest-responsive LCST change are
summarized in Figure 4. Compound 3 formed a pseudo[1]cate-
nane structure in aqueous media (Figure 4a), with the water-
insoluble hydrophobic part of the alkyl chain ring hidden inside
the hydrophilic pillar[5]arene cavity, meaning that 3 was
soluble in water. The clear solution of 3 became turbid upon ad-
dition of the competitive neutral guest 1,4-dicyanobutane. The
competitive guest displaced the hydrophobic alkyl chain ring
from the inside to the outside of the cavity (Figure 4b), causing
aggregation of the hydrophobic alkyl chain ring by hydro-

phobic interactions (Figure 4c).

Conclusion

We have successfully prepared a new amphiphilic bicyclic com-
pound 3. A key feature of the molecule is that the hydrophobic
part of the alkyl chain ring is hidden by formation of a
pseudo[1]catenane structure. The movement of the alkyl chain

ring from the inside to the outside of the cavity upon the addi-
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Figure 4: Photographs of (a) 3 and (c) a mixture of 3 (2 mM) and 1,4-dicyanobutane (20 mM) in aqueous media at 20 °C and schematic representa-
tion of neutral-guest responsive clouding point change using supramolecular structural change from pseudo[1]catenane to de-threaded form upon (b)

addition of a competitive guest, 1,4-dicyanobutane.

tion of the competitive guest molecule dramatically contributed
to the clouding point change. A neutral guest molecule, 1,4-
dicyanobutane, was able to induce a change in the clouding
point via a supramolecular structural change from a
pseudo[1]catenane to the de-threaded form. Bicyclic structures
have previously been used to induce color changes by adding
guests, and are also referred to as “molecular chameleons” and
[21,22]. However, to the best of our
knowledge, the use of a dynamic supramolecular structural

“catenane-chameleons”

change of 3 to induce an LCST change is the first example in
this area. Thus, this work may open the way for the design of a
new generation of molecular assembly systems using supramo-
lecular structures such as rotaxane, catenanes, polyrotaxanes
and polycatenanes.

Experimental

Materials. All solvents and reagents were used as supplied.
Compounds 1 and 4 were synthesized according to previous re-
ported procedures [5,17].

Measurements. The 'H NMR spectra were recorded at
500 MHz and '3C NMR spectra were recorded at 125 MHz
with a JEOL-ECAS500 spectrometer. UV—vis absorption spectra
were recorded with a JASCO V-670 using 1 cm quartz cuvettes.
Cloud points were determined by transmission changes (at
650 nm) of the solutions heated at 0.1 °C/min; cloud point
values were defined as the temperature at which the transmis-
sion decreases by 50% [23].

Pillar[S]arene carrying 2 alkyne groups on the same unit
(5). In a similar manner as described in [24], 5 was prepared.
Under a nitrogen atmosphere, pillar[5]arene carrying one hydro-
quinone unit 6 [7] (Scheme 1, 417 mg, 0.230 mmol) was dis-
solved in acetone (10 mL). K,CO3 (159 mg, 1.15 mmol) was
added and the reaction mixture was stirred. Then, propargyl

bromide (2.30 g, 2.30 mmol) was added and the reaction mix-
ture was heated at 80 °C for 24 h. The reaction mixture was
cooled to room temperature and the precipitate was removed by
filtration. After the filtration, the solvents were evaporated to
afford a solid. Column chromatography (silica gel; methanol/
ethyl acetate 1:9) afforded 5 as a solid (298 mg, 0.161 mmol,
yield: 70%). "H NMR (500 MHz, CDCls) § 6.88, 6.84, 6.83,
6.81, 6.78 (s, 10H, phenyl), 4.53 (d, 4H, methylene), 4.00,
3.42-3.83 (m, 106H, methylene), 3.27-3.39 (m, 24H, methyl),
2.27 (t, 2H, alkyne) ppm; '3C NMR (125 MHz, CDCls) §
150.0, 149.8, 149.3, 129.1, 129.0, 128.6, 128.4, 115.6, 115.4,
115.2,115.1, 71.9, 70.9, 70.8, 70.6, 70.4, 70.3, 68.3, 68.2, 68.1,
68.0, 59.0, 56.5, 29.7, 29.3 ppm; HRMS-ESI (m/z): [M + Na]*
calcd for Co7H|46Na03y4, 1877.9593; found, 1877.9612.

Bicyclic compound 3. In a similar manner as described in [17],
we synthesized bicyclic compound 3. Tris[(1-benzyl-1H-1,2,3-
triazol-4-yl)methyl]amine (31.8 mg, 60.0 pmol) and
[Cu(CH3CN)4]PF¢ (22.3 mg, 60.0 pmol) were added to a solu-
tion containing 5 (111 mg, 60.0 pmol) and 1,12-diazidodode-
cane (15.1 mg, 60.0 umol) in dichloromethane (300 mL), and
the mixture was stirred at 25 °C for 12 h. The resulting solution
was concentrated in vacuo. Column chromatography (silica gel,
ethyl acetate/methanol 1:1) afforded the bicyclic compound 3
(12.6 mg, 6.00 pmol, yield: 10%).'H NMR (500 MHz, CDCl3)
8 7.40 (s, 2H, triazole), 7.15 (s, 2H, phenyl), 6.93 (s, 2H, phe-
nyl), 6.89 (s, 2H, phenyl), 6.80 (s, 2H, phenyl), 6.62 (s, 2H,
phenyl), 5.21 (dd, 4H, methylene), 3.50—4.14 (m, 110H, methy-
lene), 3.34-3.36 (m, 24H, methyl), —0.27-0.72 (br, 20H, methy-
lene of alkyl chain) ppm; '3C NMR (125 MHz, CDCl3) § 150.4,
149.8, 149.7, 149.6, 149.4 129.0, 128.6, 128.3, 124.3, 115.7,
115.0, 71.9, 70.8, 70.7, 70.6, 70.3, 68.4, 68.1, 67.8, 67.6, 59.0,
29.7, 29.0, 28.8, 28.5, 27.3, 24.5 ppm; HRMS-ESI (m/z):
[M + 2Na]?* caled for Cg9H|70NgNayO34, 1076.5777; found,
1076.5635.
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Scheme 1: Synthesis of the bicyclic compound 3.

Determination of association constants. In a similar manner
as described in [6], association constants of the host—guest com-
plexes were determined. In the host—guest complex of 1,4-
dicyanobutane with 3 in D,O, the chemical exchange between
the complexed and uncomplexed species was slow on the NMR
timescale. Thus, the 'H NMR spectra of mixtures of 3 with 1,4-
dicyanobutane showed two sets of resonances for complexed
(Figure 2d, peaks o’ and B’) and uncomplexed 1,4-dicyanobu-
tane (peaks, a and B). The association constant for the
host—guest complexes between 1,4-dicyanobutane and 3 at
10 °C was 24.5 M, which was calculated from integrations of
the complexed (Supporting Information File 1, Figure S5,
orange peak ’) and uncomplexed signals (Supporting Informa-

tion File 1, Figure S5, orange peak ) of 1,4-dicyanobutane. The
association constant of the complex at 25 °C extrapolated by
van 't Hoff plots (Figure S6 in the Supporting Information
File 1) was 13.9 ML

In the host—guest complex of 1,4-dicyanobutane with 1 in D,0,
chemical exchange between the complexed and uncomplexed
species was also slow on the NMR timescale. Thus, 'H NMR
spectra of mixtures of 1 with 1,4-dicyanobutane showed two
sets of resonances for complexed (Figure 2d, peaks o’ and B’)
and uncomplexed 1,4-dicyanobutane (peaks, o and p). The asso-
ciation constant for the host—guest complex of 1,4-dicyanobu-
tane and 1 at 25 °C was 4.7 x 10* M™!, which was calculated
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from the integrations of the complexed (Supporting Informa-
tion File 1, Figure S7, orange peak ') and uncomplexed signals
(Supporting Information File, Figure S7, orange peak B) of 1,4-
dicyanobutane.

Supporting Information

Supporting Information File 1

TH and 13C NMR spectra of 3 and 5, variable temperature
"H NMR spectra of a mixture of 3 and 5 with
1,4-dicyanobutane and van 't Hoff plots.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-167-S1.pdf]
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A m-extended “earring” subporphyrin 3 was synthesized from f3,3’-diiodosubporphyrin and diboryltripyrrane via a Suzuki-Miyaura

coupling and following oxidation. Its Pd complex 3Pd was also synthesized and both of the compounds were fully characterized by

'H NMR, MS and X-ray single crystal diffraction. The 'H NMR spectra and single crystal structures revealed that aromatic ring

current did not extend to the “ear” in both of the two compounds. Their UV—vis/NIR spectra were recorded and the absorption of

both compounds is extended to the NIR region and that the absorption of 3Pd is further red-shifted and more intense.

Findings

Since its first synthesis in 2006 [1,2], subporphyrin, the lowest
homolog of porphyrins, has received considerable attention
[3-8] due to its 14m-electron configuration and bowl-shaped
structure. In addition the intense absorption in the UV—vis
region [9-24] makes it a promising building block in pigments.
The functionalization of subporphyrin can proceed at various
sites such as the central boron atom [25-30], meso- [31,32] and
B-position [33-35]. By using the method developed by Osuka
the B,B'-diborylsubporphyrins [36] can be obtained in high
yields. A subsequent Suzuki—Miyaura coupling smoothly

affords various B-aryl-substituted subporphyrins [37]. Alterna-
tively, some B-aryl/vinyl-substituted subporphyrins can be syn-
thesized from aryl/vinyl borate and the corresponding B,B'-
dihalosubporphyrins, which can be obtained by the treatment of
B,p’-diborylsubporphyrins with NBS/NIS in the presence of a
Cu(I) salt [36].

Recently, our group successfully prepared multiple cavities

n-extended “earring” porphyrins through the aforementioned

Suzuki—Miyaura coupling reaction and subsequent oxidation
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[38]. In this case B,p'-dibromo/tetrabromoporphyrins and dibo-
ryltripyrrane were applied as reactants. We discovered that both
the n-extended “earring” porphyrins and the corresponding Pd
complexes exhibited remarkably near-infrared absorptions.

Based on our previous work, we herein designed a subpor-
phyrin with one “earring”. The different geometry and proper-
ties could be envisioned due to the bowl-shaped structure and
14m-electron configuration of subporphyrin. To construct the
skeleton of the “earring” subporphyrin, we performed a
Suzuki—Miyaura coupling reaction between 3,p’-diiodosubpor-
phyrin 1 [37] and diboryltripyrrane 2 [38] (Scheme 1). Moni-
tored by TLC, we merely observed a complicated mixture with-
out any major band during the progress of the reaction. Howev-
er, several clear bands emerged after stirring the mixture
overnight at ambient conditions. This observation revealed that
the coupling products could be oxidized by air and thereafter
the target “earring” subporphyrin 3 was obtained in an isolated
yield of 15% after column chromatography.

The mass spectrum of 3 exhibits a parent-ion peak at
m/z =911.4036 (caled for Cg4H4gBNg [M]* = 911.4028), which
is in agreement with its structure. The 'H NMR spectrum of 3
(Figure 1) indicates it a symmetric structure. The peak
appearing at 17.02 ppm is assigned to the NH since a D,O
exchange experiment lead to its disappearance. While the peak
at 15.82 ppm can be assigned to the meso-H of the subpor-
phyrin moiety, which is shifted to a lower field region in com-
parison to 8.60 ppm of 4-tolyl-(5,10-di-(4-tolyl)-subporphyri-
nato)boron(II) (1a). These two signals at 17.02 ppm and
15.82 ppm can be attributed to the antiaromatic character of the
ear-containing macrocycle, which is quite similar to the analo-
gous “earring” porphyrin [38]. Furthermore, the antiaromaticity
of the ear-containing macrocycle is proved by the large positive
NICS value in the hole as well as the anticlockwise ring
currency (see Supporting Information File 1 for details).
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Figure 1: Partial "H NMR spectrum of 3.

Although some characteristic peaks in the '"H NMR spectrum of
the “earring” subporphyrin are quite similar to those of
“earring” porphyrin, there are some differences in their struc-
tures. This is mainly due to the fact that the bowl-shaped
subporphyrin core differs significantly from the saddle-shaped
or nearly planar porphyrin core. To elucidate the differences in
their structures, we endeavored to cultivate single crystals of 3
and collected the data. The diffraction data unambiguously con-
firmed the designated structure (Figure 2) and revealed that all
peripheral C—C bonds in the subporphyrin moiety are of similar
lengths (1.383(6)-1.447(5) A). In contrast, the C—C bond
lengths in the tripyrrin moiety alternate (1.341(5)-1.472(5) A).
These data clearly indicate that the subporphyrin moiety
remains its aromaticity while the tripyrrin moiety participates in
an antiaromatic system as shown in Scheme 1. The cavity
surrounded by the tripyrrin moiety owns a long axis of
4.229(4) A and a short axis of 4.201(5) A, which are almost the
same. Despite of this the cavity is not circular because the three
N atoms in the tripyrrin moiety and the nearest meso-C of the
subporphyrin moiety are not ideally coplanar. This feature can
be proved by the dihedral angles of two adjacent pyrrole units

3 3Pd

Scheme 1: Synthesis of “earring” subporphyrin and its Pd complex. Synthetic procedure: (i) Diboryltripyrrane (2.5 equiv), Pdy(dba)sz (10 mol %),
SPhos (2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl, 40 mol %), Cs2CO3 (2 equiv), CsF (2 equiv), Tol/DMF 2:1, reflux, 48 h; (ii) in air, rt,

overnight; (iii) Pd(OAc), (3 equiv), CH2Clo/MeOH 5:1, rt, overnight.
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Figure 2: X-ray crystal structures of 3: a) top view; b) side view. Thermal ellipsoids are drawn at the 50% probability level. All hydrogens on tolyl

groups are omitted for clarity.

in the tripyrrin moiety, which are as large as 15.8(1)° and
16.1(1)°, respectively. We assume that the twisted structure
results from the strain transmitted from the subporphyrin
moiety. Furthermore, we speculate that this strain should be the
origin of the much lower yield of 3 comparing to the corre-

sponding “earring” porphyrins.

Concerning the diameter of the cavity and the strain of the
skeleton, we assumed that some metal ions may insert into the
hole surrounded by the tripyrrin moiety. Experimentally, 3Pd
can be formed quantitatively by simply mixing Pd(OAc), with a
CH,Cl,/MeOH solution of 3 at room temperature. This trans-
formation is confirmed by MS with a parent-ion peak at
m/z = 1015.24 (calcd for Cg4Hu6BNgPd, [M]* = 1015.29).

In the 'H NMR spectrum of 3Pd (Figure 3), no signals are
detected in the very low field region. This indicates that the Pd
is inserted in the cavity of 3 with the deprotonation of both N-H
and meso-H. Meanwhile all signals belong to aromatic hydro-
gens shifted to a slightly higher field region after the complex-

ation with Pd, which reveals that the insertion of the metal does
not change the antiaromatic pathways in 3.

Ar-H
+
pH PyH Py-H  axialAr
r-H  Ar-H+p-H ——
M Ar-H axial-Ar
= L// ,A;MJW;, ,w_”,h_.,,JUL M s
T o T B T
7 6 5
S/ppm

Figure 3: Partial "H NMR spectrum of 3Pd.

Fortunately we obtained single crystals of 3Pd from its CH,Cly,/
CDCl3/MeOH solution via vapor diffusion. All of the bond
lengths were carefully measured based on the diffraction results
(Figure 4). We found that despite all peripheral C—C bond

Figure 4: X-ray crystal structures of 3Pd: a) top view; b) side view. Thermal ellipsoids are at the 30% probability level. All hydrogens on tolyl are

omitted for clarity.
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lengths in the tripyrrin moiety were still alternating
(1.348(5)-1.441(4) A), the differences among them were some-
what smaller compared to those of 3. While the cavity
surrounded by the tripyrrin moiety in 3Pd has a long axis of
4.123(3) A (N-N distance) and a short axis of 4.076(4) A
(N-C distance), both of which are shorter than that of 3. This
contraction is probably due to a slight mismatch of the radii be-
tween the Pd center and the cavity. In addition, this mismatch
also leads to a further twist of the pyrrole units in the tripyrrin
moiety. The dihedral angles of two adjacent pyrrole units in the
tripyrrin moiety are 13.7(1)° and 18.4(1)°, respectively. The
difference between the two dihedral angles is much larger than
that in 3.

The UV—vis/NIR absorption spectra of 3 and 3Pd are shown in
Figure 5. However, no fluorescence emission can be observed
for 3 and 3Pd. Both 3 and 3Pd display broad Soret bands and
Q-like bands and all bands are red-shifted compared to the cor-
responding bands of 1a. In addition the absorptions of the Soret
bands in 3 and 3Pd are much weaker than in case of 1a. For 3,
its tail of Q-like band extends to over 1000 nm. While for 3Pd,
its tail of Q-like band extends to over 1400 nm with several
observable peaks. This remarkable absorption in the NIR region
is comparable with that of the analogue “earring” porphyrins
and reveals the m-conjugation between the subporphyrin and

tripyrrin moiety.

£I(10° M™em™)

Figure 5: UV-vis/NIR spectra of 3 and 3Pd.

Conclusion

In summary, we synthesized a m-extended “earring” subpor-
phyrin from B,B’-diiodosubporphyrin and diboryltripyrrane via a
Suzuki—Miyaura coupling and following oxidation. This
“earring” subporphyrin’s cavity allows for complexation of
Pd atom to form the corresponding Pd complex. The 'H NMR

Beilstein J. Org. Chem. 2018, 14, 1956—1960.

spectra of the compounds reveal that the aromatic ring current
does not extend to the “ear”. Both the structure of “earring”
subporphyrin and that of its Pd complex were elucidated by
X-ray single crystal diffraction analysis. In addition, their
UV-vis/NIR spectra revealed that the absorption region is ex-
tended to the NIR region and that the absorption of the Pd com-
plex is further red-shifted and more intense. This work extends
the research of “earring” porphyrins to “earring” subporphyrins.
Investigations on their photophysical properties and further

functionalization are underway.
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Abstract

We introduce herein boron-dipyrromethene (BODIPY) dyes as a new class of fluorophores for the design of reporter dyes for
supramolecular host—guest complex formation with cucurbit[7]uril (CB7). The BODIPY's contain a protonatable aniline nitrogen in
the meso-position of the BODIPY chromophore, which was functionalized with known binding motifs for CB7. The unprotonated
dyes show low fluorescence due to photoinduced electron transfer (PET), whereas the protonated dyes are highly fluorescent. En-
capsulation of the binding motif inside CB7 positions the aniline nitrogen at the carbonyl rim of CB7, which affects the pK, value,
and leads to a host-induced protonation and thus to a fluorescence increase. The possibility to tune binding affinities and pK, values
is demonstrated and it is shown that, in combination with the beneficial photophysical properties of BODIPY's, several new applica-
tions of host—dye reporter pairs can be implemented. This includes indicator displacement assays with favourable absorption and
emission wavelengths in the visible spectral region, fluorescence correlation spectroscopy, and noncovalent surface functionaliza-

tion with fluorophores.

Introduction
Cucurbit[z]urils (CBn, n = 5-8, 10, and 14) are a class of  guests in their inner cavity with high affinity [1-4]. This unique
macrocyclic host molecules which are water soluble, nontoxic, combination of properties has enabled numerous applications in

and are able to bind a large variety of neutral and cationic the life sciences, for example, for protein binding [5,6], stabi-
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lization [7], immobilisation [8], isolation [9], self-assembly
[10,11], and regulation [12], or for drug solubilisation and
delivery [13-15].

The combination of CBs with fluorescent dyes directly enables
(bio)sensing applications through the indicator displacement
principle [16,17]. Therein, the fluorescence properties of a dye
are altered when encapsulated by the host, and when a competi-
tive binder displaces the dye from the cavity, the properties of
the non-encapsulated dye are regenerated. This principle has
enabled, for example, real-time monitoring of enzymatic activi-
ty [18-20], the detection of membrane-transport activity [21]
and membrane fusion [22], and even cellular imaging appears to
be a potential future prospect [23,24].

However, most combinations of macrocyclic hosts and dyes
that have so far been reported [16] are only of limited use for
these currently emerging life science applications of CBs. Many
of the fluorescent dyes which bind to CBs with significant fluo-
rescence changes have a limited photostability, in particular
under intense laser light illumination in confocal laser
scanning microscopy [23,25], or absorb at shorter wavelengths,
where biological samples show a high background from auto-
fluorescence [26,27]. An ideal fluorescent dye would be highly
photostable in biological media, have long-wavelength absorp-
tion to minimize background fluorescence from biological sam-
ples, and it would have a high fluorescence quantum yield in
either bound or unbound state with a large difference in fluores-
cence intensity between both. In addition, a tuneable hydropho-
bicity to render the dye—CB complex membrane permeable or
not, and a tuneable affinity for the macrocycle would be desir-
able.

One possibility is the utilization of monofunctionalized CBs
with outer cavity-attached fluorescent dyes [22,24]. This princi-
pally allows for the modular construction of various Forster
resonance energy transfer (FRET) pairs as demonstrated
with a Cy3-attached CB7, or the design of self-inclusion com-
plexes, in which an outer cavity-attached rhodamine was intra-
molecularly bound in the CB7 cavity. As an alternative, it has
been previously suggested that host-assisted protonation of a
cavity-binding functional moiety (an “anchor group”) and a
suitably attached protonation-sensitive fluorescent dye yields a
rational and modular approach towards CB—dye pairs [25]. This
strategy had been previously applied to carbazole, aminonaph-
thalenesulfonate and aminopyrene as fluorescent dyes [25-28].

Herein, we systematically explore the utility of boron-dipyrro-
methenes (BODIPYs) with an aniline substituent in the meso-
position as fluorescent dyes in this type of anchor approach

(Figure 1). BODIPYs are a class of fluorescent dyes that are

Beilstein J. Org. Chem. 2018, 14, 1961-1971.

particularly suitable for applications in medical imaging, and as
fluorescent labels in biology, biochemistry and related fields
[29,30]. They are characterized by narrow absorption and fluo-
rescence emission bands with small Stokes shifts, high molar
absorption coefficients, and high quantum yields. Their excita-
tion and emission maxima are in the visible region, usually
above 470 nm, and they show high thermal and photochemical
stability under various conditions, particularly under physiolog-
ical conditions. Although most BODIPYSs are insensitive to pH
changes, pH-activatable optical probes for cancer imaging have
been reported, in which an aniline substituent in the meso-posi-
tion of the BODIPY core led to efficient fluorescence
quenching by photoinduced electron transfer (PET), whereas
the protonated form was brightly fluorescent [31]. We report
herein the synthesis and photophysical characterization of
BODIPY derivatives with an aniline substituent in the meso-po-
sition to which different anchor groups have been attached, and
we investigate their complexation behaviour with CB7. The
goal was to explore the suitability of this approach, the possibil-
ity to fine-tune binding constants with different anchor groups
and to provide BODIPY's with different absorption and emis-
sion wavelengths as well as pK, values of the aniline substitu-

ent.

Results and Discussion
Synthesis

In this paper, various routes were explored to synthesize the
desired BODIPY dyes bearing an anchor group for binding to
CB7 (Scheme 1). 1 was obtained by alkylation of p-aminobenz-
aldehyde with benzyl bromide and subsequent reaction of the
obtained 4-(benzylamino)benzaldehyde with 2,4-dimethylpyr-
role to afford the BODIPY dye by condensation under acidic
conditions (route A) [32,33]. Since all efforts to obtain 2 via
route A were not successful, even using Finkelstein conditions
in aprotic solvents with high boiling points with various bases
[34,35], BDP-NH; was synthesized according to a reported lit-
erature procedure [32], and then converted into the desired
BODIPY anchor dye by reductive amination with the respec-
tive aldehyde using sodium triacetoxyborohydride as a mild
reducing agent (route B) [36]. 3 was also synthesized by reduc-
tive amination by reacting BDP-NH, with 4-[ N-(tert-butyloxy-
carbonyl)]amino-1-butanal [37] followed by Boc deprotection
with TFA. 4 was prepared by a substitution reaction from the
parent meso-pentafluorobenzyl-BODIPY BDP-F5; with
aminomethylcyclohexane (route C), following an established
synthetic approach [38]. For the preparation of the amino-
methyladamantane derivative 5, a route via a bromophenyl-
BODIPY BDP-Br followed by a Buchwald-Hartwig coupling
was performed. For the latter, a previously published Pd/XPhos
containing catalytic system was successfully utilized (route D)
[39].
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+H" || PKa(Dye) +H* || PKa(Complex)

Ka(Dye)

b) A

Dye Complex

+CB7 +Analyte

Fluorescence

Figure 1: a) The “anchor group” approach for a rational design of CB—dye pairs involving a thermodynamic cycle of protonation and binding.
b) Simulated pH titration curves of dye (blue) and CB7-dye complex (red) demonstrating the sensing principle based on the pKj, of the dye and the
complex in the presence and absence of analyte. c) Structures of CB7 and BODIPY derivatives.
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Scheme 1: Synthesis of BODIPY derivatives.

Spectroscopic characterization of dyes

To ensure that the dyes do not aggregate under the conditions
used for further measurements, concentration-dependent
absorption and fluorescence spectra were measured first. In
neutral water containing either 5% or 30% (v/v) acetonitrile
(ACN), the aniline nitrogen in the meso-position of all BODIPY
dyes is unprotonated (see below) and with 30% ACN, a linear
dependence of the fluorescence intensity on the concentration of
the dyes with no significant alterations of the shape of the
absorption and emission bands was observed over the whole
range of concentrations used herein (up to 5 pM). In 5% ACN,
however, dye aggregation was indicated by a downward curva-
ture in the fluorescence intensity plots at dye concentrations
above 60 to 120 nM. Further experiments were therefore con-
ducted in 30% ACN.

The absorption maximum was centred at ca. 500 nm for all
aniline dyes (Figure 2a and Table 1) and the emission maximum
was centred at ca. 510 nm for 1 and 2, whereas 3 showed a sig-

nificantly red-shifted emission maximum at 540 nm, because

we used the hexaalkylated instead of the tetraalkylated
BODIPY core for this dye, trying to achieve maximum fluores-
cence output. The spectra of the tetrafluorinated BODIPY 4
showed an overall red shift with the absorption maximum at
510 nm and the emission maximum at 530 nm. The molar
absorption coefficients of the BODIPY derivatives were around
90,000 M~ lem™!, which agrees well with related BODIPY de-
rivatives in the literature [30,40-44].

With decreasing pH, a strong increase in fluorescence was ob-
served for all dyes (Figure 2b), which is due to the protonation
of the aniline nitrogen in the meso-position of the BODIPY core
lowering the HOMO energy level of the aniline group. Negli-
gible changes in absorption spectra and in the position of the
emission maxima were in accordance with the anticipated PET
mechanism [31,45]. Further, the change in free energy, AG, as-
sociated with PET was calculated using the Rehm—Weller equa-
tion [46]. Therefore, we used a reduction potential of —1.55 V
for the 1,3,7,9-tetramethyl-BODIPY core acceptor of 1, 2, and 5
[47] and of —1.81 V for the 2,8-diethyl-1,3,7,9-tetramethyl-
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Figure 2: a) Normalized absorption (solid line) and normalized fluorescence emission spectrum (dotted line) of 0.72 uM 1 in 30% (v/v) ACN in water,
pH 7.0, and b) fluorescence spectra in 30% (v/v) ACN in water with varying pH. Inset: Fluorescence pH titration measured with Agyc =470 nm and

Aem =510 nm.

Table 1: Photophysical properties of the synthesized BODIPY deriva-
tives.2

1 2 3 4 5

e[Mlem™ 97,000 97,000 93,000 85300 99,000
Aabsmax[NM] 496 497 500 510 497
Aemmax[nm] 511 510 540 530 510

®f (Dye) [%] 1.1 62 0017 20 24

®f (DyeH*) [%] 54 51 012 41® 305
pKs (Dye) 22 26 27 -03 36

@Measured in 30% (v/v) ACN in water except for the molar absorption
coefficient €, which was determined in neat ACN. PDetermined from
the CB7 complex at 4 mM CB7. Note that the fluorescence quantum
yields of the dyes are not affected by complexation (see text for
details).

BODIPY core acceptor of 3 in acetonitrile [47], an oxidation
potential of +0.0625 V for the aniline donor [48,49], and
the vibrational zero electronic energy was determined as
2.46 eV from absorption and emission spectra. This gave AG
values of —87.6 kI mol™! for 1, 2, and 5 and of —62.5 kJ mol~!
for 3, which clearly demonstrates that PET is energetically
favourable.

Fitting of the pH titration curves revealed pK, values in the
range of 2-3 for the aniline nitrogen and a pK, value of —0.14
for the tetrafluoroaniline nitrogen of BODIPY's (Table 1). This
range agrees well with the electron-withdrawing nature of the
BODIPY core and with reported pK, values, for example, for
aniline (pK, = 4.58), 4-nitroaniline (pK, = 1.02), 4-cyanoani-
line (pK, = 1.74), or pentafluoroaniline (pK, = —0.30) [50,51].
At basic pH values, no spectroscopic changes were noted except

for 3, which showed a broadening and a marked decrease of the
absorption band (Figure S17, Supporting Information File 1).
This presumably originates from a deprotonation of the termi-
nal alkylammonium group of the putrescine chain, which could
fold back and enable an intramolecular charge transfer state of
the amine lone pair with the BODIPY chromophore. In accor-
dance with this hypothesis, a positive solvatochromism with
varying contents of ACN was observed (Figure S18, Support-
ing Information File 1).

The fluorescence quantum yields of the unprotonated BODIPY
dyes were determined in 30% (v/v) ACN in water (at pH 7.4)
and of the protonated BODIPY dyes in 30% ACN in 0.1 M
HCI. For both, fluorescein in 0.1 M NaOH was used as the
reference (Of = 0.89) [52]. These measurements revealed an
increase in fluorescence by a factor of 7 to 50 upon protonation
for the investigated BODIPY's, which is sufficient for the
desired sensing applications (Table 1) [20,53]. Surprisingly, and
despite the hexaalkylated core was used, the fluorescence quan-
tum yields of protonated as well as unprotonated 3 were more
than 100-fold lower than the quantum yields of the other deriva-
tives. Such reduced quantum yields have been previously re-
ported for some BODIPYs substituted with diamines in the
aniline meso-position, and the decreased quantum yields were
ascribed to the loose-bolt effect [41,54,55].

Complexation with CB7

Addition of excess CB7 to the BODIPY dyes at low pH values,
in which the dyes are fully protonated, or at high pH values
above the pK, value of the BODIPY+*CB7 complex (see below)
had no effect on the spectroscopic properties of the dyes. For
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example, the fluorescence quantum yield of 2 was identical in
absence and presence of CB7 at pH 1.5. At intermediate
pH values, however, the fluorescence of the dyes increased
upon addition of CB7 (Figure 3). This result is in accordance
with the anticipated anchor group mechanism leading to a com-
plexation-induced protonation of the dye (Figure 1). It also sug-
gests that the BODIPY core is not encapsulated in the macro-
cyclic cavity and that encapsulation of the anchor group by CB7
has no effect on the spectroscopic properties of the dyes. At
intermediate pH, the protonated fraction of the dye will be
strongly bound by CB7, which affects the protonation equilib-
rium of the dye and leads to more protonated dye being pro-
duced. The net outcome is an increase in fluorescence intensity
(upward arrow in “detection window” in Figure 1b). Multiple
binding titrations performed at different pH values were fully
consistent with the mechanism (Figure 3b). At low pH values,
the fluorescence intensity in absence of CB7 was higher and the
fluorescence increase upon addition of CB7 was steeper,
because more dye molecules are already protonated, whereas at
higher pH values more CB7 was required to reach the final

fluorescence intensity of the fully protonated dyes.

Unfortunately, the absence of any detectable changes for the
fully protonated or unprotonated dyes upon addition of CB7
prevented a direct determination of the respective binding con-
stants, K,(DyeH") and K,(DyeH), at low and high pH values.
We therefore developed a global fitting procedure (see Support-
ing Information File 1), in which the binding titrations at differ-
ent pH values are simultaneously analysed to provide the values
for the binding constants of the protonated and unprotonated
dye, K,(DyeH") and K,(Dye), as well as the pK, values of the
BODIPY+CB7 complex pK,(Complex), see Table 2. The pK,
value of the uncomplexed dye, pK,(Dye), was obtained from a
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Table 2: Properties of the CB7-BODIPY host—-guest complexes.?

1 2 4 5
pKa(Complex)P 5.0 53 1.5 8.2
ApKy 2.8 27 1.8 46

K4(Dye)® [M™"] 30 5000 240 n.ad
Ky(DyeHY ) [M™1] 1.9 x10% 2.6 x 10 1.5x10% n.ad

aMeasured in 30% (v/v) ACN/H,0. PError £0.2 pKj units. CError in Ky
ca. 20%. 9Binding constants could not be determined due to the very
slow exchange kinetics of the 5CB7 complex, see also Figure S19
(Supporting Information File 1).

simple pH titration and fixed during the global fitting proce-

dure.

The binding affinities of the BODIPY dyes were significantly
lower than the reported binding constants of the respective
anchor groups in water [4]. To allow a better comparison, we
determined the binding constants of the benzylammonium
(Bnz) and cyclohexylmethylammonium (cyH) cations
by displacement titrations (see below) in our mixture of
30% (v/v) ACN/H,0, which gave K,(Bnz) = 1.4 x 10> M1 and
K,(cyH) = 1.5 x 107 ML, This indicated that the binding
affinity is lowered 100 to 1000-fold by reducing the hydro-
phobic effect in presence of 30% acetonitrile as also previously
noted for water/DMSO mixtures [56]. The attachment of the
BODIPY chromophore to the anchor groups thus reduces the
binding constant by an additional factor of 10 for the aniline
meso-group and by a factor of 1000 for the tetrafluoroaniline
group in 4. We ascribe this to steric hindrance between the car-
bonyl-fringed CB7 rim and the fluorine atoms in the tetrafluo-
roaniline, which are slightly larger than the hydrogen atoms
[57]. The data obtained with 3 could not be fitted satisfactorily,

b)
H27
800 - ; 2H3.1 .___-D-—-"
© pH39 e
8 o e}
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© 400f $ 5 °
) / 0
2 e ¢
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Y 200} o5 g0 O
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0 éz" 1 1
0.0 0.5 1.0 1.5
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Figure 3: a) Fluorescence spectral changes (Aexc = 470 nm) upon addition of CB7 to 50 nM 1 in 10 mM citrate buffer, pH 2.7, containing 30% (v/v)
ACN in water, and b) respective titration plot (Aey, = 510 nm) at varying pH. The dashed lines were obtained by a global fitting according to the
thermodynamic cycle in Figure 1 (see Supporting Information File 1 for details).
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which is presumably due to the more complex photophysics of
this dye (see above) and the exchange of 5 was too slow to
equilibrate during the titration within reasonable time (Figure
S19, Supporting Information File 1).

The pK, values of the host-dye complex were independently
determined by pH titrations in presence of excess CB7 and
analysed assuming quantitative complex formation (Figure 4).
Overall, the pK, values from the direct titration and from the
global fitting agreed reasonably well, and the complexation-in-
duced pK, shifts were in the typical range reported for CB7
host—guest complexes [58].

Application of BODIPY-CB7 complexes

The availability of BODIPY dyes, which respond towards com-
plexation by CB7, enables a large variety of potential applica-
tions of the resulting host—dye reporter pairs. As first example,
the CB7-BODIPY pairs can be applied as sensors using the
indicator displacement principle [17,18,21,59]. This is demon-

strated by sensing of cyclohexylmethylamine and aniline as

Beilstein J. Org. Chem. 2018, 14, 1961-1971.

-
o

Normalized Intensity
o
(&)

©
o

Figure 4: Fluorescence pH titration of 2 and the respective complex (in
presence of 3 mM CB7) in 30% (v/v) ACN in water with varying pH.
Fluorescence was measured with Agxc =470 nm and Ag, = 510 nm.

model analytes (Figure 5). In order to determine the binding
constants of the two analytes, the apparent binding constant of 2
at pH 3.1 was taken (Kypp = 6.7 % 105 M™1) and the displace-
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Figure 5: Fluorescence displacement titrations (Agx = 470 nm, Agry = 510 nm). a) 5 yM 2 and 2.5 pM CB7 with cyclohexylmethylamine. b) 7 uM 2 and
2.5 yM CB7 with aniline. ¢) 0.5 yM 2 and 0.2 yM CB7 with benzylamine in 10 mM citrate buffer in 30% (v/v) ACN in water, pH 3.1.
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ment titrations were analysed with a competitive titration model
[18,25]. This gave binding constants of 1.5 x 107 M~ for the
cyclohexylmethylammonium cation, 5.3 x 103 M~! for the
anilinium cation and 1.4 x 103 M™! for the benzylammonium
cation in the 10 mM citrate buffer in 30% (v/v) ACN in water.

As another advantage over previously established supramolecu-
lar reporter dyes, the absorption maximum of the BODIPY's
introduced herein matches the emission wavelength of an Ar
laser, which is still the most common excitation source in fluo-
rescence correlation spectroscopy (FCS) and fluorescence
microscopy. FCS has been established to study dynamic pro-
cesses in biological systems and, more recently, also in materi-
als science, but its use in supramolecular chemistry is so far
very rare [60-64]. It can be applied to investigate translational
and rotational diffusion of supramolecules as well as exchange
kinetics. To demonstrate the compatibility of the new BODIPY
dyes with FCS, we have determined the diffusion coefficient of
the 2¢CB7 complex in comparison to the free 2 dye. FCS auto-
correlation curves (Figure 6) were analysed to obtain the diffu-
sion times #4i¢f of 2 and the 2¢CB7 complex and then converted
into diffusion coefficients D using the reported standard
rhodamine 6G (D = 2.80 x 1076 cm? s7!) [60,65]. This gave
D=487x10"%cm?s™! for 2 and D =3.39 x 107 cm? s™! for
the 2¢CB7 complex, which perfectly matches the range re-
ported for other dyes and their respective CB7 complexes [60].
In accordance with inclusion of the anchor group into the CB7
cavity and thus exclusion complex formation of the BODIPY
core, the photostability of the dyes was not affected by CB7
complex formation (Figure S20, Supporting Information File 1).

The compatibility of BODIPYs with common excitation
sources and filter sets also enables their use in fluorescence
microscopy. To demonstrate, we have used polymer microparti-
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Figure 6: FCS autocorrelation curves obtained with 10 nM 2 in the
absence (red fitted line) and presence (blue fitted line) of 100 uM CB7
at pH 1.5 in 30% (v/v) ACN in water. The fitted diffusion times for the
free dye and the complex were 54.1 and 77.9 s, respectively.

cles with surface-bound CB7 [66] and added them to a solution
containing a mixture of 5 and 1-(aminomethyl)adamantane
(AMADA). The latter was added to reduce the surface group
density of the dye and prevent undesired self-quenching at high
surface concentrations of the fluorophore. After centrifugation
and washing of the polymer particles, surface-bound 5 could be
clearly visualized by fluorescence microscopy on CB7-functio-
nalized polymer particles, whereas polymer particles lacking
CB7 on the surface did not show any fluorescence (Figure 7).

b)

Figure 7: Fluorescence microscopy images of 1 mg/mL polymer microspheres a) with or b) without surface-bound CB?7 after incubation with 10 nM 5
and 1 uM AMADA in 10 mM citrate, pH 3.3 (30% (v/v) ACN in water) and centrifugation to immobilize 5 through supramolecular host—guest binding.
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This result is consistent with specific host—guest binding of 5 to
CB7 on the surface, which suggests the use of 5§ for straightfor-
ward surface functionalization to create nanophotonic devices
as well as for multimodal surface group quantifications, e.g.,
using their optical properties for fluorescence and their fluorine
heteroatom for X-ray photoelectron spectroscopy [67-69].

Conclusion

We have established herein BODIPY's as fluorophores in the
anchor group strategy towards the design of reporter dyes for
CB7. The resulting dyes have absorption and emission wave-
lengths which are compatible with established instrumentation
in life science applications and show pronounced fluorescence
changes upon host binding. The affinity of the dyes for the CB7
host was successfully adjusted by using different anchor groups
and was only minimally reduced in comparison with the
unmodified anchor groups. This strategy enables several appli-
cations of fluorescent host—guest complexes, for example, indi-
cator displacement assays with absorption and emission wave-
lengths in the visible spectral region, fluorescence correlation
spectroscopy, and noncovalent surface functionalization with
fluorophores. Furthermore, the strategy is similarly applicable
to pH-sensitive fluoresceins, cyanines or thodamines, in which
protonation and deprotonation of suitably positioned amino
groups can also modulate their fluorescence properties. It can
also be used to design dyes which reduce their fluorescence
upon binding, e.g., when electron-poor groups are generated by
protonation which are quenched intramolecularly by donor-
excited PET [70-74].

Supporting Information

Supporting Information File 1
Experimental details and supporting figures.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-171-S1.pdf]
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Abstract

The synthesis of new calix[4]arenes adopting a cone stereoisomeric form bearing two or four azide fragments on the upper rim and
water-soluble triazolyl amphiphilic receptors with two or four polyammonium headgroups via copper-catalyzed azide—alkyne
cycloaddition reaction has been performed for the first time. It was found that the synthesized macrocycles form stable aggregates
with hydrodynamic diameters between 150—200 nm and electrokinetic potentials about +40 to +60 mV in water solutions. Critical
aggregation concentration (CAC) values were measured using a micelle method with pyrene and eosin Y as dye probes. The
CAC values of tetraalkyl-substituted macrocycles 12a,b (5 uM for both) are significantly lower than those for dialkyl-substituted
macrocycles 10a,b (790 and 160 uM, respectively). Premicellar aggregates of macrocycles 10a,b and 12a,b with the dye eosin Y
were used for nucleotides sensing through a dye replacement procedure. It is unusual that disubstituted macrocycles 10a,b bind
more effectively a less charged adenosine 5'-diphosphate (ADP) than adenosine 5'-triphosphate (ATP). A simple colorimetric
method based on polydiacetylene vesicles decorated with 10b was elaborated for the naked-eye detection of ADP with a detection
limit of 0.5 mM.
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Introduction

During the last two decades many researcher groups have paid
much attention to the synthesis of host molecules with high
affinity to biologically important anions [1-5]. Among these
anions, nucleotide recognition and sensing represents an espe-
cially important research area due to the great biological signifi-
cance of these anions. Adenine-containing nucleotides are very
important as a universal energy source and as intracellular
mediators in many biological processes [6]. In the cellular
metabolism, adenosine 5'-triphosphate (ATP) is hydrolyzed to
adenosine 5'-monophosphate (AMP) or adenosine 5'-diphos-
phate (ADP) by enzymes [7]. Thus, the receptors for
nucleotides must possess selectivity towards these anions. From
this point of view, nucleotide receptors based on polyammo-
nium cations are of great demand because the electrostatic inter-
actions of such polyammonium systems and negatively charged
phosphates are strong. Hydrogen bonding [8] and z-stacking
interactions between the adenine groups of the nucleotide and
the receptor’s aromatic moieties [9] can additionally contribute
to the complex stability and binding selectivity. Polyammo-
niums mimic the biologically important acyclic polyamines
such as putrescine, spermidine, and spermine, which have
strong affinities to AMP, ADP and ATP [10]. Usually polyam-
monium cation receptors bind the nucleotides according to their
negative charge values: ATP > ADP > AMP. It is accompanied
with increasing complex stability, which depends on
charge—charge interactions between the receptor and the
nucleotide. Only a few publications have been reported about
receptors that more effectively interact with less charged
nucleotides. For instance, Kuchelmeister et al. synthesized a re-
ceptor with two symmetric peptide arms decorated with guani-
dinium-based anion binding sites. This receptor showed a
stronger binding of AMP in comparison with ADP and ATP
[11]. Another polyammonium receptor synthesized by
Mascaros et al. [12] showed selective recognition of ADP in the
presence of ATP in water.

Undoubtedly, macrocyclic receptors have a number of advan-
tages in the design of molecular receptors, providing preorgani-
zation of the binding sites offering multipoint interactions with
a substrate for the effective complexation [13]. Calix[4]arenes
and their thia analogues have many advantages over other
macrocycles that are frequently used as synthetic receptors,
such as cyclodextrins [14], cucurbiturils [15], and pillararenes
[16]. Calixarenes are easily functionalized at both their upper
and lower rims with various stereoisomers obtainable; the initial
macrocycles can be synthesized in a simple manner, they are
not toxic, etc. [17-22]. Amphiphilic calixarenes are particularly
interesting because they can be regarded as surfactants having a
host—guest recognition site [23]. So, they are able to form

nanoaggregates in aqueous solutions, thus providing the con-
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centration of the active binding sites into nanoaggregate for
multivalent binding with the substrate [24]. We recently synthe-
sized a series of cationic receptors based on the p-fert-butylthia-
calix[4]arene platform with /,3-alternate conformation having
polyammonium binding sites. They were shown to effectively
interact with calf thymus DNA causing a 4-fold compaction of
the latter [25]. Related macrocycles containing two cationic
imidazolium fragments demonstrated a high affinity to ATP
[26].

Herein we report the synthesis of new amphiphilic water-
soluble calix[4]arene derivatives with cone conformation con-
taining two or four polyammonium groups on the upper rim by
using a click chemistry approach and the results of binding
studies toward nucleotides in aqueous solutions.

Results and Discussion
Synthesis of polyammonium calix[4]arene
derivatives

The functionalization of calix[4]arenes with azide groups paves
the way to introduce a wide variety of functional groups [27] on
the upper rim of the macrocycle by, e.g., the copper-catalyzed
azide—alkyne cycloaddition (CuAAC) reaction [28]. An alterna-
tive way is the functionalization of calix[4]arenes by terminal
alkynyl groups. However, in this case further transformations
by CuAAC reactions are limited mainly due to the fact that low
molecular weight organic azides, especially containing less than
3 carbon atoms are highly explosive [29]. Usually azide groups
are installed in the upper rim of the macrocycle by a
chloromethylation reaction and subsequent nucleophilic substi-
tution by azide anions [30,31] forming rather flexible azido-
methyl fragments. In this investigation more rigid arylazide
calixarene derivatives were chosen as precursors for the synthe-
sis of the targeted macrocycles having an enlarged cavity for the
effective binding of large biomolecules (Scheme 1).

h

N
[

N\N

Scheme 1: The general structure of triazolylcalix[4]arene derivatives.
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The targeted calixarene diazide derivative 4 and the correspond-
ing tetraazide 8 were synthesized as outlined in Scheme 2. In
the first step the complete O-alkylation of the parent p-tert-
butylcalix[4]arene was performed to give the products 5a,b. To
achieve the selective distal alkylation of the macrocycle’s lower
rim (compounds 1a,b) a microwave approach developed in our
group was applied [32]. Then the di- and tetraalkylated prod-
ucts were nitrated according to literature procedures [33,34]
affording the di or tetranitro derivatives 2a,b and 6a,b in good
yields. The reduction of the nitro groups to the corresponding
amines was successfully performed by hydrazine hydrate
[35,36]. In this case, Ni on silica/alumina was used as the cata-
lyst instead of pyrophoric Raney nickel. Finally, a diazotization
procedure with subsequent azide substitution [37,38] gave

calix[4]arene azide derivatives 4 and 8. For the latter reaction a
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mixture of DMF/glacial acetic acid 3:1 was found to be the

optimal solvent.

The structures of macrocycles 4 and 8 were established by 'H
and 13C NMR spectroscopy as well as by IR spectroscopy and
MALDI-TOF mass spectrometry. Their compositions were de-
termined by elementary analysis. A standard set of signals
typical for distal disubstituted calixarenes was found in the
TH NMR spectra of 4a and b (Supporting Information File 1,
Figures S5 and S6): a singlet of OH protons at 8.33-8.37, two
singlets of aromatic protons at 6.95-6.96 and 6.69—6.70 ppm,
doublets of bridged CH, fragments at 4.31-4.32 and 3.31 ppm.
In the case of tetraazides 8a,b (Supporting Information File 1,
Figures S7 and S8) the signals of the aromatic protons

appear as a singlet at 6.29 ppm. The signals of the bridge meth-

R= -C4H9 (73%) 2a
CgHq7 (72%) 2b

R = -C4H9 (78%) 1a
-CgH17 (68%) 1b

R = -C4Hq (97%) 4a
-CgH17 (98%) 4b

R = -C,4Hq (98%) 3a
-CgH17 (86%) 3b

R = -C,4Hq (86%) 6a

R = -C,4Hq (68%) 5a
-CgH17 (88%) 6b

-CgH47 (72%) 5b

R = -C4Hq (93%) 8a
-CgH17 (85%) 8b

R = -C4Hg (85%) 7a
-CgH17 (81%) 7b

Scheme 2: Synthesis of di- (4a,b) and tetraazido (8a,b) calix[4]arene derivatives. Conditions: la: AlkBr, KoCOg3, acetone, 130 °C, MW heating 400 W;
lla: HNO3, CH4Cly, 0 °C; llla: NH,NH,, Nifsilica/alumina, EtOH, reflux; IVa: NaNO,, AcOH/DMF, 0 °C, NaNg; Ib: AlkBr, NaH, DMF, rt; lIb: HNO3
(100%), AcOH, CHCl,, 0 °C; lllb: NHoNHy, Nifsilica/alumina, EtOH, reflux; IVb: NaNO,, AcOH/DMF, 0 °C, NaNs.
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ylene protons appear as two doublets at 4.39-4.40 and
3.09-3.10 ppm. The presence of the azide groups was con-
firmed by valence asymmetric bond vibrations at 2109 cm™! in
the IR spectra of 4 and 8. The MALDI mass spectra of all ob-
tained azides gave molecular ion peaks with expulsion of two
(in the case of 4) or four (in the case of 8) N, fragments due to
the lability of the azide group upon laser desorption [39].

The spatial structure of the product 8a was established by X-ray
crystallography and is presented in Figure 1 including the
atomic numbering scheme. The full X-ray crystallographic data
are provided in Supporting Information File 1. The molecule of
8a adopts a pinched-cone conformation as evidenced by the
differences of the interatomic distances between carbon atoms
C3-:C17 (4.018 A) and C10---C24 (10.051 A). A similar con-
formation is adopted by calix[4]arenes containing non-bulky
substituents at the upper rim [34].

Then, azido compounds 4a,b and 8a,b were subjected to
copper-catalyzed reaction with 3-bis[2-(fert-butoxycarbonyl-
amino)ethyl]propargylamine (Scheme 3). The syntheses were
carried out for 4 hours at 40 °C in toluene and the target BOC-
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Figure 1: Molecular structure of 8a (50% ellipsoids). The dashed line
indicates the alternative position of the disordered n-butyl group with
the minor occupancy.

protected products 9a,b and 11a,b were isolated in good yields.
The appearance of a new signal of triazole ring protons and a

new set of signals of the methylene group protons between the

Boc
HN" NH,
H g
HoN
Boc/ —\—N —\—N
-2HCI
N
t-Bu N3 N/ \ ) A\
O I e t-Bu N\N
] ]
S sUs
o. OH |
R NH o oH - 2
/_J R O\R OH
R=Ciloda N R = C4Hg (62%) 9 R = C4Hg (93%) 10
R = CgHy7 4b = 4Hg ( 3) a = 4Hg ( g) a
y/a R = CgH17 (51%) 9b R = CgH17 (86%) 10b
/ NH HCI
Boc dioxane
Boc HN rt NH;
CUI, EtSN %
toluene H-N
HN 2 .
4h,40°C NN “N\N_ -4HCI
Boc
N3 N7 NN
Ny N-N
1) 4 — \—> — \—r
R f ! s
O\R \R
R =C4Hg 8a R = C4Hog (84%) 11a R = C4Hg (92%) 12a
R=C8H17 8b R=C8H17 (86%)11b R=08H17 (92%) 12b

Scheme 3: Synthesis of polyammonium macrocycles 10a,b and 12a,b.
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triazole ring and the tertiary nitrogen atom as well as the signals
of the ethylene fragments and BOC groups in the 'H NMR
spectra fully corresponded to the proposed structures of 9 and
11 (Supporting Information File 1, Figures S9, S10, S13, and
S14). The polyamines 10a,b and 12a,b were obtained in high
yields after BOC deprotection with HCI in dioxane as water-
soluble di- and tetrahydrochlorides, correspondingly.

The structures of the final products were established by
2D '"H-'"H NOESY NMR. For example, in the case of macro-
cycle 10b (Figure 2) the cross-peaks between signals of neigh-
boring aromatic protons (8 = 7.32 and 7.92 ppm) indicate a cone
stereoisomeric form of the macrocycle. Moreover, the observa-
tion of cross-peaks between hydroxy protons 4 and the methy-
lene bridge protons 5 and 5°, on the one hand, and the methy-
lene protons 6—8 in the octyl chain (6 = 3.98, 3.18 and
2.04 ppm), on the other hand, is also in line with this conclu-
sion. Thus, the 2D NMR data are completely consistent with the
proposed structure of 10b. It should be noted that there are
unexpected interactions of ferz-butyl protons 2 with methylene
protons 6 as well as between aromatic protons 1 with hydroxy
protons 4 that can be attributed to a strong aggregation of the
amphiphilic molecules in the solution.
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Aggregation properties of 10a,b and 12a,b in
aqueous solutions and binding with

nucleotides

All synthesized derivatives 10a,b and 12a,b are well soluble in
water/MES buffered solutions. We used the determination of
the critical aggregation concentration (CAC) to elucidate the
compounds’ aggregation behavior. This was performed by the
dye micellization method using pyrene and cosin Y (EY) as
fluorescent and spectrophotometric probes, respectively
(Table 1). The nonpolar pyrene can be incorporated into hydro-
phobic domains of the aggregates due to hydrophobic interac-

Table 1: CAC values determined by dye (pyrene and EY) micellization
method.?

macrocycle CAC, uM

EY pyrene
10a 6.4 790
10b 4.8 160
12a 4.5 5.0
12b 2.8 5.0

aConcentration (EY) = 10 uM; concentration (pyrene) = 5 uM.

2 . . y .oh
. £9.28,1.70} 7.321.12
/(9.282.04) {7.92,1.19} {7-32,1.12}
8 e . -2
{8.90,3.02}
. ]
{9.28,3.62} {7_59,3_70}{.7.32,3.63}
{9.28,3.98} )
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Figure 2: 2D NOESY H'-H! NMR spectra of 10b in DMSO-dg.

1984



tions. Pyrene insertion is measured by analyzing the ratio of the
intensities of the first and third bands (373 and 384 nm, respec-
tively) in its emission spectrum [40]. EY, an anionic xanthene
dye, also can be used for CAC determination as its absorption
spectrum shows a shift of the maximum absorption wavelength
(Amax) 1n the presence of micelles or vesicles [41]. The inflec-
tion point in the plot of EY A2 vs surfactant concentration
should be treated as the CAC of the amphiphile [42].

As can be seen from Table 1 the CAC values determined by the
two methods are significantly different, especially in the case of
macrocycles 10a,b. These differences are assigned to the differ-
ent natures of the used dyes. In the case of EY, which is a
dianion at pH 7, the interaction with the dicationic calixarenes
10a,b results in the formation of a non-charged complex, which
can be referred to a non-ionic surfactant. Generally, non-ionic
surfactants possess lower CACs than ionic ones owing to the
lack of electrostatic repulsions between head groups [43]. In the
case of pyrene there is no charge compensation and interactions
occur exclusively with hydrophobic domains of the aggregates.
Thus, using pyrene reveals the real CAC value, while with EY
the CAC value corresponds to the dye—calixarene complex. In
the case of 12a,b the differences of CAC values determined by
EY and pyrene are not significant. Obviously, in this case EY
does not form a neutral dye—calixarene complex due to the in-
creased number of ionized groups in the tetrasubstituted
calixarene. However, it is worth paying attention to the
extremely large difference between the CAC (pyrene) values of
10a and 12a as well as 10b and 12b. It can be caused by strong
hydrophobic intermolecular interactions of 12a,b, which leads
to the formation of aggregates at substantially lower concentra-
tions as compared with the less hydrophobic 10a,b. A similar
trend (decrease of about two orders) was observed for the CAC
of gemini surfactants possessing two hydrophobic alkyl tails in
comparison with ordinary ones having one alkyl tail [44].
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Additionally, the aggregation properties were investigated by
dynamic (DLS) and electrophoretic (ELS) light scattering
methods and the obtained results are collected in Table 2. Both
di- and tetrasubstituted macrocycles do form nanoparticles in
aqueous solution with hydrodynamic diameters within the range
of 150-200 nm. The electrokinetic potential of the aggregates
corresponds to the positive charge of the calixarene headgroups
and is about +40 to +60 mV which indicates the formation of
stable colloids. The addition of negatively charged EY to 10a,b
reduces the electrokinetic potential practically up to the isoelec-
tric point. This confirmed the abovementioned conclusion con-
cerning the formation of a non-charged complex as a reason of
low CAC values measured by EY as the probe. A similar be-
havior also was observed for the tetrasubstituted derivatives
12a,b.

Recently, we reported receptor systems for sulfonate surfac-
tants [45] and ATF [26], based on an EY competitive displace-
ment from aggregates, decorated by positive charged thiacalix-
arene macrocycles. This approach was used for macrocycles
10a,b and 12a,b as well. Primarily, the fundamental regulari-
ties of dye complexation with 10a,b and 12a,b were studied in
detail. The stoichiometry of the EY—calixarene complexes was
determined by the isomolar series method at two concentra-
tions: below and above the CAC values, measured with EY as
the probe (Table 3).

At concentrations below the CAC (1 uM), the monomeric mol-
ecules of the macrocycles 10a,b form with EY a discrete 1:1
host—guest complex [X2 calix?"], where X2~ and calix®" repre-
sent the dye and calixarene ions, respectively. By increasing the
concentration to values above the CAC complexes with
3:2 stoichiometry are observed. This indicates that the interac-
tion of forming aggregates with EY relies on both electrostatic
interactions with positively charged headgroups and hydro-

Table 2: DLS and ELS data of aggregates formed by macrocycles 10 and 12.2

entry system d [nm]

1 10a 194 +3

2 10b 153+ 18
3 12a 176 £ 11
4 12b 140 + 54
5 10a + EY 157+ 2

6 10b + EY 208+ 9

7 12a + EY 99 £ 1

8 12b + EY 2025

9 10b + EY + ADP 1647

10 10b + EY + ATP 256 + 43

PDI Z[mVv]
0.385 +0.17 +50+4
0.419 £ 0.06 +42+13
0.244 + 0.04 +4316
0.443 + 0.01 +64+8
0.500 + 0,06 +14+5
0.327 + 0.01 +6+2
0.314 + 0.04 +24+4
0.364 + 0.06 +14+7
0,412 + 0,07 -6+2
0,619 + 0,09 -20+9

8All measurements were done in 50 mM MES buffer at pH 6.5; concentration (calixarene) = 10 pM, concentration (EY) = 10 uM (10a,b)

or 20 uM (12a,b).
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Table 3: Stoichiometry of the EY—calixarene complexes.?

calixarene  dye/calixarene ratio®  dye/calixarene ratio®
10a 1:1 3:2
10b 11 3:2
12a 2:1 7:3
12b 2:1 4:1

2All measurements were done in 50 mM MES buffer at pH 6.5; bat total
concentration = 1 uM; Cat total concentration = 50 pM.

phobic interactions with hydrophobic regions of calixarene
aggregates that are typical for xanthene dyes [41]. The length of
the alkyl chains in 10a,b does not affect the complex stoichiom-

etry.

Compounds 12a,b at concentrations below the CAC form
dye—calixarene complexes of 2:1 stoichiometry [(X2"),calix*].
As in the previous case the aggregation (concentration above
the CAC) leads to a change in stoichiometry with 7:3 for the
less lipophilic compound 12a and 4:1 for 12b. Thus, the pres-
ence of four alkyl substituents on the calixarene platform signif-
icantly influences the solubilizing capacity of the macrocycles
with respect to EY.

To create a receptor system based on the dye displacement in an
amphiphilic host molecule/aggregate, an optimal concentration
of the amphiphilic molecule should be precisely established.
First, the greatest changes in the dye spectrum should
be observed at this concentration. Second, the dye should
not be fully absorbed in the hydrophobic domain of an
aggregate to be easily released into solution after any
changes that occur with the molecule/aggregate. In this
context premicellar aggregates are good candidates to
design supramolecular systems for recognition and sensing
purposes.

Thereby, premicellar concentrations of calixarenes 10a,b (6 and
4 uM, respectively) and 12a,b (4 and 2 uM, respectively) were
selected to design a receptor system based on the principle of
competitive EY displacement by the guests. At these concentra-
tions, a bathochromic shift accompanied by hypochromic effect
in the EY absorption spectrum (Supporting Information File 1,
Figure S1) is observed in addition to a change of the environ-
ment polarity due to the dye embedding into the hydrophobic
domain of the premicellar aggregates [46]. The absorbance
spectra of the ternary system calixarene/EY/guest have been re-
corded in aqueous buffer solutions and a series of nucleotides
(AMP, ADP and ATP) as guests for the competitive EY dis-
placement were tested.
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It was found that the addition of increasing concentrations of
ADP or ATP resulted in significant changes of the calixarene/
EY absorption spectra and finally practically corresponded to
free EY (Supporting Information File 1, Figure S2). This clearly
indicates a dye release from the calixarene aggregates into the
solution. For better visualization, the optical response (OR)
of the calixarene/EY system was calculated according to the
Equation 1:

OR =100*[1-((4gy — 4) * (A —Agy))/

((Agy — 4p) * (Ao —Apy 1%, M

where Agy is the free EY absorption intensity, 41 and 4 are the
absorption intensities of the calixarene/EY system in the pres-
ence and absence of the guest, respectively. Agy is the wave-
length of EY absorption maximum, A; and X( are the wave-
lengths of the absorption maxima of calixarene/EY spectra in
the presence and absence of the guest, respectively.

In contrast to ADP and ATP, AMP had no effect on the optical
response that can be explained by weak interactions of the
monoanionic nucleotide with the di- and tetracationic calix-
arenes (Figure 3). Obviously, AMP does not effectively interact
with the two distally located binding sites of the calixarenes and
is not able to expel the dianionic dye from the aggregates. A
quite different picture is observed for ADP and ATP, which are
present in the dianionic and trianionic form at pH 6.5 [12].

100

T T T T
10a/EY 10b/EY 12a/EY 12b/EY

Figure 3: The optical response (OR) of the calixarene/EY systems
toward adenosine phosphates. Concentration (EY) =5 uM, concentra-
tion (10a) = 4 uM, concentration (10b) = 6 uM, concentration

(12a) = 4 yM, concentration (12b) = 2 uM, concentration (adenosine
phosphate) = 2 mM, concentration (MES) = 50 mM (pH 6.5).

To estimate the ATP/ADP binding selectivity with the positive-
ly charged macrocycles a quantum chemical study of the 10a
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complexes with ATP and ADP has been carried out. For calcu-
lations, the Gaussian 09 program with the DFT/B3LYP method
based on the 6-311g basis set with CPCM solvation model with
water as the solvent was used [47]. The energy of complex for-
mation was calculated as a difference between free energy of
calix[4]arene + ADP/ATP complex and isolated calix[4]arene
and ADP/ATP dianion. The complex structures corresponding
to the minimum energy as well as supramolecular binding motif
of ADP and ATP are presented in Figure 4. As can be seen
ADP more effectively embeds into the molecular cleft formed
by two ammonium moieties due to a good host—guest geometric
size and/or shape complementarity (Figure 4a and c). The three
phosphate groups of ATP have a larger size and cannot realize a
similar supramolecular motif in the complex. For this reason the
triphosphate fragment is rotated by =60° around the calixarene
axis relative to the diphosphate position (Figure 4b and d). This
leads to a weakening of the host—guest binding and to a de-
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crease of ATP complex energy by 1.4 kcal/mol compared to
ADP. So the ADP/ATP optical responses for macrocycles 10a,
12a,b (Figure 3) can be rationalized in terms of the binding
properties of the investigated nucleotides. Moreover, the pres-
ence of intramolecular hydrogen bonding (Figure 4a and b) can
explain the protonation of only one nitrogen atom despite the
close protonation constants of both primary amino groups in the
ethylenediamine fragment (pK; = 9.08 and pK3 = 9.97 for the
diethylenetriamine conjugated acid [48]). Thus, stabilization of
the monocationic form prevents the formation of a dicationic

species.

The premicellar aggregates of the lipophilic dicationic macro-
cycle 10b demonstrate a significant difference of optical
response on the presence of ADP and ATP in the solution. Gen-
erally, there are two pathways of dye release upon decomplexa-
tion: (i) into the buffer solution or (ii) into the aggregate

Figure 4: Supramolecular binding motif of diphosphate (a) and triphosphate (b) groups of nucleotides with the protonated diethylenetriamine
substituents of the calixarene (ribose and adenine fragments are omitted for clarity) and optimized complex structure of 10a with ADP (c) and ATP (d)

according to DFT calculations.
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lipophilic domain. However, predominance of each way
depends on many factors, such as packaging density of aggre-
gates and their general lipophilicity. To reveal this, absorbance
spectra of the 10b—EY system in the presence of ADP and ATP
were recorded (Figure S5a and b).

The addition of small amounts of nucleotides leads to a
bathochromic shift of the EY adsorption due to a deeper pene-
tration of EY molecules into the hydrophobic domain of the
aggregates and a corresponding decrease of the environment’s
polarity (curve 4, Figure 5a). Thus, after decomplexation the
EY molecules primarily concentrate inside the aggregate. A
hypsochromic shift in the EY spectra pointing to the dye’s
release from the aggregates into the solution (curve 6,
Figure 5a) is observed at excess concentrations of the
nucleotides. However, ADP and ATP cause different changes in
the EY spectra. Excess ADP causes release of the dye from the
aggregates and appearance of free EY absorption at 516 nm
(curve 6, Figure 5a) whereas the dye remains inside the aggre-
gates in the presence of excess ATP (Figure 5b). It is important
to note that no EY relocation into the aggregate hydrophobic
domain is observed for the less lipophilic calixarene 10a (Sup-
porting Information File 1, Figure S2a and b).

The interaction of the dicationic calixarene 10b with ADP
results in an uncharged complex, which can be referred to a
non-ionic surfactant. At the same time, binding of 10b with
ATP affords a negatively charged complex (Table 2, entries 9
and 10). Obviously the formation of the uncharged complex of
10b with ADP increases the density of the aggregates through a
reduction of repulsion between headgroups [43] thus leading to
a dye release from the hydrophobic domain of the aggregates
into the buffer solution. Whereas the binding with ATP does not

T T T T T T T 1
480 490 500 510 520 530 540 550 560
nm
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greatly affect the aggregate packing and the dye remains in the
hydrophobic core of the aggregate. Therefore, a different
packing of aggregates is the main reason for the observed ADP/
ATP selectivity of calixarene 10b.

Polydiacetylene—10b vesicles for ADP/ATP
sensing

Polydiacetylenes (PDAs), alternating ene-yne conjugated mole-
cules, induce a blue-to-red color transition by the distortion of
their backbone. They can be easily prepared through photopoly-
merization of supramolecularly assembled diacetylenes [49].
The functionalization of a PDA matrix with appropriate recep-
tor fragments offers the possibility to sense various analytes by
naked-eye detection. Noncovalent doping of diacetylene surfac-
tant matrix by amphiphilic receptors with subsequent photopo-
lymerization is a commonly used approach for the design of
colorimetric analytical devices [50]. Taking into account the
cationic nature of the synthesized calixarene macrocycles, the
amido-diacetylene lipid bearing a terminal amino group N-(2-
aminoethyl)pentacosa-10,12-diynamide (AEPCDA) was
applied for the formation of the PDA matrix (Scheme 4). The
synthesis of AEPCDA was carried out from 10,12-penta-
cosadiynoic acid according to the literature method [51].

AEPCDA vesicles containing calixarene 10b were produced by
the well-known film hydration method. To identify an optimal
calixarene—AEPCDA ratio a series of PDA vesicles containing
1, 5, 10, 50 mol % of 10b was prepared. Polymerization of
AEPCDA-—calixarene vesicles was performed under UV irradia-
tion using 254 nm light in quartz cuvettes of 1 cm path length.
The absorbance peak at 674 nm, corresponding to the blue form
of the polymer, reached its maximum after 15 minutes of irradi-

ation. It was found that the calixarene 10b itself acted as stabi-

0,40
0,35
0,30

0,25

'0,05 T T T T T T T 1
480 490 500 510 520 530 540 550 560
nm

Figure 5: UV spectra of EY (1), 10b—EY (2), and 10b—EY in the presence of 0.005 (3), 0.05 (4), 0.5 (5) and 2 (6) mM of ADP (a) or ATP (b).
Concentration (EY) = 5 yM, concentration (10b) = 6 uM, concentration (MES) = 50 mM (pH 6.5).
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Scheme 4: Structure of AEPDA and the corresponding AEPCDA-10b polydiacetylene vesicle.

lizer for AEPCDA vesicles: a hyperchromic effect upon the ad-
dition of calixarene up to 50 mol % was observed (Figure 6).

1.0+
9 ——AEPCDA
—— AEPCDA+10b (1 mol %)
0.8 —— AEPCDA+10b (5 mol %)
—— AEPCDA+10b (10 mol %)
—— AEPCDA+10b (50 mol %)
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Figure 6: UV spectra of the AEPCDA polydiacetylene vesicles

in the presence of different amounts of 10b; concentration
(AEPCDA) = 0.2 mM, concentration (10b) = 0.002-0.1 mM in 10 mM
MES buffer, pH 6.5.

This means that the addition of the non-polymerizable
calixarene 10b to AEPCDA results in an increase of the
diacetylene photopolymerization degree. This effect is quite
unusual and can be associated with the change of the vesicles
packing upon the addition of 10b and the formation of higher
organized nanostructures. DLS data confirmed this suggestion.
In the presence of 10b the size of polydiacetylene vesicles
sharply decreases (Table 4 and Supporting Information File 1,
Figure S3). This leads to an optimal distance between the
diacetylene fragments resulting in a more effective photopoly-
merization.

Table 4: DLS and ELS data for AEPCDA-10b polydiacetylene vesi-
cles in the presence/absence of ADP/ATP.2

system d, nm PDI ¢, mV
AEPCDA 402 +£109 0.530+0.08 +45 + 6
AEPCDA +10b 94 +1 0.175 £ 0.01 +47 £ 4

aAll measurements were carried out in 50 mM MES buffer at pH 6.5;
concentration (AEPCDA) = 0.2 mM, concentration (10b) = 0.1 mM,
concentration (nucleotide) = 0.5 mM in 10 mM MES buffer, pH 6.5.

The obtained AEPCDA vesicles containing 50 mol % of 10b
were used for the colorimetric recognition of ADP and ATP.
The values of colorimetric response (CR) of the AEPCDA—-10b
vesicles were calculated according to Equation 2 [52], which

characterize the conversion to the red phase in percent:

CR =[PB, —PB,]/PB, *100%, ®)

where PB| and PBy is the percent of the blue form in the pres-
ence and the absence of the analyte and is defined as follows
(Equation 3):

PB= Ablue /[Ablue + Ared]*IOO%, (3)

where Ay, 1s the absorbance at 640 nm and 4,4 is the absor-
bance at 540 nm.

According to the obtained data (Figure 7) AEPCDA-10b vesi-
cles exhibit a colorimetric response toward ADP starting at
0.25 mM of the latter, while there is no response to ATP in this
concentration range. Moreover, the response toward ADP can
be detected with the naked eye beginning at ADP concentra-
tions as low as 0.5 mM.
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Figure 7: Photographs of a portion of a 96-well plate containing
AEPCDA-10b polydiacetylene vesicles in the absence (first hole from
left) or presence of ADP or ATP; concentration (AEPCDA) = 0.2 mM,
concentration (10b) = 0.1 mM (a) concentration (nucleotide) = 0.025,
0.25, 0.5, 2 mM in 10 mM MES buffer, pH 6.5.

Thus, the mechanism of the colorimetric response of 10b-deco-
rated AEPCDA polydiacetylene vesicles upon binding to ADP
can be a result of a complexation-induced distortion of the
calixarene cavity provoking thus perturbation of the PDA back-
bone.

Conclusion

For the first time new calix[4]arenes adopting a cone stereoiso-
meric form bearing two or four azide groups directly located at
the macrocycles’ aromatic rings have been synthesized and used
for the preparation of water-soluble triazolyl amphiphilic recep-
tors with two or four polyammonium headgroups by CuAAC
reaction with 3-bis[2-(tert-butoxycarbonylamino)ethyl]-
propargylamine. These macrocycles form stable aggregates in
aqueous solutions with average hydrodynamic diameters of
150-200 nm and electrokinetic potentials about +40 to +60 mV.
CAC values measured by the dye micellization method with
pyrene and eosin Y (EY) as dye probes were used to identify
optimal concentration conditions for the design of supramolecu-
lar architectures for the recognition and sensing based on the
principle of competitive EY displacement by adenine-contain-
ing nucleotides. The incorporation of 10b into a polydiacety-
lene matrix allowed to create covalently bonded vesicles for the
selective detection of ADP.

Experimental

Material and methods

All reagents were purchased from either Acros or Sigma-
Aldrich and were used without further purification. Solvents
were purified according to standard methods [53]. 3-Bis[2-(tert-
butoxycarbonylamino)ethyl]propargylamine [54], 1a
(5,11,17,23-tetra-tert-butyl-25,27-dibutoxy-26,28-dihydroxy-
calix[4]arene) [32]; 2a (5,17-di-tert-butyl-11,23-dinitro-25,27-
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dibutoxy-26,28-dihydroxycalix[4]arene) [33], 3a (5,17-di-tert-
butyl-11,23-diamino-25,27-dibutoxy-26,28-dihydroxycalix[4]-
arene) [33], 1b (5,11,17,23-tetra-tert-butyl-25,27-dioctyloxy-
26,28-dihydroxycalix[4]arene) [34], 2b (5,17-di-tert-butyl-
11,23-dinitro-25,27-dioctyloxy-26,28-dihydroxycalix[4]arenc)
[34], as well as 5a (5,11,17,23-tetra-tert-butyl-25,26,27,28-
tetrabutoxycalix[4]arene) [36], 6a (5,11,17,23-tetranitro-
25,26,27,28-tetrabutoxycalix[4]arene) [36], 7a (5,11,17,23-
tetraamino-25,26,27,28-tetrabutoxycalix[4]arene) [35] and 5b
(5,11,17,23-tetra-tert-butyl-25,26,27,28-tetraoctyloxycalix[4]-
arene) [35], 6b (5,11,17,23-tetranitro-25,26,27,28-tetraoctyl-
oxycalix[4]arene) [35], 7b (5,11,17,23-tetraamino-25,26,27,28-
tetraoctyloxycalix[4]arene) [36] and N-(2-aminoethyl)penta-
cosa-10,12-diynamide [50] were prepared following literature
procedures. TLC was performed on Merck UV 254 plates with
Vilber Lourmat VL-6.LC UV lamp (254 nm) control. Elemental
analysis of the synthesized compounds was done on a
PerkinElmer PE 2400 CHNS/O Elemental Analyzer. NMR
spectra were recorded on a Bruker Avance 400 Nanobay with
signals from residual protons of deuterated solvents (CDCl3 or
DMSO-dg) as internal standard. MALDI mass spectra were
measured on an UltraFlex III TOF/TOF with PNA matrix, laser
Nd:YAG, A = 355 nm. The IR spectra were recorded on a
Bruker Vector-22 spectrometer. Samples were prepared as
suspension in mineral oil or as thin films, obtained from chloro-
form solutions dried on the surface of the KBr disc. Melting

points were measured using a Stuart SMP10 apparatus.

UV-vis absorbance spectra

The UV-vis-spectra were recorded on a Lambda 35 UV/VIS
spectrophotometer (Perkin Elmer Instruments) in an optical cell
with 1.0 cm light pass at 298 K.

Dynamic light scattering (DLS) measurements
Dynamic light scattering (DLS) experiments and zeta-potential
measurements (ELS) were carried out on a Zetasizer Nano ZS
instrument (Malvern Instruments, USA) with 4 mW 633 nm
He—Ne laser light source and a light scattering angle of 173°.
The data were treated with DTS software (Dispersion Technolo-
gy Software 5.00). The solutions were filtered through Millex
HV 0.45 uM filter before the measurements to remove dust.
The experiments were carried out in the disposable plastic cells
DTS 0012 (Sigma-Aldrich, USA) at 298 K with at least three
experiments for each system. Statistical data treatment was
done using t-Student coefficient and the particle size determina-
tion error was <2%. The prepared samples were ultrasonicated
for 30 min at 25 °C before measurements.

Fluorescence spectroscopy

Fluorescence experiments were performed in 1.0 cm quartz

cuvettes and recorded on a Fluorolog FL-221 spectrofluo-

1990



rimeter (HORIBA Jobin Yvon) in the range of 350 to 430 nm at
excitation wavelength 335 nm with 2.5 nm slit for the pyrene.
All studies were carried out in buffered aqueous solution (MES
buffer, pH 6.5) at 298 K.

X-ray data

The crystal of 8a (C44H355N 1204, M = 812.98) is monoclinic,
space group P2{/n, at T = 100 K: a = 15.003(3) A,
b = 19.652(4) A, ¢ = 15.368(3) A, B = 104.71(3)°,
V=4382.6(16) A3, Z=4, d.ycq = 1.232 g/cm3, F(000) = 1728,
i =0.172 mm™!. X-ray diffraction data were collected at the
‘Belok’ beamline (A = 0.96990 A) of the National Research
Center ‘Kurchatov Institute’ (Moscow, Russian Federation)
using a Rayonix SX-165 CCD detector. A total of 720 images
(33746 reflections, 8078 independent reflections, Rj,¢ = 0.0882)
were collected with an oscillation range of 1.0° (¢ scan mode,
20max = 72.0°) using two different orientations for the crystal.
The semiempirical correction for absorption was applied using
the Scala program (Tpin = 0.950; Tihax = 0.980) [55]. The data
were indexed, integrated and scaled using the utility iMOSFLM
implemented in the CCP4 program [56,57]. The structure was
solved by intrinsic phasing modification of direct methods [58]
and refined by full-matrix least squares technique on F2 with
anisotropic displacement parameters for non-hydrogen atoms.
One of the four n-butyl groups is disordered over two sites with
the occupancies of 0.6:0.4. The hydrogen atoms were placed in
calculated positions and refined within riding model with fixed
isotropic displacement parameters [Ujso(H) = 1.5U,4(C) for the
CH3-groups and 1.2Uq(C) for the other groups]. The final
divergence factors were R; = 0.0949 for 5301 independent
reflections with / > 2a(/) and wR, = 0.2482 for all independent
reflections, S = 0.941. The calculations were carried out using
the SHELXTL program [59]. Crystallographic data for 1 have
been deposited with the Cambridge Crystallographic Data
Center, CCDC 1831063. Copies of this information may be ob-
tained free of charge from the Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: +44 1223 336033; e-mail:

deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).

Vesicle preparation and polymerization procedure

In a similar manner as described before [22], concentrated
dichloromethane solutions of N-(2-aminoethyl)pentacosa-10,12-
diynamide (AEPCDA) and the appropriate amounts of
calixarene were mixed together and the organic solvent was re-
moved by expulsion with N, at room temperature to give a thin
lipid film on the glass surface, which was dried under reduced
pressure (0.01 Torr) for 2 h to remove all traces of organic sol-
vent. Then a buffer solution (MES, 50 mM, pH 6.5) was added.
The samples were then sonicated for 2 h at 60 °C. The resulting
vesicle solution was filtered through a 1.2 pm filter and kept at

4 °C for 12 h. Polymerization was carried out by irradiating the
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solutions with 254 nm UV light (1 mW/cm?) for 15 min under
vigorous stirring in 10 mm quartz cuvettes, placed in a thermo-
stat holder at 25 °C.

Quantum chemical calculations

Quantum chemical calculations were done in several steps:
selection of optimal conformers; organization of initial com-
plex geometry; complex optimization procedure. The
conformers search procedure has been done only for
calix[4]arene’s triazolyl substituents due to complexity of the
whole molecule. Conformers of calix[4]arene substituents and
ATP/ADP were generated with cxcalc plug-in (ChemAxon,
ChemAxon Jchem https://chemaxon.com/download/jchem-
suite) using MMF94 force field, followed by the duplicates
discard using in house tool and geometry optimization with
PM7 [60] semi-empirical method implemented in the MOPAC
2016 program [61] with discard of repeated duplicates. Then

unique conformers were combined with calix[4]arene core, and
corresponding cations and complexes with ATP/ADP were op-
timized by DFT calculations. For DFT calculations Priroda 16
program [62] with build-in PBE functional on L2 basis level
[63] was used. Then optimized structures were calculated using
DFT calculations with CPCM model of solvation in water
with Gaussian 09 program [47] with B3LYP functional on
6-311g basis level.
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A novel compound based on a glutamic acid skeleton, containing azobenzene as a photoresponsive group and ureidopyrimidinone

(UPy) as a connection site, was designed and synthesized. The monomer is capable of forming an organogel in nonpolar organic

solvents and different types of nanostructures in other solvents. The state of the gel and the chirality of the nanostructures could

both be adjusted by subsequent light irradiation at different wavelengths. The helical nanofiber-like morphology was verified in the

internal structure of the gel. The performance of this gel was investigated by a series of methods, such as UV—vis absorption spec-

troscopy, circular dichroism, scanning electron microscopy and rheological techniques. This work provides a new method for facile

synthesis of chiro-optical gels.

Introduction

Supramolecular gels [1,2] immobilized by three-dimensional
networks through self-assembly have drawn significant atten-
tion in the past decades. They are normally fabricated by means
of noncovalent intermolecular interactions [3], such as
n—7 stacking, hydrogen bonding, van der Waals forces, hydro-
phobic, electrostatic, host—guest and other interactions. Interest-
ingly, some of them can be assembled into distinctive nano-

structures through gel formation [4-6].

Various functional nanostructures have shown great potential
for applications in many important areas, for example, nanofab-
rication [5,7-10], drug delivery [11,12], and chemosensing
[13,14]. Among the supramolecular gels, the low-molecular-
weight gels (LMWGs) [15,16] are those that self-assemble into
gels in organic solvents with molecular weights of <2000 Da.
The weak noncovalent intermolecular interactions between

LMWGs make them more sensitive to external conditions
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[6,17-19], such as solvent, light and temperature. These charac-
teristics meet currents demands for conveniently controlling the

assembly of materials according to their size, shape, and mor-
phology.

Chiral functional materials have aroused much attention for
their potential applications. Liu and co-workers [20-31] have
built a multifunctional controllable gel system, which utilized
L-glutamic lipid to construct nanofibers, nanotwists, and nano-
tubes with the property of chirality. Azobenzene, which is struc-
turally photosensitive, is widely chosen to construct optically
controlled systems [17,30,32-35]. This moiety is also frequently
employed as a building block because of its strong n—n stacking

in nonpolar solvents.

Herein, a novel compound 3 containing both chiral L-glutamic
lipid and azobenzene was designed and synthesized (Scheme 1).
It is used as a candidate to form a new chiro-optical system
[30,36-41]. Ureidopyrimidinone (UPy), as a connection site, is
also introduced to make quadruple hydrogen bonding [42-44].
The structure and schematic representation of 3 are shown in
Figure 1. The possible assembly process of the nanostructure is
proposed as well. It is found that compound 3 is able to form a
gel in nonpolar solvents. The assembled structures of 3 in dif-
ferent solvents were also investigated. The photoresponsive-
ness of the formed nanostructure was investigated concomitant-

ly as well.

Z °NH O
o}
2

N/)\NJ\N/\\N
H o, o

Beilstein J. Org. Chem. 2018, 14, 1994-2001.

Results and Discussion

The monomolecular compound 3 can be easily synthesized in
3 steps. The compound has the necessary features for gel forma-
tion. The quadruple hydrogen bonding created by UPy moieties
is quite stable in nonpolar solvents. Therefore, the molecule can
easily assemble into dimers. Then, the trans-isomers of azoben-
zene can stack with each other via n— interactions. Further, the
acylamino group of the glutamic acid moiety at the center of the
molecule also promotes this aggregation through hydrogen
bonding interactions. Finally, the chirality of glutamic acid may
be magnified along with the formation of supramolecular struc-

ture.

To investigate the potential photoresponsiveness of compound
3, the UV—vis absorption spectrum was measured to trace pho-
tochemical and photophysical properties of the solution of com-
pound 3 (1.0 x 1073 M in chloroform). As shown in Figure 2,
the azobenzene trans-isomer displayed a strong absorbance
peak at 352 nm. When exposed to ultraviolet light of 365 nm,
the peak at 352 nm obviously decreased and reached a photosta-
tionary state within 5 minutes. The equilibrium could be
reversed by subsequent exposure to visible light (420 nm) and
UV light (365 nm) irradiation, whereby the equilibrium could
be reached within 6 min and 4 min, respectively. However, the
fatigue durability of this compound did not meet the expected
requirement; after two cycles of light irradiation, the photore-

sponsiveness was clearly weakened. This defect may be

EDC-HCI, HOBt
CH,Cly, 72 h

Scheme 1: The preparation of compound 3.

acetone, reflux, 24 h
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Figure 1: The chemical structure and the schematic representation of compound 3 as well as the proposed assembly process of the nanostructure.

ascribed to the rigid structure of compound 3. These two
azobenzene moieties within the molecule are close and the
dimerization of the UPy moiety results in a more crowded struc-
ture.

0.4 4

0.3+

0.2

Abs
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0.0 . . . . =
300 400 500
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Figure 2: UV-vis absorbance spectra of a) compound 3 and
b) irradiated by a light source of 365 nm and c) then treated by light of
420 nm. The concentration was 1.0 x 1075 M in CHCl3.

The circular dichroism (CD) spectrum was then measured to
trace the different states of aggregation in solution of com-
pound 3 in different solvents. Benzene, toluene, p-xylene,
chloroform, tetrachloromethane and DMSO were chosen as sol-
vents to prepare solutions with uniform concentration
(3.0 x 1075 M). As evidenced in the CD spectrum (Figure 3),
the CD signal in a solution of DMSO and chloroform was very
weak, and the CD signal in tetrachloromethane and p-xylene
was not very strong but discernible. On the other hand, the

CD signal in aromatic solvents, like benzene and toluene, was

strong enough to confirm the formation of chiral structures.
These results indicate that the chiral nanostructures can be only
obtained in solvents with lower polarity, especially in aromatic

solvents.

To study the chirality of compound 3 and its reaction to light
stimulation, 3 (in CCly) was exposed to visible irradiation or
UV light. The CD spectrum was then recorded. In Figure 3b,
two obvious peaks at 300 nm and 375 nm evidence the exis-
tence of the chiral structure in the solution. This CD signal
disappeared after irradiation with light at 365 nm, implying that
the chiral structure in the solution had been destroyed. The
obvious chiral signal reappeared when the same solution was
exposed to visible light of 420 nm before reaching a stable state.
However, this process was partially reversible. The compound 3
cycling test, with more than 8 cycles, caused the total disappear-
ance of the CD signal and the process was then no longer re-
versible (Figure S8, Supporting Information File 1).

The morphology of compound 3 was further characterized by
scanning electron microscopy (SEM, Figure 4). The samples
were prepared by evaporating the solution of compound 3 on a
surface of mica, and the differences in various solvents were
also investigated. The sample in DMSO did not show a chiral
self-assembled nanostructure owing to the destruction of
quadruple hydrogen bonding and n—x stacking in DMSO. How-
ever, beautiful acicular fibers could be detected on the surface
treated with a chloroform solution, and a dendritic network was
observed on the sample made from benzene solution (Figure S9,
Supporting Information File 1). The photoresponsiveness of
compound 3 was also investigated by drying the chloroform
solution of compound 3, which was exposed to sufficient
UV light (365 nm) beforehand, on the surface of mica and
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Figure 3: CD spectrum of compound 3 in solutions of a) benzene, toluene, p-xylene, chloroform, tetrachloromethane and DMSO with identical con-
centration (3.0 x 1075 M), b) before and after being exposed to UV (A = 365 nm) and visible (A = 420 nm) light.
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Figure 4: SEM images of the microstructure a) obtained by the self-assembled compound 3 in CHCI3 on the surface of mica and then b) treated with

UV light (365 nm).

detected by SEM, whereby only small discs were found as
shown in Figure 4b. This implies that the UV light of 365 nm
can efficiently destroy the self-assembled structure, and the
nanostructures of the assembled compound 3 can be adjusted by
both solvent and light.

The formation of organogels in various solvents was conducted
to test the gelation ability of compound 3. The gel was fabri-
cated by melting compound 3 in solution by heating for about
20 min, followed by allowing the solution to rest at room tem-

perature for 30 min. The gelation ability of compound 3 in
various organic solvents was investigated by using the “stable
to inversion of a test tube” method (Figure 5a). Here we arrive
at the conclusion that compound 3 can only form an organogel
in nonpolar aromatic solvents such as benzene and p-xylene.
Table 1 lists the solvent parameters and the gel-forming ability
of compound 3 in various organic solvents. The critical gela-
tion concentration (CGC) is also noted. We took the gel formed
in benzene as the example for the following investigations. The
rheological technique (Figure 5b) was used to measure the rheo-
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Figure 5: a) The gel-to-sol transformation of the samples via different routes. b) Dynamic frequency sweep of the gel fabricated in benzene.

(c,d) FESEM images of compound 3 xerogels.

logical properties of this gel system first. The dynamic frequen-
cy spectra of the gel indicated that the elastic modulus G was
higher than the viscous modulus G” when the frequency ® was
between 0.1 and 100 Hz. This showed that the system conforms
to the character of the gel. However, the gel is not stable under
shaking, where it is broken into a mixture of solution and small
pieces. After melting these particles again then natural cooling,
the gel state was once again obtained.

Field emission scanning electron microscopy (FESEM) was
utilized to characterize the xerogels obtained by freeze drying.
As shown in Figure 5c,d, plenty of helical nanotwists could be
found in the xerogel. These fibers were intertwined together to
form a 3D nanostructure. This result partially showed the gel
formation pathway. Compound 3 may form dimers at the begin-
ning, which can be detected by high-resolution mass spectrome-
try (Figure S7, Supporting Information File 1). Then, the dimers
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Table 1: Gelation ability of compound 3 in various organic solvents.

solvent CGCa[mg mL™"]
hexane P
cyclohexane P

CCly G (7.5)
benzene G (6.5)
methylbenzene HG
p-xylene G (5.0)
CHCl3 S
CH,Cly S

THF S
acetone S
acetonitrile S
DMF S

aG = gel; P = precipitation; S = solution; HG = half gel.

and single molecules 3 were able to assemble together through
n—n stacking and hydrogen bonding to fabricate the nanofibers.
Finally, those fibers twisted with each other to form nanotwists
of wider diameter.

Finally, the gel system was irradiated with ultraviolet light or
visible light to test its stimuli response. Under 365 nm light
exposure, the gel melted into a turbid liquid within 20 min.
However, the system could not easily be reversed due to the
poor reversibility of compound 3 in benzene that was investi-
gated previously.

Conclusion

We have synthesized a novel chiral compound containing
azobenzene as the photoresponsive group and UPy as the
connection site. The monomer was capable of forming chiral
nanostructures and a low-molecular-weight organogel in non-
polar organic solvents. The monomer also can form different
types of nanostructures in different solvents, and the kind of
solvent was found to be crucial for the chirality of the assem-
bled structure. The gel-to-sol process could also be modified by
shaking and UV light. The rheological behavior of the gel was
investigated and found to meet the basic requirement of a gel.
The inner structure of the gel was determined to be a cross-
linked network made of chiral nanotwists. This work provides a

novel method to build chiro-optical soft material systems.

Experimental

Synthesis of compound 1
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC-HCI, 8.04 g, 0.044 mol) and 1-hydroxybenzotriazole
(HOBt, 5.94 £,0.044 mol) were added to a 200 mL CH,Cl,
solution of Boc-L-glutamic acid (5 g, 0.02 mol) and 4-amino-

Beilstein J. Org. Chem. 2018, 14, 1994-2001.

azobenzene (7.8838 g, 0.04 mol), then the obtained mixture was
stirred at room temperature for 72 h under an Ar atmosphere.
The obtained yellow solid was isolated by filtration and washed
three times with CH,Cl,. The crude product was recrystallized
from THF/H,O to yield compound 1 as a yellow solid (10.53 g,
87% yield). "H NMR (400 MHz, DMSO-dg) 5 10.43 (s, 1H),
10.33 (s, 1H), 8.02-7.71 (m, 12H), 7.68-7.43 (m, 6H), 7.22 (d,
J=7.6 Hz, IH), 4.18 (dd, J = 13.5, 7.9 Hz, 1H), 2.17-1.90 (m,
2H), 1.36 (d, J = 34.1 Hz, 9H); 13C NMR (100 MHz, DMSO-
dg) 0 171.44, 170.83, 155.43, 151.99, 147.58, 147.35, 142.35,
142.05, 131.04, 130.97, 129.38, 123.64, 122.32, 122.28, 119.50,
119.17, 78.23, 54.78, 32.92, 28.17, 27.07, 25.09; HRMS
m/z: [M + H]" caled for C34H36N704", 606.2829; found,
606.2830.

Synthesis of compound 3

Compound 2 was easily prepared according to a literature
method [45]. Five mL of trifluoroacetic acid was dropped into a
25 mL CH;Cl, solution of compound 1 (1.0 g, 1.65 mmol), then
the mixture was stirred at room temperature for 2 h under an
Ar atmosphere. Evaporation of the resulting red solution was
performed under reduced pressure, and small amounts of
CH,Cl, was frequently added to the bottle until the trifluoro-
acetic acid was removed entirely. The resulting yellow solid
was added to an acetone solution of compound 2 (1.22 g,
4.03 mmol) under an Ar atmosphere, then the mixture was
heated at reflux for 24 h. The evaporation (under reduced pres-
sure) and further purification of the resulting solution was
carried out by column chromatography using CH,Cl,/CH3;0H
(50:1, v/v) and CH,Cl,/CH30H (10:1, v/v) to afford 3 as a
yellow solid (620 mg, 62.5% yield). 'H NMR (400 MHz,
DMSO) & 11.29 (s, 1H), 10.67 (s, 1H), 10.34 (s, 1H), 9.68 (s,
1H), 8.30 (s, 1H), 8.01-7.68 (m, 12H), 7.68—7.43 (m, 6H), 5.77
(s, 1H), 4.64 (s, 1H), 2.22 (dd, J = 13.5, 6.0 Hz, 2H), 2.05 (dd,
J=13.6, 6.7 Hz, 1H), 1.55 (dd, J = 15.8, 10.0 Hz, 4H),
1.29-1.04 (m, 6H), 0.85-0.71 (m, 6H); 13C NMR (100 MHz,
DMSO) $ 170.51, 151.99, 147.79, 147.34, 142.30, 141.65,
131.11, 130.96, 129.41, 129.37, 123.57, 122.34, 122.26, 119.70,
119.17, 53.14, 29.13, 22.15, 13.86, 11.84; HRMS m/z:
[M + Na]* calcd for C41Hg4N[gO4Na™, 763.3445; found,
763.3443.

Supporting Information

Supporting Information File 1

Additional schemes and figures, general remarks, synthesis
and characterization data, including copies of 'H and

13C NMR spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-174-S1.pdf]

1999


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-14-174-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-14-174-S1.pdf

Acknowledgements

This work was financially supported by the National Natural
Science Foundation of China (Nos. 21722603, 21302056 and
21476075).

ORCID® iDs

Xiang Ma - https://orcid.org/0000-0002-8679-4491

References

1. Babu, S. S.; Praveen, V. K.; Ajayaghosh, A. Chem. Rev. 2014, 114,
1973-2129. doi:10.1021/cr400195e
2. Ma, X.; Tian, H. Acc. Chem. Res. 2014, 47, 1971-1981.
doi:10.1021/ar500033n
3. Zhou, Z; Yan, X.; Cook, T. R.; Saha, M. L.; Stang, P. J.
J. Am. Chem. Soc. 2016, 138, 806—809. doi:10.1021/jacs.5b12986
4. Zhang, L.; Qin, L.; Wang, X.; Cao, H.; Liu, M. Adv. Mater. 2014, 26,
6959-6964. doi:10.1002/adma.201305422
5. Xu, C.; Xu, L.; Ma, X. Chin. Chem. Lett. 2018, 29, 970-972.
doi:10.1016/j.cclet.2017.11.045
6. Ma, X.; Tian, H. Acta Polym. Sin. 2017, 1, 27-36.
7. Zhang, Q.; Qu, D.-H.; Ma, X.; Tian, H. Chem. Commun. 2013, 49,
9800-9802. doi:10.1039/c3cc46297h
8. Li, T, Li, X.; Wang, J.; /—\gren, H.; Ma, X.; Tian, H. Adv. Opt. Mater.
2016, 4, 840-847. doi:10.1002/adom.201500694
9. Wang, S.; Wang, F; Li, C.; Li, T.; Cao, D.; Ma, X. Sci. China: Chem.
2018, 61, in press.
10.Zhang, Q.; Yao, X.; Qu, D.-H.; Ma, X. Chem. Commun. 2014, 50,
1567—-1569. doi:10.1039/c3cc48491b
.Fong, W.-K.; Hanley, T. L.; Thierry, B.; Kirby, N.; Boyd, B. J. Langmuir
2010, 26, 6136-6139. doi:10.1021/1a100644s
12.Du, J. D,; Hong, L.; Tan, A.; Boyd, B. J. J. Phys. Chem. B 2018, 122,
1766-1770. doi:10.1021/acs.jpcb.7b12234
13.Salvia, M.-V_; Salassa, G.; Rastrelli, F.; Mancin, F. J. Am. Chem. Soc.
2015, 137, 11399-11406. doi:10.1021/jacs.5b06300
14.Hortala, M. A.; Fabbrizzi, L.; Marcotte, N.; Stomeo, F.; Taglietti, A.
J. Am. Chem. Soc. 2003, 125, 20-21. doi:10.1021/ja027110l
15.Wang, X.; Duan, P.; Liu, M. Chem. — Asian J. 2014, 9, 770-778.
doi:10.1002/asia.201301518
16.Geng, H.; Ye, L.; Zhang, A.-y.; Li, J.; Feng, Z.-g. Langmuir 2016, 32,
4586-4594. doi:10.1021/acs.langmuir.6b01059
17.Koumura, N.; Kudo, M.; Tamaoki, N. Langmuir 2004, 20, 9897—-9900.
doi:10.1021/1a048334f
18.Duan, P.; Li, Y.; Li, L.; Deng, J.; Liu, M. J. Phys. Chem. B 2011, 115,
3322-3329. doi:10.1021/jp110636b
19.Cai, Y.; Guo, Z.; Chen, J.; Li, W.; Zhong, L.; Gao, Y.; Jiang, L.; Chi, L.;
Tian, H.; Zhu, W.-H. J. Am. Chem. Soc. 2016, 138, 2219-2224.
doi:10.1021/jacs.5b11580
20.Jiang, H.; Zhang, L.; Chen, J.; Liu, M. ACS Nano 2017, 11,
12453-12460. doi:10.1021/acsnano.7b06484
.Liu, C.; Yang, D.; Jin, Q.; Zhang, L.; Liu, M. Adv. Mater. 2016, 28,
1644-1649. doi:10.1002/adma.201504883
22.Qin, L.; Duan, P.; Xie, F.; Zhang, L.; Liu, M. Chem. Commun. 2013, 49,
10823-10825. doi:10.1039/c3cc47004k
23.Shen, Z.; Wang, T.; Liu, M. Chem. Commun. 2014, 50, 2096-2099.
doi:10.1039/c3cc48350a
24.Wang, X.; Duan, P.; Liu, M. Chem. Commun. 2012, 48, 7501-7503.
doi:10.1039/c2cc33246a

1

-

2

=

Beilstein J. Org. Chem. 2018, 14, 1994-2001.

25.Li, Y.; Wang, T.; Liu, M. Soft Matter 2007, 3, 1312—-1317.
doi:10.1039/b710165a

26. Xie, F.; Qin, L.; Liu, M. Chem. Commun. 2016, 52, 930-933.
doi:10.1039/c5cc08076b

27.Duan, P.; Qin, L.; Zhu, X.; Liu, M. Chem. — Eur. J. 2011, 17,
6389-6395. doi:10.1002/chem.201003049

28.Duan, P.; Liu, M. Phys. Chem. Chem. Phys. 2010, 12, 4383-4389.
doi:10.1039/b923595¢g

29.Zhang, L.; Wang, X.; Wang, T.; Liu, M. Small 2015, 11, 1025-1038.
doi:10.1002/smll.201402075

30.Cao, H.; Jiang, J.; Zhu, X.; Duan, P; Liu, M. Soft Matter 2011, 7,
4654-4660. doi:10.1039/c1sm05219¢e

31.Jin, X.; Jiang, J.; Liu, M. ACS Nano 2016, 10, 11179-11186.
doi:10.1021/acsnano.6b06233

32.Yang, D.; Zhang, L.; Yin, L.; Zhao, Y.; Zhang, W.; Liu, M. Soft Matter
2017, 13, 6129-6136. doi:10.1039/c7sm00935f

33.Ji, L,; Ouyang, G.; Liu, M. Langmuir 2017, 33, 12419-12426.
doi:10.1021/acs.langmuir.7b02285

34. Xie, F.; Ouyang, G.; Qin, L.; Liu, M. Chem. — Eur. J. 2016, 22,
18208-18214. doi:10.1002/chem.201603998

35.Liu, Z.-X.; Feng, Y.; Yan, Z.-C.; He, Y.-M,; Liu, C.-Y.; Fan, Q.-H.
Chem. Mater. 2012, 24, 3751-3757. doi:10.1021/cm302318b

36.Zhu, X.; Li, Y.; Duan, P.; Liu, M. Chem. — Eur. J. 2010, 16, 8034-8040.
doi:10.1002/chem.201000595

37.Jung, S. H.; Jeon, J.; Kim, H.; Jaworski, J.; Jung, J. H.
J. Am. Chem. Soc. 2014, 136, 6446-6452. doi:10.1021/ja5018199

38.Cao, H.; Yuan, Q.; Zhu, X.; Zhao, Y.-P.; Liu, M. Langmuir 2012, 28,
15410-15417. doi:10.1021/1a303263g

39.Wang, Y.; Xu, J.; Wang, Y.; Chen, H. Chem. Soc. Rev. 2013, 42,
2930-2962. doi:10.1039/c2cs35332f

40.Niu, D.; Ji, L.; Ouyang, G.; Liu, M. Chem. Commun. 2018, 54,
1137-1140. doi:10.1039/c7cc09049h

41.Cao, H.; Zhu, X.; Liu, M. Angew. Chem., Int. Ed. 2013, 52, 4122—-4126.
doi:10.1002/anie.201300444

42.Miao, W.; Wang, S.; Liu, M. Adv. Funct. Mater. 2017, 27, 1701368.
doi:10.1002/adfm.201701368

43.Wang, Q.; Cheng, M,; Jiang, J.-L.; Wang, L.-Y. Chin. Chem. Lett. 2017,
28, 793-797. doi:10.1016/j.cclet.2017.02.008

44.Li, Q.; Liu, C.; Wen, J.; Wu, Y.; Shan, Y.; Liao, J. Chin. Chem. Lett.
2017, 28, 1857—-1874. doi:10.1016/j.cclet.2017.05.007

45. Keizer, H. M.; Sijbesma, R. P.; Meijer, E. W. Eur. J. Org. Chem. 2004,
2553-2555. doi:10.1002/ejoc.200300752

2000


https://orcid.org/0000-0002-8679-4491
https://doi.org/10.1021%2Fcr400195e
https://doi.org/10.1021%2Far500033n
https://doi.org/10.1021%2Fjacs.5b12986
https://doi.org/10.1002%2Fadma.201305422
https://doi.org/10.1016%2Fj.cclet.2017.11.045
https://doi.org/10.1039%2Fc3cc46297h
https://doi.org/10.1002%2Fadom.201500694
https://doi.org/10.1039%2Fc3cc48491b
https://doi.org/10.1021%2Fla100644s
https://doi.org/10.1021%2Facs.jpcb.7b12234
https://doi.org/10.1021%2Fjacs.5b06300
https://doi.org/10.1021%2Fja027110l
https://doi.org/10.1002%2Fasia.201301518
https://doi.org/10.1021%2Facs.langmuir.6b01059
https://doi.org/10.1021%2Fla048334f
https://doi.org/10.1021%2Fjp110636b
https://doi.org/10.1021%2Fjacs.5b11580
https://doi.org/10.1021%2Facsnano.7b06484
https://doi.org/10.1002%2Fadma.201504883
https://doi.org/10.1039%2Fc3cc47004k
https://doi.org/10.1039%2Fc3cc48350a
https://doi.org/10.1039%2Fc2cc33246a
https://doi.org/10.1039%2Fb710165a
https://doi.org/10.1039%2Fc5cc08076b
https://doi.org/10.1002%2Fchem.201003049
https://doi.org/10.1039%2Fb923595g
https://doi.org/10.1002%2Fsmll.201402075
https://doi.org/10.1039%2Fc1sm05219e
https://doi.org/10.1021%2Facsnano.6b06233
https://doi.org/10.1039%2Fc7sm00935f
https://doi.org/10.1021%2Facs.langmuir.7b02285
https://doi.org/10.1002%2Fchem.201603998
https://doi.org/10.1021%2Fcm302318b
https://doi.org/10.1002%2Fchem.201000595
https://doi.org/10.1021%2Fja5018199
https://doi.org/10.1021%2Fla303263g
https://doi.org/10.1039%2Fc2cs35332f
https://doi.org/10.1039%2Fc7cc09049h
https://doi.org/10.1002%2Fanie.201300444
https://doi.org/10.1002%2Fadfm.201701368
https://doi.org/10.1016%2Fj.cclet.2017.02.008
https://doi.org/10.1016%2Fj.cclet.2017.05.007
https://doi.org/10.1002%2Fejoc.200300752

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular
requires that the authors and source are credited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(https://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.14.174

Beilstein J. Org. Chem. 2018, 14, 1994-2001.

2001


http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.14.174

(J BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Coordination-driven self-assembly vs dynamic covalent
chemistry: versatile methods for the synthesis of
molecular metallarectangles

Li-Li Mat', Jia-Qin Han*'-2, Wei-Guo Jia? and Ying-Feng Han™"

Full Research Paper

Address: Beilstein J. Org. Chem. 2018, 14, 2027-2034.
Key Laboratory of Synthetic and Natural Functional Molecule doi:10.3762/bjoc.14.178
Chemistry, College of Chemistry and Materials Science, Northwest
University, Xi'an 710127, China and 2College of Chemistry and Received: 01 June 2018
Materials Science, The Key Laboratory of Functional Molecular Accepted: 19 July 2018
Solids, Ministry of Education, Anhui Normal University, Wuhu 241002, Published: 03 August 2018
China
This article is part of the thematic issue "Macrocyclic and supramolecular
Email: chemistry".
Wei-Guo Jia" - wgjiasy@mail.ahnu.edu.cn; Ying-Feng Han” -
yfhan@nwu.edu.cn Guest Editor: M.-X. Wang
* Corresponding author 1 Equal contributors © 2018 Ma et al.; licensee Beilstein-Institut.

License and terms: see end of document.
Keywords:
coordination-driven self-assembly; dynamic covalent chemistry;
half-sandwich rhodium complex; metallarectangles; one-pot reaction;
supramolecular chemistry

Abstract

Supramolecular coordination assemblies have a range of potential applications in chemical and biological sciences. Herein, simple
modular methods for the synthesis of metallarectangles are described. The desired tetranuclear metallarectangles were synthesized
by using coordination-driven self-assembly of half-sandwich rhodium-based organometallic clip units and organic ligands. The
reaction of such an organometallic clip with 4-formylpyridine provided a dinuclear molecular tweezer with pendant aldehyde
groups, and subsequent [4 + 4] condensation reactions with diamines provides another route to the target metallarectangles in good
yields. The same assemblies can also be easily isolated in one-pot procedures by mixing the organometallic clip, diamines and
4-formylpyridine.

Introduction

Over the past two decades, supramolecular structures with  host—guest chemistry and others [1-17]. Through the use of a
organometallic half-sandwich fragments have attracted much range of diverse functional ligands, the coordination-driven
attention, including metallarectangles, metallacages and self-assembly has been proven to be a powerful tool to construct
Borromean-type rings. Moreover, many of these structures have  supramolecular architectures with controlled shapes and sizes
been utilized for various applications, such as catalysts, [18-30]. Using this strategy, a host of exciting supramolecular
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structures have been constructed by using two elaborately de-
signed building blocks, such as dinuclear half-sandwich molec-
ular clips and appropriate pyridyl ligands. The sizes and struc-
tures of the obtained molecular rectangles, cages or rings can be
casily tuned by adjusting the length and shape of the bridging
ligands and molecular clips. We and others have reported a
suite of [2 + 2] tetranuclear metallarectangles, each formed
using dinuclear molecular clips and pyridyl-based donor ligands
[6-9,31-36]. The introduction of dynamic covalent bonds (such
as imine C=N bonds), could allow the multicomponent
assembly of such architectures using rather simple precursors,
however, studies along these lines are rare [37]. Thus, the prep-
aration of single and discrete supramolecular architectures via
dynamic covalent bond-driven self-assembly remains chal-
lenging. Severin and co-workers have recently shown that
metallamacrocycles and cages based on half-sandwich rutheni-
um could be obtained in one-pot reactions from simple building
blocks [38,39]. This finding prompted us to investigate whether
condensation reactions between amines and 4-formylpyridine
can be used simultaneously with coordination bond formation to
construct metallarectangle structures in one-pot reactions,

thereby reducing both waste and the number of reaction steps.

In this work we successfully combine coordination-driven self-
assembly and dynamic covalent chemistry through imine bond
formation between amines and 4-formylpyridine to construct

the desired rectangular tetrarhodium molecular rectangles.

Results and Discussion

The different approaches to the synthesis of tetranuclear molec-
ular rectangles used in this work are shown in Scheme 1. We
and others have used a two-step supramolecular design strategy
for the formation of half-sandwich metal-based metallarect-
angles and metallacages [6-9]. Following this approach, two
self-assembled metallarectangles with different bridging linkers
3a,b were synthesized by utilizing the [Cp*,Rhy(pu-n2-n2-
C704)Cl,] unit as molecular clips (Scheme 1, method A).

Precursor complex 1, which bears two labile triflato ligands was
prepared in situ by chloride abstraction from [Cp*;Rhy(uu-12-n2-
C,04)Cl,] with AgOTH{. Stirring a mixture of 1 and L1 in a 1:1
molar ratio in methanol for 24 h resulted in a homogeneous,
dark-red solution. The 'H NMR spectrum of the obtained solu-
tion displays significant downfield shifts of the pyridyl signals,
consistent with the loss of electron density upon coordination of
the nitrogen atom to the metal centers (Figure 1a,b). Analysis of
the reaction solution using electrospray ionization mass spec-
trometry (ESIMS) showed a signal at m/z = 476.1010, corre-
sponding to a tertracation species of complex 3a. The peak was
isotopically resolved and agrees well with the theoretical

isotopic distribution. In addition, the IR spectrum of the
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rhodium metallarectangle 3a showed a C=N stretching band at
1618 cm™ 1.

The same self-assembly protocol can also be used for the syn-
thesis of metallarectangle 3b. The combination of two labile-
ligand precursor complexes 1 and two pyridyl-based ligands L2
in a 1:1 molar ratio led to the formation of 3b in good yield.
The 'H NMR spectrum of the reaction mixture revealed the for-
mation of a single species. In the "H NMR spectrum of 3b, only
one sharp set of characteristic peaks was found. Again, signifi-
cant downfield shifts of the pyridyl proton signals were ob-
served, indicating the efficient self-assembly of the rhodium-
based assembly (Figure 2a,b). Clear evidence for the formation
of a discrete tetranuclear organometallic product was obtained
from ESI mass spectrometry. Similar to that observed in com-
plex 3a, a peak at m/z = 450.0868 was observed, which is attrib-
utable to [3b — 40Tf]*", and its isotopic pattern is in good
agreement with the theoretical distribution (Figure 3, right). The
absorption band at 1620 cm™! in the IR spectrum indicated the

existence of an imine group.

The geometries of the metallarectangles 3a and 3b were ex-
pected to be similar, as they comprise two oxalate-bridged half-
sandwich rhodium fragments linked by two Schiff-base ligands
L1 or L2, giving the desired tetranuclear metallarectangles. In
order to test the possibility of using dynamic covalent chem-
istry to assemble these metallarectangles, we attempted a further
method (Scheme 1, method B) to synthesize these assemblies.
As shown in Scheme 1, a dinuclear molecular tweezer complex
2 bearing two pendant aldehyde groups can be formed from the
labile ligand complex 1 and 4-formylpyridine, and subsequent
reaction with diamines would potentially give tetranuclear
metallarectangles. When equimolar amounts of either trans-
4,4'-stilbenediamine or 1,5-diaminonaphthalene were added to
methanol solutions of complex 2, and allowed to react for 24 h
at room temperature, the formation of tetranuclear [4 + 4] con-
densation products 3a (Figure 1c¢) and 3b (Figure 2c) was
observed, respectively. Complexes 3a and 3b were isolated
in good yields, and their structures were confirmed by
'H NMR spectroscopy and ESI mass spectrometry.

After establishing that the condensation reaction of 2 with
amines is an efficient method to form metallarectangles, we
sought to test the possibility of forming the desired assemblies
in a one-pot reaction, i.e., the combination of coordination-
driven and dynamic covalent self-assembly strategies
(Scheme 1, method C) [33]. When a mixture of the labile ligand
complex 1, trans-4,4'-stilbenediamine and 4-formylpyridine in a
1:1:1 molar ratio in methanol was allowed to react for 24 h at
room temperature, the clear, quantitative formation of complex

3a was revealed by NMR spectrometry (Figure le). The analo-
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Scheme 1: Synthesis of half-sandwich rhodium metallarectangles via three different methods. Method A: coordination-driven self-assembly of
organometallic clips and organic ligands; method B: [4 + 4] condensation reactions of half-sandwich rhodium-based dialdehyde complexes with

diamines; method C: assembly of metallarectangles with organometallic clip, diamines and 4-formylpyridine in a one-pot procedure.

gous one-pot construction of 3b was also successful (Figure 2e).  Since attempts to obtain X-ray quality single crystals of the
target metallarectangles were unsuccessful, molecular simula-

Notably, the isolated yields of the metallarectangles are higher
tions were performed to gain further insight into the

than the overall yields of the two-step method.
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Figure 1: Partial "H NMR spectra (400 MHz, DMSO-dg, ppm) of (a) L1; (b) the sample of metallarectagle 3a obtained by coordination-driven self-
assembly of organometallic clip 1 and L1 (method A); (c) the sample of metallarectagle 3a obtained through [4 + 4] condensation reactions of half-
sandwich rhodium-based dialdehyde complex 2 with trans-4,4'-stilbenediamine (method B); (d) half-sandwich rhodium-based dialdehyde 2;
(e) the product of self-assembly of organometallic clip 1, trans-4,4'-stilbenediamine and 4-formylpyridine in a one-pot procedure (method C).
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Figure 2: Partial "H NMR spectra (400 MHz, DMSO-dg, ppm) of (a) L2; (b) a sample of metallarectangle 3b obtained by coordination-driven self-
assembly of organometallic clip 1 and L2 (method A); (c) a sample of metallarectangle 3b obtained by [4 + 4] condensation reactions of half-sand-
wich rhodium-based dialdehyde complex 2 with 1,5-diaminonaphthalene (method B); (d) half-sandwich rhodium-based dialdehyde 2; (e) the product
of assembly of organometallic clip 1, 1,5-diaminonaphthalene and 4-formylpyridine in a one-pot procedure (method C).

structures of the assemblies 3a and 3b. The optimized struc- Conclusion

tures of each assembly featured a similar rectangular metalla- In summary, a modular protocol for the synthesis of metalla-
cyclic macrocycle structure (Figure 4). The sizes of the assem-  rectangles is described. The desired tetranuclear metallarect-
bled structures were estimated to be 26.3 x 5.6 A (3a) and angles can be obtained via three different approaches:
20.1 x 5.6 A (3b). 1) exploiting the coordination-driven self-assembly of half-
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Figure 3: Calculated (bottom) and experimental (top) ESI-MS spectra of the tetracationic half-sandwich rhodium metallarectangles [3a — 40Tf]** (left)

and [3b — 40Tf]** (right).

Figure 4: Optimized structures of the charged metallarectangles 3a (top) and 3b (bottom), optimized with the molecular mechanics force field. The
graphics were produced using the Diamond software package. Colors: C, gray; O, red; N, blue; rhodium, green (hydrogen atoms have been removed

for clarity).

sandwich rhodium-based organometallic clips and organic
ligands, 2) [4 + 4] condensation reactions of diamines with
dinuclear molecular tweezer complex bearing pendant alde-
hyde groups, and 3) a sample one-pot procedure involving
mixing the organometallic clips, diamines and 4-formylpyri-
dine. Our results thus present versatile and efficient approaches
to the synthesis of molecular metallarectangles with intricate
topologies. The methods shown here are potentially useful for
the synthesis of functional molecular metallacages, and the ex-

perimental efforts in this direction are currently underway.

Experimental

Materials and methods

All manipulations were performed under an atmosphere of
nitrogen using standard Schlenk techniques. Commercial grade
solvents and reagents were used without further purification.
[Cp*;Rhy(p-12-12-C,04)Cly] [25], trans-4,4'-stilbenediamine
[40] and L2 [41] were prepared according to literature proce-
dures. Methanol was purified by standard methods prior to use.
NMR (400 MHz) spectra were obtained on a Bruker AVANCE
III spectrometer. IR spectra of the solid samples (KBr tablets)
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were recorded on a Bruker EQUINOX-55 (TENSOR27) IR
spectrometer. Mass spectra were obtained with UltiMate3000

spectrometers.

General procedure for the synthesis of L1

and L2

L1: To 4-formylpyridine (195 mg, 1.82 mmol) in dry CH3;0H
(20 mL) was added trans-4,4'-stilbenediamine (191 mg,
0.91 mmol) at room temperature. The mixture was stirred at
room temperature for 24 h and then filtered. The resulting
yellow solid was washed with methanol (2 x 5 mL) and diethyl
ether (2 x 5 mL) to give L1 (318 mg, 90%). 'H NMR
(400 MHz, DMSO-dg, ppm) & 8.77 (s, 2H, -NCH-), 8.76 (d, J =
6.0 Hz, 4H), 7.87 (d, J = 6.0 Hz, 4H), 7.72 (d, J = 8.4 Hz, 4H),
7.41 (d, J = 8.4 Hz, 4H), 7.36 (s, 2H, -CH=CH-);
IR (KBr, cm™1): 3419 (m), 1597 (s), 1411 (m), 962 (m), 831 (s),
632 (m), 561 (s).

L2: A modified synthetic procedure adapted from literature
methods [33] was used. To 4-formylpyridine (215 mg,
2.0 mmol) in dry CH3OH (20 mL) was added 1,5-diaminonaph-
thalene (160 mg, 1.0 mmol) at room temperature. The mixture
was stirred at room temperature for 24 h and then filtered. The
resulting yellow solid was washed with diethyl ether (2 x 3 mL)
and crystallized from CH,Cly/hexane (1:1) to give L2 (220 mg,
65%). 'H NMR (400 MHz, DMSO-dg, ppm) & 8.83 (s, 2H,
-NCH-), 8.82 (d, J= 6.0 Hz, 4H), 8.26 (d, J= 8.4 Hz, 2H), 8.01
(d, J = 6.0 Hz, 4H), 7.62 (t, 2H), 7.40 (d, J = 7.2 Hz, 2H);
IR (KBr, cm™1): 3024 (w), 1624 (s), 1597 (s), 1404 (s), 1317
(s), 1232 (s), 925 (s), 790 (s), 652 (m).

Synthesis of complex 2

[Cp 2Rh(k-n2-n?-C204)(4-CHOPY),](OTf),
AgOTf (36 mg, 0.14 mmol) was added to a solution of
[Cp™yRhy(p-1n2-12-C,04)Cl,] (45 mg, 0.07 mmol) in CH;0H
(15 mL) at room temperature and the mixture was stirred for
1 h, followed by filtration to remove insoluble materials. Then
4-formylpyridine (16 mg, 0.14 mmol) was added to the filtrate
and the mixture was stirred for 24 h. The volume was reduced
to 3 mL in vacuo. Upon the addition of diethyl ether, a light-
yellow solid was precipitated and washed with diethyl ether
(3 x 3 mL) and dried under vacuum (60 mg, 80%).'H NMR
(400 MHz, DMSO-dg, ppm) 6 10.09 (s, 2H, -CHO), 8.89 (d, J =
5.0 Hz, 4H), 7.82 (d, J = 5.0 Hz, 4H), 1.55 (s, 30H,
Cp*-H); HRMS-ESI (m/z): [2 — 20Tf]?>* calcd for
C34H40012N2F652Rh2, 390.0571; found, 390.0541.

Synthesis of [Cp*4Rh4(u-n%-n?-
C204)2(L1)2)(OTf)4 (3a)

Method A: AgOTf (36 mg, 0.14 mmol) was added to a solu-
tion of [Cp*thz(p-nz-nz—C204)C12] (45 mg, 0.07 mmol) in
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CH3O0H (30 mL) at room temperature and the mixture was
stirred for 1 h, followed by filtration to remove insoluble mate-
rials. Then a solution of L1 (27 mg, 0.07 mmol) in 15 mL
CHCI; was added dropwise to the filtrate. The mixture was
stirred at room temperature for 24 h to give a deep red solution.
The volume was reduced to 3 mL in vacuo. Upon the addition
of diethyl ether, a black-red solid was precipitated and
washed with CHCI3 (2 x 3 mL) and dried under vacuum
(61 mg, 70%). 'H NMR (400 MHz, DMSO-dg, ppm) & 8.64
(s, 4H, -NCH-), 8.18 (d, J = 6.0 Hz, 8H), 7.81 (d, J = 6.4 Hz,
8H), 7.36 (d, J = 8.8 Hz, 8H), 7.12 (d, J = 6.0 Hz, 8H), 7.09
(s, 4H), 1.57 (s, 60H, Cp*-H). HRMS-ESI (m/z): [3a — 40Tf]**
calcd for C100H100020N8F1284Rh4, 476.0966; found, 476.0986.

Method B: trans-4,4'-Stilbenediamine (14 mg, 0.07 mmol) was
added to a solution of 2 (76 mg, 0.07 mmol) in CH30H (15 mL)
at room temperature and the mixture was stirred for 24 h to give
a deep red solution. Upon the addition of diethyl ether, a black-
red solid was precipitated and washed with diethyl ether
(3 x 3 mL) and dried under vacuum (63 mg, 72%). HRMS-ESI
(m/z): [33 - 40Tf]4+ calcd for C100H100020N8F12S4Rh4,
476.0966; found, 476.0963.

Method C: AgOTf (36 mg, 0.14 mmol) was added to a solu-
tion of [Cp”sRha(p-72-#2-C,04)Cl5] (45 mg, 0.07 mmol) in
CH30H (10 mL) at room temperature and the mixture was
stirred for 1 h, followed by filtration to remove insoluble mate-
rials. Then trans-4,4'-stilbenediamine (15 mg, 0.07 mmol) was
added to the filtrate. A solution of 4-formylpyridine (15 mg,
0.14 mmol) in 7 mL CHCI; was then added dropwise to the
mixture and stirred for 24 h. The solvent was concentrated to
about 3 mL. Diethyl ether was then added, and a black-red solid
precipitated, which was washed with diethyl ether (3 % 3 mL)
and chloroform (2 x 3 mL) and dried under vacuum
(66 mg, 75%). HRMS-ESI (m/z): [3a — 40Tf]*" calcd for
C100H100020N8F1284Rh4, 476.0966; found, 476.1010.

Synthesis of [Cp*sRhy(p-n%-n?-
C204)2(L2)2](OTf)4 (3b)

Method A: AgOTf (36 mg, 0.14 mmol) was added to a solu-
tion of [Cp”,Rhy(p-n2-n2-C204)Cl,] (45 mg, 0.07 mmol) in
CH;O0H (15 mL) at room temperature and the mixture was
stirred for 1 h, followed by filtration to remove insoluble mate-
rials. Then a solution of L2 (24 mg, 0.07 mmol) in 7 mL CHClj
was added dropwise to the filtrate. The mixture was stirred at
room temperature for 24 h and filtered. The resulting yellow
solid was washed with chloroform (2 X 3 mL) and dried under
vacuum (61 mg, 70%). "H NMR (400 MHz, DMSO-dj, ppm) &
8.74 (s, 4H, -NCH-), 8.25 (d, J = 6.0 Hz, 8H), 7.98 (d, J =
6.0 Hz, 8H), 7.87 (d, J = 8.8 Hz, 4H), 7.13 (t, 4H), 7.05 (d, J =
6.8 Hz, 4H), 1.59 (s, 60H, Cp*-H); HRMS-ESI (m/z):
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[3b - 40TfJ4Jr calcd for C92H92020N8F1284Rh4, 450.0809;
found, 450.0873.

Method B: 1,5-Diaminonaphthalene (11 mg, 0.07 mmol) was
added to a solution of 2 (76 mg, 0.07 mmol) in CH30H (20 mL)
at room temperature and the mixture was stirred for 24 h to give
a deep red solution. The volume was reduced to 3 mL in vacuo.
Upon addition of diethyl ether, a yellow solid precipitated,
which was washed with diethyl ether (3 x 5 mL) and dried
under vacuum (61 mg, 73%). HRMS—-ESI (m/z): [3b — 40Tf]**
caled for CooHgyO29NgF12S4Rhy, 450.0809; found, 450.0807.

Method C: AgOTf (36 mg, 0.14 mmol) was added to a solu-
tion of [Cp*,Rhy(u-n2-n2-C204)Cl,] (45 mg, 0.07 mmol) in
CH30H (15 mL) at room temperature and the mixture was
stirred for 1 h, followed by filtration to remove insoluble mate-
rials. Then, 1,5-diaminonaphthalene (11 mg, 0.07mmol) was
added to the filtrate. A solution of 4-formylpyridine (15 mg,
0.14 mmol) in 7 mL CHCl3 was added dropwise to the mixture
and stirred for 24 h. A yellow solid precipitated, which was
washed with chloroform (2 X 3 mL) and dried under vacuum
(60 mg, 72%). HRMS—-ESI (m/z): [3b — 40Tf]** calcd for
CgpHgr0,9NgF12S4Rhy, 450.0809; found, 450.0868.
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A novel functional [2]rotaxane containing two alkenyl bonds was designed, synthesized and characterized by 'H, 13C NMR spec-

troscopy and HRESI mass spectrometry. The introduction of alkenyl bonds endowed the [2]rotaxane a fascinating ability to react

with versatile functional groups such as alkenyl and thiol functional groups. The reversible shuttling movement of the macrocycle

between two different recognition sites on the molecular thread can be driven by external acid and base. This kind of rotaxane bear-

ing functional groups provides a powerful platform for preparing stimuli-responsive polymers.

Introduction

Along with the development of supramolecular chemistry,
much attention has been paid to the design and synthesis of
novel and complicated mechanical interlocked molecules
(MIMs) [1-7]. During the past years, a large number of differ-
ent MIMs has been constructed, such as handcuff catenane [8],
molecular elevators [9,10], molecular muscles [11,12], trefoil
necklace [13-15], molecular walkers [16-18] and molecular
pumps [19,20]. Combining the stimuli-responsive microscopic
units with traditional materials to achieve morphological
changes or other novel properties in smart materials is continu-
ously receiving wide attention. Hence, in recent years, scien-
tists have put more interests on the macroscopic changes caused

by the stimuli-responsiveness of constituent units, which act as

important precursors for constructing stimuli-responsive supra-

molecular materials [21,22].

Rotaxanes [23-31], as one of the most important MIMs, have
been deeply investigated because of their excellent properties
and convenient synthesis. By introducing various functional
groups, such kind of MIMs has been used to construct stimuli-
responsive materials, which diversified and improved the func-
tions of traditional polymers. Up to now, the repertoire of avail-
able functional rotaxanes as building blocks for the fabrication
of stimuli-responsive polymers remains limited because of the
fact that the induction of active and functional groups make the

preparation of rotaxanes more difficult and complicated. There-
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fore, it is urgent to enrich both the family of stimuli-responsive
units and the methods for constructing this kind of smart materi-

als.

In this paper, we report the design, synthesis, characterization
and shuttling motion of a [2]rotaxane R1, which is modified
with two naked alkenyl bonds. In this [2]rotaxane, a functional
dibenzo-24-crown-8 (DB24C8) macrocycle is interlocked with
an flexible chain and could perform reversible shuttling be-
tween two different recognition sites under the stimuli of
external acid and base. The alkenyl bonds were chosen as the
functional group due to their considerable stability during the
synthesis and remarkable reaction activity. The latter indicates
the ability of reacting with different functional groups such as
alkenyl bonds in the presence of Grubbs’ catalyst and thiol
groups irradiated by UV light. Besides, the shuttling movement
of the DB24C8 macrocyclic ring was confirmed by "H NMR
spectroscopy.

1
OCH3C1H23
C12H250

CigHas0
127728 o) 3 H 5 6 7 8

R1

3\/\/ acid 1 Lbase

N=N
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Results and Discussion

The structures of the two states of [2]rotaxane R1 are shown in
Scheme 1. In the target structure [2]rotaxane R1, the DB24C8
macrocycle is functionalized with an alkenyl unit on one of the
benzene groups. Two distinguishable recognition sites, a diben-
zylammonium (DBA) and an amide binding site, are intro-
duced to the axle and linked with a long alkyl chain. The amide
moiety could act as another combining station when the DBA
site is deprotonated by external base. Besides, in the structure,
one side of the chain is terminated by a bulky stopper bearing
three long alkyl chains to prevent the macrocyclic moiety from
slipping out the thread. Meanwhile, the long alkyl chains make
it easy to form gels when the alkenyl units are reacted to
generate polymers. On the other side, a naked alkenyl bond is
introduced in the para position of the aromatic stopper. In the
presence of external acid—base stimuli, the macrocyclic ring
could be driven back and forth along the linear thread. Depro-
tonation of the DBA site by base makes the DB24C8 moiety

Q 7
e
e (0] ¢}
d
[
TN
11 12./0 [i3 14 |

o N=N 10 ‘ N ©
H 4 N= 9 { - 16 18
N Ao~ NI O™ /QONHZ )\@ O
\)J\N \)\/ 0O o o) \n/\/\

PFe

o
N
,——\/\/\/l\]\)\/o\/\/\/\/\/\o/@/\H/\Q:o/\/\/\/o\n/\/\

Scheme 1: Chemical structures and acid-base stimuli responsiveness of target [2]rotaxane R1 and deprotonated [2]rotaxane R1-1.
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slide to the amide station and the macrocycle could move back
to the DBA recognition site when acid was added (Scheme 1).

The synthesis routes of the target compound [2]rotaxane R1 are
shown in Scheme 2. Compounds 1 [32], 2 [33], 6 [34], 7 [35]
and functional crown ether 9 [36] were synthesized according to
the previous literature. The key intermediate compound 5, con-
taining a prior DBA recognition station and possessing alkynyl
and ethylenic groups at two terminals respectively, was pre-
pared from aldehyde 1 and amine 2. A “Schiff base” reaction
was introduced at first and treated with NaBHy4, protected by
di-tert-butyl pyrocarbonate to get compound 3. The esterifica-
tion reaction was carried out subsequently between hydroxy
compound 3 and allylacetic acid to afford compound 4, which
was further reacted with CF3COOH and followed by the anion
exchange in the methyl alcohol with saturated NH4PFg solution
to obtain compound 5. For another key intermediate 8, contain-
ing an amide site for stabilizing the DB24C8 macrocycle, a
1,2,3-tris(dodecyloxy) benzene group as a stopper and an azide

|
©) CHO
: HzN/\©\
HOMO + OMO/\
2N

1 2

|
o o ﬁ/\@\
\/\)I\O/wo 72 O/\(\/)/s\o/\
o. PFe
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group which is used for the reaction with other moieties, was
prepared through the amide reaction between compound 6 and
6-azidohexan-1-amine in the presence of 2-chloro-4,6-
dimethoxy-1,3,5-triazine and N-methylmorpholine. Finally, the
classical and effective “Click” reaction was used to produce the
target compound [2]rotaxane R1. The crown ether 9 and diben-
zylammonium ion (R,NH,") containing intermediate com-
pound 5 were assembled in dichloromethane through host—guest
interaction and capped with compound 8 under Cu(I)-catalyzed
azide—alkyne cycloaddition to get the final [2]rotaxane with two
distinguishable recognition sites.

The target [2]rotaxane R1 was then characterized by 'H NMR
spectroscopy and high-resolution electrospray ionization
(HRESI) mass spectrometry. The HRESI mass spectra of
[2]rotaxane R1 showed a major peak at m/z 2083.3862, corre-
sponding to the species of R1 losing one PF¢ ™ anion, i.e.,
[M — PFs ]". The "H NMR spectrum also fitted the R1 struc-
ture well and reveals that the DB24C8 macrocycle 9 prefers

HOMOJQ/\B(?()\OMO/\

allylacetic acid
DMAP, EDCI, DCM| 88%

1. CF3COOH,
DCM n
-~ \/\)J\OMOJQ/\BOC OMO/\
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CH3OH

80%

5
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Scheme 2: Syntheses of key intermediates 5, 8 and target [2]rotaxane R1.
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encompassing the DBA recognition site. Comparing the
'H NMR spectrum of the rotaxane product R1 with the reac-
tants 8 and S (Figure 1), the resonances of protons H5 and H7
were both shifted downfield (Adys =
Ady7 = 0.51 ppm) while a new peak appeared at 7.56 ppm. This

1.09 ppm and

new peak corresponds to H6 coming from the alkynyl-azide
cycloaddition. Meanwhile, the signal of H12 and H13 split into
two signals and underwent downfield shifts (Adygj, = 0.73 ppm
and Ady3 = 0.87 ppm) while those of H11 and H10 moved
upfield (Adyq; = —0.08 ppm and Adyjp = —0.20 ppm). Never-
theless, there were no obvious changes in protons of H3, H4
and H2, indicating that the macrocycle stayed at the DBA
recognition site. These results were consistent with the previous
literature report by our group [37]. All the evidences discussed
above demonstrate that the axle compound successfully
threaded into the macrocycle and consequently formed the
target [2]rotaxane R1.

The reversible shuttling motion of the functional DB24C8
macrocycle between the two different recognition sites on the
axle was also confirmed by the 'H NMR spectroscopy. After
addition of 2 equivl,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU)
to [2]rotaxane R1 in CDCI;3 to deprotonate the ammonium

Beilstein J. Org. Chem. 2018, 14, 2074-2081.

moiety, the DB24C8 macrocycle moved to the amide station.
As shown in Figure 2, the protons H12, H13 shifted upfield
(Ady12 =—0.99 ppm and Ady3 = —0.75 ppm) and incorporated
into one signal peak from two while the H11 and H10 shifted
slightly downfield (Adyq; = 0.05 ppm and Ad;y = 0.19 ppm)
due to the deprotonation of the R,NH," and the migration of
macrocycle. At the same time, the peaks for the protons around
the amide site changed, for H4, H5, H6 with Ady4 = —0.26 ppm,
Adys =—0.14 ppm and Adyg = —0.09 ppm, respectively and Hj
with a Ady3 = 0.51 ppm due to the association with the
DB24C8 macrocycle through hydrogen bonding. All the evi-
dences reveal that the functionalized macrocycle migrated from
the DBA recognition site to the amide station when an external
base was added to the solution of rotaxane R1. Then, 3 equiv
trifluoroacetic acid were added to reprotonate the -NH- moiety,
the 'H NMR spectrum restored to the initial state, showing that
the macrocyclic compound 9 moved back to the DBA recogni-
tion site. Therefore, the reversible shuttling movement of
DB24C8 moiety along the thread between two recognition sites

driven by acid-base stimuli has been confirmed.

To further demonstrate the binding mode of the functional
macrocycle with the axle, 2D ROESY NMR spectra of rotaxane

OCq2H2s ~
C Cy2H250 o Sso
H
N A~ N S
C12H250 \)]\u 3 S ~
o
L aN L

8 76 74 72 70 68 66 64 62 60 58 5,6“(54)5,2 50 48 46 44 42 40 38 36 34 32
ppm

Figure 1: Partial "H NMR spectra (400 MHz, CDCl3, 298 K). (a) Compound 5, (b) target [2]rotaxane R1, (c) azide compound 8.
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76 74 72 70 68 66 64 62 60 58 56 ?1.4( 5.)2 50 48 46 44 42 40 38 36 34 32 3.0
ppm

Figure 2: Partial "H NMR spectra (400 MHz, CDCl3, 298 K). (a) [2]Rotaxane R1, (b) deprotonation by the addition of 2.0 equiv of DBU to (a),
(c) reprotonation with addition of 3.0 equiv of TFA to (b).

R1 before and after the deprotonation in CDCl3 were obtained.
As shown in Figure 3a, the cross-peaks of phenyl protons H10
(peak A), H14 (peak B), H11 (peak C) (around the DBA recog-
nition site) and methylene protons on the functional crown ether
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indicate that the DB24C8 macrocycle was located on the DBA
site, corresponding to the structure of [2]rotaxane R1. After ad-
dition of 2 equiv DBU to the solution of R1, the NOE correla-
tions between the phenyl proton H2 (peak D) near the amide
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Figure 3: Partial 2D ROESY NMR spectra (500 MHz, CDCl3, 298 K). (a) [2]Rotaxane R1, (b) deprotonation with addition of 2.0 equiv of DBU to (a).
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station, H5 (peak E) on the thread and methylene proton on
DB24CS8 could be observed (see Figure 3b), illustrating the po-
sition of the DB24CS8 ring on the amide recognition site.

Conclusion

In summary, a novel functional [2]rotaxane R1 with two
alkenyl bonds on the DB24C8 macrocycle and axle, respective-
ly, was prepared and well characterized. The shuttling move-
ment of the functionalized DB24C8 macrocycle between the
DBA recognition site and amide moiety could be realized by
stimuli of external acid-base and was investigated by 'H NMR
and 2D ROESY NMR spectroscopy. The naked alkenyl groups
could react with other functional groups such as alkenyl and
thiol groups to prepare stimuli-responsive polymers. Besides,
the introduction of long alkyl chains makes the polymers easier
to form gels. This kind of functional rotaxane enriches the
species of building blocks to construct stimuli-responsive poly-
mers and smart materials.

Experimental

General and materials

'H NMR and '3C NMR spectra were measured on a Bruker
AV-400 spectrometer. The electronic spray ionization (ESI)
mass spectra were tested on a LCT Premier XE mass spectro-
meter.

Chemicals were used as received from Acros, Aldrich, Fluka, or
Merck. All solvents were reagent grade, which were dried and
distilled prior to use according to standard procedures. The mo-
lecular structures were confirmed via 'H NMR, !3C NMR and
high-resolution ESI mass spectroscopy. The synthesis of com-
pound 1, 2, 6, 7, 9 have already been reported.

Synthesis

Compound 8: The mixture of compound 6 (5.0 g, 6.83 mmol),
compound 7 (2.9 g, 20.49 mmol) and 2-chloro-4,6-dimethoxy-
1,3,5-triazine (CDMT, 3.6 g, 20.49 mmol) was placed in a
250 mL round-bottom flask and dissolved by 100 mL methy-
lene chloride. Then, N-methylmorpholine (NMM, 3.5 g,
34.15 mmol) was added into the solution slowly under ice bath
cooling. Afterwards, the mixture was stirred at 40 °C for 12 h
under an argon atmosphere. The reaction mixture was cooled to
room temperature, the solution was evaporated under reduced
pressure and the residue was purified via column chromatogra-
phy (SiO,, PE/EA = 3:1) to give compound 8 (4.9 g, 83%) as a
white solid. 'H NMR (CDCl3, 400 MHz, 298 K) & 7.30-7.23
(m, 1H), 7.02 (s, 2H), 6.67—6.65 (m, 1H), 4.28 (d, J= 5.2 Hz,
2H), 4.02-3.93 (m, 6H), 3.31-3.19 (m, 4H), 1.80-1.72 (m, 6H),
1.61-1.49 (m, 4H), 1.48-1.40 (m, 6H), 1.36-1.23 (m, 52H),
0.87 (t, J = 6.8 Hz, 9H); 13C NMR (CDCls, 100 MHz, 298 K)
8 169.2, 167.8, 153.1, 141.3, 128.1, 105.6, 73.5, 69.2, 51.2,

Beilstein J. Org. Chem. 2018, 14, 2074-2081.

44.1,39.5,31.9, 30.2, 29.70, 29.68, 29.66, 29.62, 29.56, 29.39,
29.36, 29.34, 29.31, 28.7, 26.4, 26.3, 26.07, 26.05, 22.7, 14.1;
HRMS-ESI-TOF (m/z): [M + K]* caled for Cs;Hg3NsOsK*,
894.6808; found, 894.6813.

Compound 3: A mixture of 1 (3.0 g, 10.63 mmol) and 2 (4.0 g,
12.75 mmol) in methyl alcohol (100 mL) was refluxed
overnight under a nitrogen atmosphere. After the reaction mix-
ture was cooled to room temperature, NaBHy (1.6 g,
30.5 mmol) was then added to the solution in portions while
colling in an ice bath. After the mixture was stirred overnight,
the solvent was removed under vacuum, and the residue was
extracted by dichloromethane. The organic layer was washed by
brine, dried with Na,;SOy, and then concentrated to give the free
amine compound. To the solution of the amine in dry DCM
(50 mL) was added di-tert-butyldicarbonate (3.5 g,
15.95 mmol) and the mixture was stirred for 5 h at room tem-
perature. Then, the reaction mixture was washed with water,
dried over Na;SO4 and evaporated in vacuo to give a crude
product, which was purified by column chromatography (SiO»,
PE/EA = 2:1) to afford product 3 (4.4 g, 60%) as a yellow oil.
TH NMR (CDCls, 400 MHz, 298 K) & 7.20-7.01 (m, 2H), 6.83
(d, J=8.4 Hz, 2H), 6.37 (d, /= 26.0 Hz, 2H), 4.29 (dd, J=32.8
Hz, J = 18.4 Hz, 4H), 4.12 (s, 2H), 3.97-3.87 (m, 4H), 3.78 (s,
6H), 3.62 (t, J = 6.4 Hz, 2H), 3.49 (t, J = 6.4 Hz, 2H), 2.41 (s,
1H), 1.79-1.70 (m, 4H), 1.61-1.54 (m, 4H), 1.52-1.35 (m,
15H), 1.37-1.27 (m, 10H); 13C NMR (CDCl;, 100 MHz,
298 K) 8 171.2, 158.3, 153.2, 129.6, 129.3, 128.7, 114.3, 104.9,
104.3, 79.9, 74.0, 73.2, 70.2, 67.9, 62.7, 60.3, 57.9, 56.0, 32.6,
29.9, 29.6, 29.30, 29.27, 29.2, 28.4, 26.0, 25.9, 25.5, 25.4;
HRMS-ESI-TOF (m/z): [M + Na]" caled for C49Hg;NOgNa*,
706.4289; found, 706.4295.

Compound 4: To the mixture of compound 3 (2.0 g,
2.92 mmol) and allylacetic acid (0.88 g, 8.77 mmol) in DCM
(50 mL) was added EDCI (2.24 g, 11.68 mmol) and DMAP
(0.36 g, 2.92 mmol) while cooling with an ice bath. After that
the mixture was stirred overnight at room temperature and then
washed the mixture with brine (3 x 50 mL). The organic layer
was dried over anhydrous sodium sulfate. The combined
organic layer was evaporated, and the residue was purified via
column chromatography (SiO,, PE/EA = 15:1) to give com-
pound 4 (1.97 g, 88%) as a yellow oil. 'H NMR (CDCls,
400 MHz, 298 K) 8 7.21-7.03 (m, 2H), 6.84 (d, J = 8.4 Hz,
2H), 6.38 (d, J = 22.8 Hz, 2H), 5.87-5.76 (m, 1H), 5.09—4.95
(m, 2H), 4.29 (dd, J = 32.0 Hz, J= 16.4 Hz, 4H), 4.13 (d, J =
2.4 Hz, 2H), 4.08 (t, J= 6.8 Hz, 2H), 3.94 (t, /= 6.4 Hz, 4H),
3.78 (s, 6H), 3.50 (t, J = 6.8 Hz, 2H), 5.18-2.33 (m, 5H),
1.81-1.70 (m, 4H), 1.68-1.39 (m, 21H), 1.34-1.28 (m, 8H);
I3C NMR (CDCl3, 100 MHz, 298 K) & 173.1, 158.4, 155.9,
153.4,136.7, 129.7, 129.3, 128.7, 115.4, 114.4, 104.9, 104.3,
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80.0, 74.0, 73.1, 70.4, 70.2, 67.9, 64.4, 57.9, 56.0, 33.5, 29.9,
29.4, 29.33, 29.30, 29.2, 28.8, 28.6, 28.4; HRMS-ESI-TOF
(m/z): [M + Na]* calcd for C45Hg7NOgNa*, 788.4708; found,
788.4732.

Compound 5: TFA (1.9 mL, 25.72 mmol) was added to a solu-
tion of the product 4 (1.97 g, 25.72 mmol) in dichloromethane
(50 mL) and the mixture was stirred for 10 h at room tempera-
ture. The organic solvent was evaporated under reduced pres-
sure to get a yellow solid, which was dissolved in MeOH
(50 mL) and 20 mL saturated aqueous solution of NH4PF¢ was
added. After stirring for 5 h at room temperature, the mixture
was diluted with CH,Cl, (100 mL), the organic layer was sepa-
rated and evaporated under reduced pressure to get the crude
product, which was purified by column chromatography (SiO»,
CH,Cl,/MeOH = 50:1) to afford product 5 (1.67 g, 80%) as a
yellow solid. "TH NMR (CDCl3, 400 MHz, 298 K) & 7.26 (d, J =
8.8 Hz, 2H), 6.84 (d, J = 8.8 Hz, 2H), 6.57 (s, 2H), 5.90-5.74
(m, 1H), 5.13-4.89 (m, 2H), 4.13 (d, J = 2.4 Hz, 2H), 4.08 (t,
J=6.8 Hz, 2H), 3.97-3.88 (m, 4H), 3.84 (s, 6H), 3.74 (d, J =
6.0 Hz, 4H), 3.51 (t, J = 6.4 Hz, 2H), 2.48-2.32 (m, 5H),
1.81-1.70 (m, 4H), 1.69-1.55 (m, 4H), 1.53-1.38 (m, 6H),
1.36-1.28 (m, 10H); '3C NMR (CDCl3, 100 MHz, 298 K)
8 173.3, 160.3, 153.4, 136.8, 136.5, 131.4, 125.2, 121.4, 115.4,
115.0, 106.6, 79.9, 74.1, 73.1, 70.2, 68.0, 64.3, 57.9, 56.0, 51.6,
51.2, 33.4, 29.43, 29.38, 29.30, 29.28, 29.1, 28.8, 28.4, 26.0,
25.9,25.5,25.1; HRMS-ESI-TOF (m/z): [M — PF¢ |" calcd for
C40HgoNO7", 666.4364; found, 666.4361.

Compound R1: A mixture of 5 (300 mg, 0.370 mmol) and
crown ether 9 (414 mg, 0.739 mmol) was dissolved in dry
CH,Cl, (10 mL) and stirred for 0.5 h at room temperature. Then
compound 8 (475 mg, 0.555 mmol) and [Cu(CH3CN)4]PFq
(138 mg, 0.370 mmol) were added to the solution. The mixture
was stirred for two days under an argon atmosphere at room
temperature. After removal of the solvent, the residue was puri-
fied via column chromatography (SiO,, CH,Cl,/MeOH = 80:1)
to give compound R1 (495 mg, 60%) as a yellow solid.
TH NMR (CDCls, 400 MHz, 298 K) & 7.61-7.42 (m, 3H), 7.33
(t J=4.8 Hz, 1H), 7.16 (d J = 8.8 Hz, 2H), 7.06 (s, 2H),
6.91-6.83 (m, 3H), 6.82—6.72 (m, 4H), 6.63 (d J = 8.8 Hz, 2H),
6.58-6.45 (m, 3H), 5.87-5.71 (m, 2H), 5.09-4.91 (m, 6H),
4.68-4.53 (m, 4H), 4.51-4.40 (m, 2H), 4.31 (t, J = 7.2 Hz, 2H),
4.13-4.04 (m, 10H), 4.00-3.93 (m, 6H), 3.85-3.70 (m, 12H),
3.56 (s, 6H), 3.53-3.46 (m, 8H), 3.23 (dd, J = 12.8 Hz,
J = 6.8 Hz, 2H), 2.46-2.32 (m, 8H), 2.07-1.99 (m, 2H),
1.92-1.83 (m, 2H), 1.78-1.58 (m, 12H), 1.51-1.36 (m, 14H),
1.31-1.22 (m, 62H), 0.86 (t, J = 6.4 Hz, 9H); 13C NMR
(CDCl3, 100 MHz, 298 K) 6 173.1, 172.8, 169.2, 167.5, 159.8,
153.4, 153.0, 147.3, 147.1, 145.2, 141.0, 137.4, 136.6, 136.5,
130.6, 129.4, 128.3, 127.4, 122.8, 122.5, 121.8, 121.7, 115.5,
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115.4,114.4, 112.8, 112.33, 112.26, 105.7, 105.5, 73.4, 73.2,
70.8, 70.4, 70.1, 70.0, 69.1, 68.1, 68.0, 67.9, 65.8, 64.4, 64.1,
55.9, 52.3, 52.1, 50.0, 43.8, 39.1, 33.5, 33.4, 31.9, 30.3, 29.9,
29.7, 29.64, 29.62, 29.58, 29.53, 29.36, 29.32, 29.30, 29.27,
29.1, 28.9, 28.8, 28.7, 28.5, 26.03, 26.01, 25.9, 25.8, 25.7, 25.6,
25.4,22.6, 14.1; HRMS-ESI-TOF (m/z): [M —PF4]" calcd for
C]21H193N6022+, 2083.4196; found, 2083.3862.

Supporting Information

Supporting Information File 1

IH, 13C NMR spectra and HRESI mass spectra of
compounds 3, 4, 5, 8 and [2]rotaxane R1.
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Some examples of atropoisomeric pseudorotaxanes in which the isomerism arises by the different conformations adopted by the

wheel are reported here. Upon threading hexahexyloxycalix[6]arene 1 with ammonium axles 2* or 3*, bearing biphenyl or trifluoro-

methylbenzyl moieties, respectively, two atropoisomeric pseudorotaxanes were formed in which the calix[6]-wheel 1 adopts the

1,2,3-alternate and cone conformations. The interconversion between them cannot be obtained by simple rotation around the

ArCH,Ar bonds of the calixarene wheel, which is blocked by the presence of the axle inside its cavity. Therefore, it can only be ob-

tained through a mechanism of de-threading/re-threading of the axle. In all the examined cases, the 1,2,3-alternate and cone

atropoisomers are, respectively, the kinetic and the thermodynamic ones.

Introduction

Mechanomolecules [1-4], such as rotaxanes and catenanes show
interesting properties as nanodevices for catalysis [5-8], recog-
nition, and sensing [9-13]. Beyond these ascertained potentiali-
ties, interpenetrated architectures show fascinating structures
that still stimulate the imagination of scientists.

An amazing aspect of rotaxanes and catenanes is their ability
to adopt novel forms of isomerism. More in detail,
(pseudo)rotaxane or catenane architectures can show novel
stereoisomeric forms as a result of the "social" [14] relationship

between their components.

Recently, Goldup’s group assembled a mechanically planar
chiral rotaxane [15,16] (I and I*, Figure 1) consisting of achiral
components. The combination of a macrocycle with rotational
asymmetry and a directional thread with non-equivalent ends is
the cause of chirality in this example (Figure 1). Interestingly,
our group showed that a chiral pseudorotaxane can be gener-
ated upon threading a tertiary ammonium axles in a directional
(non-flat) calixarene-wheel (II and ITI*, Figure 1) [17]. In this
case the chirality is created by the directionality of the
calixarene wheel in a cone conformation, which differentiates

the two alkyl chains around the prochiral ammonium center.
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Figure 1: Cartoon representation of the chiral rotaxane of the Goldup
group [15,16] (I and I*) and of the chiral pseudorotaxane (Il and II*) re-
ported by our group [17].

In 2010, for the first time, an example of sequence isomerism
was reported by Leigh’s group [18], caused by two different flat
wheels that can be located differently along a directional thread
III and IV (Figure 2). As an evolution of this concept, we
envisaged a sequence stereoisomerism if two directional non-
flat wheels, such as calixarenes or cyclodextrins, are threaded
along an axle to give a pseudo[3]rotaxane architecture V-VII
(Figure 2), where three sequential stereoisomers can arise. We
showed that this stereoisomerism can be effectively controlled
when two calix[6]arene wheels are threaded along a bis(benzyl-
alkylammonium) axle [19], where the stereoselective formation
of the pseudo[3]rotaxane with endo-alkyl orientation VIII was
observed [19].

Calixarene macrocycles [22] have found numerous applications
in several areas of supramolecular chemistry, such as (bio)mo-
lecular recognition [23] and catalysis [24]. The widespread use
of the calixarene derivatives is due to their convenient synthe-
sis and to their chemical and conformational versatility [25]. In
fact, calixarene macrocycles present a conformational
isomerism that in the case of calix[6]arenes gives rise to eight
discrete conformations (Figure 3) [26]: cone, partial-cone, 1,2-
alternate, 1,3-alternate, 1,4-alternate, 1,2,3-alternate, 1,2,4-
alternate, and 1,3,5-alternate. This conformational versatility
has long attracted much attention, and therefore empirical rules
have been reported in order to assign the calixarene conforma-
tions [27,28]. The “'H NMR A8” rule reported by Gutsche [29],
is focused on the difference of chemical shifts between each

Beilstein J. Org. Chem. 2018, 14, 2112-2124.
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Figure 2: Cartoon representation of the rotaxane sequence isomers
reported by Leigh [17] (Il and IV) and of the pseudorotaxane sequen-
tial stereoisomers (V-VII) reported by our group [19-21].

pair of calixarene ArCH,Ar methylene protons. These can show
diasterotopicity resulting in AX or AB systems. Specifically, a
'H NMR methylene proton A8 value of at least 0.7 shows that
the two respective proximal aromatic rings are oriented syn, as
in the cone conformation. In contrast, a Ad value of 0.3 or less
is attributable to an anti-orientation between the phenol rings, as
in alternate conformations. The de Mendoza’s “!3C NMR single
rule” [30,31], is focused on the 13C NMR chemical shift of the
ArCHjAr methylene C, which is 30-33 ppm for the syn-orienta-
tion of the proximal phenol rings and typically 36-39 ppm with

anti-positioned phenol rings as in alternate conformations.

As exemplified above, the calix[6]arene macrocycle has been
widely used as wheel for the assembly of pseudorotaxane archi-
tectures [32,33], where it usually adopts a cone conformation.
The examples reported by us [33-38] (Figure 4b) and by
Arduini [32,39] (Figure 4a) showed that the directionality of the
calixarene wheel in the cone conformation plays a pivotal role
in the formation of stereoisomeric directional pseudo[2]rotax-
anes, rotaxanes, and catenanes. Also in this case [38], we were
able to obtain a stercoselective threading of the cone
calix[6]arene-wheel with alkylbenzylammonium axles
(Figure 4b), in which the endo-alkyl pseudo[2]rotaxane stereo-
isomer was the favoured one [38].

The threading of calix[6]arene macrocycles in conformations

different than the cone one has been rarely observed [17]. Inter-

estingly, the assembling of interpenetrated structures in which
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Figure 3: The possible 8 discrete conformations of a calix[6]arene macrocycle [26].

the wheel adopts different conformational isomers, could pave
the way to mechanomolecules which exhibit novel isomeric

forms.

Prompted by these considerations, some examples of pseudoro-
taxane isomers in which the isomerism arises by the different
conformations adopted by the calixarene wheel are reported
here.

Results and Discussion

With this goal in mind, we conducted an initial screening in
order to select the ammonium axles and the calix[6]arene-wheel
most suitable for our purposes. At the end of our screening, we
focused our attention on hexahexyloxycalix[6]arene 1 as the
wheel and bis(4-biphenylmethyl)ammonium (2*) and bis(4-tri-
fluoromethylbenzyl)ammonium (3%, TFPB~ salts) as the
threads. The synthetic pathway to 2*-TFPB™ and 3"-TFPB" salts
is outlined in Scheme 1, while calix[6]arene 1 was obtained

following a known procedure [40].

The '"H NMR spectrum of hexahexyloxycalix[6]arene 1 in
CDClIj3 at 298 K shows broad ArCH,Ar signals indicative of a
conformational mobility of the macrocycle in which the inver-
sion between the calix[6]arene conformations (Figure 5), occurs
by means of rotation around the ArCH,Ar bonds.

By lowering the temperature, the ArCH,Ar signal decoalesced
to form a single AX system (3.34/4.49 ppm) and one broad
singlet (3.77 ppm). This pattern is only compatible with the
presence of a /,2,3-alternate conformation of calix[6]arene 1
(Figure 5). This was confirmed by a 2D HSQC spectrum of 1 at
233 K which evidenced the presence of ArCH,Ar correlations
between the AX system at 3.34/4.49 ppm with a carbon reso-
nance at 29.4 ppm, related to syn-oriented Ar rings [29]. Diag-
nostic of the presence of the 1,2, 3-alternate conformation of 1
is the presence of the broad singlet at 3.71 ppm which corre-
lates in the HSQC spectrum with a carbon resonance at
34.1 ppm [30], related to anti-oriented Ar rings. A close inspec-
tion of the 1D and 2D NMR spectrum of 1 in CDClj at 233 K
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Figure 4: Diastereoisomeric pseudorotaxanes obtained by threading a directional calixarene wheel with directional axles.

clearly evidenced the presence of a less abundant conformer of  ethers are the cone and 1,2,3-alternate ones. In accordance,
1. The nature of this minor conformer can be inferred by the 2D COSY and HSQC spectra of 1 at 233 K clarified that this
work of Reinhoudt and co-workers which showed [41] that the = minor conformer was the cone one through the presence of an
conformations preferentially adopted by calix[6]arene hexa- AX system at 3.35/4.42 ppm (COSY), which correlates with a
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2+ TFPB-

R= n-CGH13

Scheme 1: Synthesis of threads 2* and 3*. Reagents and conditions: a) hexamethyldisilazane, LiClO4, 30 min, 60 °C; b) CH30H, NaBHy, 2 h, 25 °C;

c) TFPBNa, dry MeOH, 25 °C, 18 h.

carbon resonance at 29.1 ppm (HSQC), related to syn-oriented
Ar rings (cone conformation). The coalescence temperature of
the methylene protons was ascertained at 328 K in CDClj;
below this temperature the conformations of 1 were frozen,
while at temperatures above 328 K the conformational intercon-
version is fast with respect to the NMR time scale (400 MHz).
From the coalescence data we calculated a barrier of
14.6 kcal/mol for this process. In summary, the VT 'H NMR
studies indicate that the /,2,3-alternate is the most stable con-
formation for hexahexyloxycalix[6]arene 1 in solution. This
conclusion is in perfect accord with the results previously re-
ported by Reinhoudt [41], which evidenced an increased stabi-
lization of the /,2,3-alternate conformation of calix[6]arenes
when the alkyl substituents at the lower rim are increased in
size [41].

As expected [40], no evidence of interaction between 2* and 1
was detected by NMR, when 2% was added as its chloride salt
to a CDCl3 solution of 1. However, when 2* was added
as its TFPB™ salt to a CDClj solution of 1, then dramatic
changes were observed in the 'H NMR spectrum of 1
(Figure 6).

In detail, immediately after the mixing of 1 and 2+ we observed
the sharpening of all signals and the appearance of an
AX system at 5.50/6.70 ppm attributable to aromatic H-atoms
of the axle 2% shielded inside the calixarene cavity. These
changes were indicative of the formation of a pseudorotaxane
2*c1. With this result in hand, we turned our attention to the
conformation adopted by the calix[6]arene-wheel 1 in

pseudorotaxane 2*c1. A 2D COSY spectrum of 1:1 mixture of
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-

CDCl,
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t-Bu
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R = n-C6H13
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thermodynamic adduct

t-Bu

2+C 1 cone

Figure 5: Possible mechanism for the formation of the two atropoisomeric pseudo[2]rotaxanes 2*C16°7€ and 2*c1%:23-alt,

1 and 2%, immediately after mixing in CDClj, revealed the pres-
ence of a single AX systems at 3.53/4.73, which correlates with
a carbon resonance at 28.9 ppm, respectively, due to the
ArCH)Ar methylene groups between syn-oriented Ar rings. A
close inspection of the 2D HSQC spectrum revealed the pres-
ence of a cross-peak at 3.93/36.5 ppm attributable to an
ArCHAr methylene bridge between anti-oriented Ar rings.
These data clearly indicate that calixarene-wheel 1 adopts the
1,2,3-alternate conformation in pseudorotaxane 2+c11,2,3-alt

(Figure 5 and Figure 6).

A further inspection of the 1D and 2D (COSY-45 and HSQC)
spectra of the 1:1 mixture of 1 and 2% in CDCl; immediately
after mixing, revealed the presence of a less abundant
pseudo[2]rotaxane species in which probably the calixarene
wheel 1 adopts a cone conformation 27c1¢?”¢ (Figure 5).
Initially, the ratio between the two isomeric pseudorotaxane
2tc1cone/ytc1h:23-alt i5 120, as calculated by integration of the
corresponding 'H NMR signals. Interestingly, after 10 h at
298 K (Figure 6), the intensity of the 'H NMR signals of

2+ c15:2,3-alt

pseudorotaxane was decreased while that of
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Figure 6: "H NMR spectra (600 MHz, CDCl3, 298 K) of, from bottom to top: hexahexyloxycalix[6]arene 1; a 1:1 mixture (0.003 M) of 1 and 2*-TFPB~

immediately after mixing; after 10 h; after 18 h.

2*c1¢9m¢ was increased. After 18 h at 298 K, the disappearance
of 2*c11:2:3-alt 35 complete and only 2+c1¢0”¢ pseudoro-
taxane could be detected by 1D and 2D NMR studies
(Figure 6). In fact, a 2D COSY spectrum of the 1:1 mixture of 1
and 2% in CDCla, after 18 h at 298 K, showed the presence of an

ArCH,Ar AX system at 3.47/4.62 ppm which correlates in the
HSQC spectrum with a carbon resonance at 28.4 ppm related to
syn-oriented Ar rings. An AX system was present in the
COSY spectrum at 4.78/5.68 ppm attributable to aromatic
protons of the axle 2* shielded inside the calixarene cavity. This
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shielded AX system correlates in the HSQC spectrum with
aromatic carbon resonances at 129.8 and 126.8 ppm, respective-

ly.

The 'H NMR spectrum of the mixture of 1 and 2* in CDCl3
remained unchanged after 48 h at 298 K, thus showing that the
system had reached the equilibrium condition. At this point, an
apparent association constant of 6.2 + 0.3 x 103 M~! was calcu-
lated by quantitative 'H NMR analysis (tetrachloroethane as
internal standard) [37] for the formation of 2*¥c1¢9"¢ pseudoro-
taxane. In conclusion, after the initial formation of the kineti-
cally favored pseudorotaxane 2*c1/:2:3-a!t (Figure 5), the
thermodynamic pseudorotaxane 2*c1¢°"€ prevails (Figure 5 and
Figure 6). As demonstrated above, the /,2,3-alternate confor-
mation of 1 is the most populated in solution, consequently, the
threading of this conformation, besides being faster, it is also
favored by its abundance in solution.

The greater thermodynamic stability of the 2Tc1¢°"¢ atropo-
isomer over the 2+c1523-a! gne_ was confirmed by DFT calcu-
lations at the B3LYP/6-31G(d,p) level of theory using
Grimme’s dispersion corrections (IOp(3/124=3)) [42]. The
DFT-optimized structure of the 2*c1¢°"¢ atropoisomeric
pseudorotaxane (Figure 7, left) results stabilized by two H-bond

interactions between the ammonium group and the

Beilstein J. Org. Chem. 2018, 14, 2112-2124.

oxygen atoms of the calixarene wheel 1, (average N---O
distance = 3.10 A; average N-H--O angle = 157°). In addition,
C-H:--7 interactions were detected among the methylene groups
of the axle 2" inside the calix cavity, and the aromatic rings of 1
[42], ( average C—H--mcem” oid distance = 3.17 A [42]; average
C-H--meentroid angle = 160° [43]).

In addition, the biphenyl portion of 2* hosted inside the calix
cavity was involved in 77 interactions with the aromatic walls
(Figures S11-S13, Supporting Information File 1) and C-H--'xt
interactions with the tert-butyl groups of the calixarene wheel
(Figure S13, Supporting Information File 1). Differently, in the

c11,2,3-alt

DFT-optimized structure of 2% atropoisomer

(Figure 7, right), the stabilization of the 2*c1L23-alt

atropo-
isomer was brought, principally by two H-bonding interactions
between the ammonium group of 2* and the oxygen atoms of
anti-oriented phenol rings of 1 with an average N---O distance
of 3.05 A and a narrower N-H--O angle of 167.1°. Single-point
calculations at the B3LYP/6-31G(d,p) level of theory using
Grimme’s dispersion corrections (I0p(3/124=3)), indicated that
the 2Fc1¢07€ atropoisomer was more stable than the 2+ c1523-a!t
one by 2.4 kcal mol™!. At this point, it is worthy to consider the
interconversion between the two isomeric pseudorotaxane
2*tc11:2:3-alt apd 2t c199m€ 1t could take place through two

possible mechanisms (Figure 5): a) de-threading of axle 2* from

Figure 7: DFT-optimized structures of the: (left) 2*c1°7€ and (right) 2*c1%:23-alt pseudorotaxane atropoisomers calculated at B3LYP/6-31G(d,p)

level of theory and using Grimme’s dispersion corrections (I0p(3/124 = 3)).
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2+c1h:23-alt g 3 subsequent re-threading with 1 in a cone con-
formation; b) a direct conformational interconversion between
the 1,2,3-alternate and cone conformations of the calixarene
wheel 1 in both 2*c1 pseudorotaxanes. Previously reported data
[34] clearly showed that the mechanism “b” in Figure 5 can be
ruled out because the presence of an axle inside the cavity of 1
impedes the "through-the-annulus" passage of both rims of 1.
From this consideration, we concluded that the two pseudoro-
taxanes 2*c14:23-alt apnd 2T c1¢07¢ can be considered as two
atropoisomeric forms. In fact, the interconversion between them
cannot be obtained by simple rotation around chemical bonds of
the calixarene wheel, which is blocked by the presence of the
axle inside its cavity.

Previously [34] we reported a similar case in which the mono-
stoppered alkylbenzylammonium axle 6% gives rise to two
atropoisomeric pseudorotaxanes 6*c1¢°¢ and 6*c1/-2.3-alt
(Figure 8). Also in this instance, the pseudorotaxanes
6tc11:23-alt and 6+ c1¢0"¢ were observed as the kinetic and
thermodynamic adduct, respectively, with an interconversion
time of 12 h at 353 K. A further example regards the threading
of the narrower penta-O-methyl-p-fert-butylcalix[5]arene 7 with
pentylbenzylammonium axle 8t [35]. Two atropoisomeric
pseudorotaxanes were formed, namely 8"c7¢°"¢ and 8*c7Peco
(Figure 9), in which the calix[5]-wheel adopted a cone and a

t-Bu

OH

6+C 1 cone

thermodynamic adduct
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partial-cone conformation, respectively [35]. Also in this case,
the atropoisomer with an “inverted” calixarene wheel 8" c7P%¢¢
is the kinetic product, while the other with a calix-cone confor-
mation 8tc7¢°" is the thermodynamic one [35].

At this point we turned our attention to the threading properties
of bis(4-trifluoromethylbenzyl)ammonium axle 3*. When 1 and
3" TFPB~ were mixed in CDCl; two atropoisomeric
pseudo[2]rotaxane, 3t c1¢0"¢ and 3*c 14234t (Figure 10), were
formed in a 1/10 ratio, as revealed by 1D and 2D NMR studies.
Also in this case, after equilibration at 298 K for 24 h, this pref-
erence was reversed in favour of the 3+c1¢"¢ atropoisomer,
with a 3%c1eone/3tc1l:2:3-alt ratio of 8/1. From the
equilibrium mixture, an apparent association constant of
9.3 +0.4 x 102 M| was calculated by quantitative '"H NMR
analysis (tetrachloroethane as internal standard) for the forma-
tion of 3*c1¢0”¢ pseudorotaxane. In a similar way, an apparent
association constant of 120 + 15 M™! was found for 3*c17%23-alt

pseudorotaxane.

As evidenced for axle 2%, also in this case, after the initial for-
mation of the kinetic pseudorotaxane 3*c1523-4 (Figure 10),
the thermodynamic atropoisomer 3*c1¢°”¢ prevails. However,
differently from the 2* case where the kinetic product was no
longer detectable in the final equilibrium mixture, here a size-

t-Bu

OH
6%1 1,2,3-alt

kinetic adduct

Figure 8: The two pseudorotaxane atropoisomers obtained by threading hexahexyloxycalix[6]arene 1 with monostoppered alkylbenzylammonium

axle 6*.
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8+ 8+C7paco

kinetic adduct

Figure 9: The two pseudorotaxane atropoisomers obtained by threading penta-O-methyl-p-tert-butylcalix[5]arene 7 with pentylbenzylammonium

axle 8*.

c15:23-alt o pe

able amount of the kinetic pseudorotaxane 3*
observed at the equilibrium indicating a smaller energy differ-
ence with respect to the thermodynamic atropoisomer 3*c1¢07¢,
This can be ascribed to a higher destabilization of the cone
atropoisomer due to a higher number of unfavourable “fluoro-
phobic” interactions between the CF3 group and the #-Bu-Ar

moieties.

Conclusion

We have here reported a study on isomeric pseudorotaxanes in
which the isomerism arises by the different conformation
adopted by the calix[6]arene wheel. Among the eight possible
discrete conformations of the calix[6]arene macrocycle,
the cone and 1,2,3-alternate ones were observed in the
pseudorotaxane architectures obtained by threading a hexa-
hexyloxycalix[6]arene with axles bearing biphenyl or trifluoro-
methylbenzyl moieties. The interconversion between the cone
and 1,2, 3-alternate conformations occurs, in free calix[6]arene,
by means of the “oxygen-through-the-annulus™ and/or “p-sub-
stituent-through-the-annulus” passages. The presence of the am-
monium axles inside the calixarene cavity prevents these
passages; consequently two atropoisomeric pseudorotaxanes
were formed. We showed that the interconversion between the
two atropoisomeric pseudorotaxanes can only occur through a
mechanism of de-threading/re-threading of the axle. In all the
examined cases, the 1,2,3-alternate and cone atropoisomers are
the kinetic and thermodynamic pseudorotaxane, respectively.
We do believe that novel and intriguing calixarene-based
mechanomolecules, with expanded properties or functions,
could be obtained by an appropriate stoppering or catenation of
such atropoisomeric pseudorotaxanes.

Experimental
ESI(+)-MS measurements were performed on a Micromass

Bio-Q triple quadrupole mass spectrometer equipped with elec-

trospray ion source, using a mixture of HyO/CH3CN (1:1) and
5% HCOOH as solvent. Flash chromatography was performed
on Merck silica gel (60, 40—-63 um). All chemicals were reagent
grade and were used without further purification. Anhydrous
solvents were purchased from Aldrich. When necessary com-
pounds were dried in vacuo over CaCl,. Reaction temperatures
were measured externally. Reactions were monitored by TLC
on Merck silica gel plates (0.25 mm) and visualized by
UV light, or by spraying with HySO4—Ce(SO4), or phospho-
molybdic acid. NMR spectra were recorded on a Bruker
Avance-600 spectrometer [600 (!H) and 150 MHz (13C)],
Bruker Avance-400 spectrometer [400 ('H) and 100 MHz
(13C)], Bruker Avance-300 spectrometer [300 ('H) and 75 MHz
(130)], or Bruker Avance-250 spectrometer [250 ('H) and
63 MHz (13C)]; chemical shifts are reported relative to the
residual solvent peak (CHClj3: 8 7.26, CDCl3: 6 77.23; CD3OH:
4 4.87, CD30D: & 49.0;). Standard pulse programs, provided by
the manufacturer, were used for 2D COSY-45, 2D ROESY and
2D NOESY/EXSY experiments.

General procedure for the preparation of 2*
and 3*-TFPB~ salts

Derivative 4 (or 5, 2.2 mmol) was dissolved at 60 °C in liquid
(Me3Si),NH (0.71 g, 4.4 mmol, 0.92 mL), LiClO4 (0.02 g,
2.2 mmol) was added and the reaction was kept under stirring at
60 °C until a white solid was formed (30 min). The solution was
allowed to cool down at room temperature and dry MeOH
(4.0 mL) was added. The mixture was kept under stirring for 2 h
and then cooled at 0 °C. NaBH4 (1.12 g, 11.0 mmol) was added
and the mixture was kept under stirring at 0 °C for 15 min and
then allowed to warm up at room temperature. After 2 hours the
solvent was removed, the solid was dissolved in ethyl acetate
(100 mL) and washed with an aqueous saturated solution of
NaHCO3 (100 mL) and H,O (50 mL). The organic layer was
dried over Na;SOy4 and the solvent was removed under reduced
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Figure 10: "H NMR spectra (600 MHz, CDCl3, 298 K) of, from bottom to top: hexahexyloxycalix[6]arene 1; a 1:1 mixture (0.003 M) of 1 and 3*-TFPB™~
immediately after mixing; after 2 h; after 18 h, mechanism for the formation of the two atropoisomeric pseudo[2]rotaxanes 3*C16°"€ and 3*c1%:23-alt
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pressure, to give secondary amine derivative. Amine was used
without further purification in the next step. Secondary amine
derivative (1.16 mmol) was dissolved in MeOH (20 mL) at
room temperature and an aqueous solution of HCI (37% w/w,
0.20 mL) was added dropwise. The mixture was kept under stir-
ring for 30 min, until the formation of a white precipitate. The
solid was collected by filtration, washed with MeOH (10 mL)
and CH3CN (10 mL) and dried under vacuum to give the am-
monium chloride derivative. The chloride salt (0.68 mmol) and
sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (0.60 g,
0.68 mmol) were dissolved in dry MeOH (15 mL). The solu-
tion was stirred for 18 h in the dark, then the solvent was re-
moved and deionized water was added, obtaining a light brown
precipitate, that was filtered off and dried under vacuum to give
threads 2% or 3*.

Derivative 2*

Light brown solid, 0.73 g, 0.60 mmol, 88% yield (respect chlo-
ride salt); mp 135-138 °C; ESI(+) MS (m/z): 350.2 (M");
'H NMR (400 MHz, CD;0D, 298 K) & 4.34 (s, 4H), 7.37-7.41
(overlapped, 6H), 7.61-7.67 (overlapped, 20H), 7.76 (d,
J=17.8 Hz, 4H); 13C NMR (100 MHz, CD30D, 298 K) & 51.7,
118.4, 118.4, 118.5, 121.7, 124.4, 127.1, 128.0, 128.8, 129.0,
130.0, 130.1, 130.2, 130.3(2), 130.5(2), 130.6, 131.2, 131.5,
135.8, 141.3, 143.9, 162.1, 162.6, 163.1, 163.6; anal. calcd for
CsgH3¢BFo4N: C, 57.40; H, 2.99; found: C, 57.39; H, 3.01.

Derivative 3*

Light brown solid, 0.57 g, 0.48 mmol, 70 % yield (respect chlo-
ride salt); mp 125-128 °C; ESI(+) MS (m/z): 334.1 (M™);
'H NMR (300 MHz, CD30D, 298 K) & 3.7 (s, 4H), 7.30-7.32
(overlapped, 20H); 13C NMR (75 MHz, CD;0D, 298 K) & 52.6,
118.3, 118.5, 118.6, 122.0, 125.4, 127.3, 128.3, 128.9, 129.1,
130.0, 130.3, 130.4, 130.5(2), 130.6, 131.2, 131.6, 135.8, 141.4,
144.0, 162.2, 162.7, 163.2, 163.5; anal. caled for C4gH,¢BF3oN:
C,48.14; H, 2.19; found: C, 48.13; H, 2.17.

General procedure for the preparation of

pseudorotaxane derivatives

The calixarene derivative 1 (3.0 mM) and ammonium salt 2* or
3* (3.0 mM) were dissolved in CDCl3 (0.5 mL). Each solution
was sonicated for 15 min at room temperature and then was
transferred into a NMR tube for 1D and 2D NMR spectra acqui-
sition.

Determination of apparent K,y value for pseudorotaxanes
2Fc1eone 3tcycone apd 3tc1423-alt by quantitative 'H NMR
analysis. The sample was prepared by dissolving calixarene 1
(3.0 x 1073 M) and the ammonium TFPB salt 2* or 3"
(3.0 x 1073 M) in CDCl; (0.5 mL) containing 1.0 uL of TCHE
(d =1.596 g/mL) as an internal standard. The complex concen-
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tration [complex] was evaluated by integration of the 'H NMR
signal of TCHE versus the signals of the pseudorotaxane. The
following equation was used to obtain the moles of the com-

plex:
Oy B My My
G, F, Ny M,

where G, = grams of TCHE, G}, = grams of pseudorotaxane, F,
and Fy, = areas of the signal of the TCHE and shielded aromatic
protons of axle inside the calixarene cavity, N, and
Np = numbers of nuclei that cause the signals (N, for TCHE; N,
for pseudorotaxane) and M, and M}, = molecular masses of
TCHE (a) and pseudorotaxane (b).

Supporting Information

Supporting Information File 1

VT NMR studies of hexyloxycalix[6]arene 1, 2D COSY
and HSQC spectra of atropoisomeric pseudorotaxanes,
details of DFT calculations and atomic coordinates.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-186-S1.pdf]
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With the rise of artificial molecular machines, control of motion on the nanoscale has become a major contemporary research chal-

lenge. Tetrathiafulvalenes (TTFs) are one of the most versatile and widely used molecular redox switches to generate and control

molecular motion. TTF can easily be implemented as functional unit into molecular and supramolecular structures and can be re-

versibly oxidized to a stable radical cation or dication. For over 20 years, TTFs have been key building blocks for the construction

of redox-switchable mechanically interlocked molecules (MIMs) and their electrochemical operation has been thoroughly investi-

gated. In this review, we provide an introduction into the field of TTF-based MIMs and their applications. A brief historical

overview and a selection of important examples from the past until now are given. Furthermore, we will highlight our latest

research on TTF-based rotaxanes.

Introduction

Undoubtedly, the exploration of nature’s molecular machines in
the last century led to a paradigm change of how we think about
working and organization processes on the molecular level
[1-3]. Inspired by the way how energy and concentration gradi-
ents control repetitive motions of these biological nanoma-
chines, researchers have been seeking for synthetic analogues,
i.e., artificial molecular machines (AMMs), with the ultimate

goal to convert energy into directional mechanical motion on
the nanoscale [4-6]. The field of AMMs beautifully coalesces
the desire of reproducing the versatile functions of nature’s
biomachinery and the miniaturization of macroscopic technical
devices made by man. Although the field of AMMs is relative-
ly young, the Nobel Prize in 2016 for Jean-Pierre Sauvage [7],
Sir J. Fraser Stoddart [8], and Bernard L. Feringa [9] "for the
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design and synthesis of molecular machines" is an outstanding

appreciation of the public and scientific community.

Mechanically interlocked molecules (MIMs) such as rotaxanes
[10] or catenanes [11] are ideally suited for the construction of
AMMs. In comparison to covalently linked molecules, the me-
chanical bond provides cohesive supramolecular assemblies
with unique properties and a high flexibility and mobility of the
subcomponents in a small molecular space. To control molecu-
lar motion, one of the most important construction principles to
transform a simple MIM into an AMM is to implement a
switching unit into the molecular framework, which is revers-
ibly addressable by external stimuli [12,13]. A variety of differ-
ent stimuli to control MIMs has been reported ranging, for ex-
ample, from physical stimuli such as electrons, light, tempera-
ture, pressure, or magnetism to chemical stimuli such as acids/
bases, ions, additives, or solvent changes [14]. However, the
latter class of stimuli bears the disadvantage to produce chemi-
cal “waste” which creates the challenging task to constantly add
and remove material to and from the system, if a repetitive
operation is desired. Therefore, a “clean” stimulus is often
preferred.

One of the most frequently used and thoroughly characterized
“clean” switches to control molecular motion of MIMs is tetra-
thiafulvalene (TTF, 1) and its derivatives (Figure 1). TTF is a
redox-switchable organosulfur compound, which exhibits ideal
properties for the electrochemical operation of MIMs. Several
excellent reviews on the use of TTF in other supramolecular
systems such as macrocycles, cages, and receptor molecules are
already available [15-21]. In this review, motifs of construction
and working principles of TTF-based MIMs in the past and cur-
rent literature are summarized and milestones of their develop-
ment are discussed. In the first part, we will briefly describe
how TTF evolved into a key building block for switchable
supramolecular architectures and which synthetic break-
throughs enabled this development. We also aim for a tutorial
introduction to readers new to the field of TTF-switchable
MIMs.

Beilstein J. Org. Chem. 2018, 14, 2163-2185.

Review
1. Tetrathiafulvalene — an (almost) perfect

molecular switch

Whereas inorganic chemists are used to commonly handle
metal-based compounds in different oxidation states, only a
small selection of organic molecules [22] can be reversibly
oxidized or reduced without chemical side reactions or decom-
position. TTF is perhaps one of the most popular examples and
exists as a classical Weitz type redox system [22] in three dif-
ferent stable oxidation states. The stability of TTF, both in solu-
tion and in the solid state [23], makes it an ideal molecular
switch.

A first one-electron oxidation [23] converts neutral TTF (1) into
the radical-cationic species 1** (Figure 1). The TTF radical
cation is one of the rare organic radicals that are long-term
stable and even isolable. A second oxidation step yields the
dication 12*. Both redox-transitions are fully reversible and
have surprisingly low oxidation potentials (0.37 and 0.74 V vs
Ag/AgCl in CH3CN) [24], which enable an easily achievable
electrochemical switching under ambient conditions.
The stability of all oxidation states — even in the presence of
air and moisture — is crucial for the efficient operation and char-
acterization of TTF-based MIMs on a suitable laboratory
timescale.

The observed stability of the two oxidation states can be ex-
plained by the stepwise aromatization of the TTF system. In the
neutral state, TTF consists of two pro-aromatic 1,3-dithiolyli-
dene rings which are connected by a C=C double bond. The
first oxidation converts one ring into an aromatic 6m-electron
system, which is further stabilized by a mixed-valence reso-
nance structure. The second oxidation yields two aromatic 1,3-
dithiolium cations (2 x 67 electrons) which are connected by a
C—C single bond.

The change of the electronic structure is also accompanied by
conformational changes [25,26] of the TTF skeleton. Neutral
TTF has a boat-shaped structure with C,, symmetry. In the

- n-electron donor te te S S - n-electron poor

- non-ionic @H@ - dication -

- hydrophobic 037V 0.74 V S , S - hydrophillic

1 12+
L - |
S
e S g__.ﬁ
C,,, boat conformation Doy, planar D,, twisted

Figure 1: The two one-electron oxidation reactions of tetrathiafulvalene (TTF, 1) and the corresponding property changes.

2164



radical-cation state, TTF®" planarizes into a D;-symmetric
structure due to its partial aromatization. This property change
is widely used to induce cofacial intermolecular stacking inter-

F2+

actions. Finally, the TTF-" dication adopts a twisted conforma-

tion with D, symmetry.

In the neutral state, TTF is a strong n-donor molecule, a prop-
erty which is used in a plethora of charge-transfer materials and
molecules [27]. In supramolecular chemistry [28] and for the
construction of MIMs [29], the good n-donor properties of TTF
are frequently used to template donor—acceptor complexes with
n-electron deficient macrocycles. If TTF undergoes oxidation,
the n-donating effect decreases, whereas the TTF2" dication can

be considered as a m-electron-poor molecule.

The electrochemical switching of a TTF unit and the change of
electronic or conformational properties not necessarily results in
a mechanical motion of a MIM. A prerequisite is that at least
one of the above-mentioned properties of TTF is interacting
with other parts of the MIM. If this property is changed, the
previous conformation of the MIM might become unstable and
initiates a molecular motion. This simple principle of bistability
has been used to create a variety of different switchable TTF-
based supramolecular architectures with many versatile applica-
tions.

On the macroscopic as well as on the molecular level, even the
most efficient switch is useless, if no observable output is
generated which helps to detect the switching process [30]. A
simple “read out” is provided by the optical properties of TTF
in its different switching states. For example, UV—vis spectra of
the TTF derivative 2 in the neutral, radical-cation, and dication
state are shown in Figure 2. The spectrum of 2 shows only weak
absorption above 350 nm which results in a pale yellow solu-
tion. The lowest-energy band is the HOMO—LUMO transition
of the molecule. The radical-cation 2** exhibits two strong
absorption bands (=450 and 800 nm), which yield an orange-
brown solution. Initially, the low-energy band of 2°* between
600-1000 nm was interpreted as a signature for an unusually
stable TTF dimer [31]. However, later investigations showed
that this band is an intrinsic SOMO-1—-SOMO transition in the
2°" radical cation [32]. The dication 22" shows a strong band at
~700 nm which results in a deep-blue solution. These strong
color changes differ for differently substituted TTF derivatives
and make it very easy to follow the electrochemical switching
of TTF, even with the naked eye.

Other optical properties which are very helpful for observing
the molecular switching in MIMs are charge-transfer bands.
The n-donor TTF can form donor—acceptor complexes with

n-electron-poor aromatic compounds often indicated by a green

Beilstein J. Org. Chem. 2018, 14, 2163-2185.
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Figure 2: UV-vis spectra and photographs of TTF 2 in its three stable
oxidation states (black line = 2, orange line = 2°*, blue line = 22*).

color of the solution [33]. Therefore, the assembly and disas-
sembly of these complexes in solution can be easily traced by
the emergence and fading of these characteristic charge-transfer
bands.

Another outstanding feature of TTFs is that their radical cations
can reversibly form cofacial dimers (Figure 3) [34-36]. The two
monomers 1 and 1*" spontaneously self-assemble into a
so-called mixed-valence dimer (1,) **. A mixed-valence dimer
can be identified by splitting of the first TTF oxidation poten-
tial into two distinguishable waves. This change in redox behav-
ior can be followed by electrochemical methods such as cyclic
voltammetry. Another indication for a mixed-valence dimer
interaction can be an emergent low-energy absorption band,
usually in the NIR region. Both monomers show usually no

absorption in this region.

1.+ 1.+

The radical-cation dimer (1*7), instead forms from two
radical cations and exhibits a very unusual binding situation.
Whereas both monomers are paramagnetic radicals, the result-
ing dimer has a diamagnetic character due to radical pairing.

Although the distance of =3.5 A between the two 1°* mole-
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Figure 3: Structure and conformations of two TTF dimers in solution, the mixed-valence and the radical-cation dimer.

cules in the dimer is considerably large in comparison to a
C—C bond (=1.5 A), the interaction can be considered as a type
of multi-centered two-electron bond with covalent character.
This type of radical-cation dimer is often called a n-dimer or
“pimer” and its formation “pimerization”. The radical-cation
dimer can be spectroscopically identified by characteristic blue
shifts of TTF®* absorption bands. These “Davydov shifts” are a
result of the H-aggregate-type arrangement in the dimer [34].
Furthermore, the equilibrium between a paramagnetic mono-
mer and a diamagnetic dimer makes the use of electron para-
magnetic resonance (EPR) spectroscopy ideal to follow the

dimerization process [36].

Mixed-valence and radical-cation interactions in the solid state
are sometimes described as “conductive” and “isolating” form,
respectively. However, in solution both dimers display very low
stabilities with dimerization energies of only a few kJ mol™! at
room temperature [36]. Therefore, these weakly associated

dimers are virtually absent at ambient conditions in solution.

A strategy to stabilize the mixed-valence and radical-cation
dimer even at room temperature and to overcome the entropic
penalty of their formation is to facilitate a spatial proximity of
two or more TTF units by a suitable covalent link [37,38]. This
pre-organization can also be generated in supramolecular com-
plexes with confined spaces which provide a very high local
concentration and shift the equilibrium towards the dimer side.
The use of TTF dimerization has been recognized lately as addi-
tional possibility to drive motion in MIMs. Recent examples

will be discussed in the following section.

2. Evolution of TTF into a key building block

in switchable molecular systems

After the first syntheses of native TTF in the early 1970s
researches quickly noticed the outstanding electronic properties
of this molecule [23,39]. One of the first observations with
major impact was the unusual conducting behavior of oxidized
TTF salts [40]. The discovery that TTF and the electron-defi-
cient molecule tetracyanoquinodimethane (TCNQ) form
charge-transfer salts [41] with the uncommon motif of “segre-
gated stacks” [42] enabled numerous investigations of TTF salts
regarding their application in molecular electronics [27,43],

organic metals [44], or narrow-band semiconductors [45].

As often in chemical research, major synthetic or analytic
breakthroughs are needed to open pathways towards new
concepts and applications. Despite the intensive research on
TTF during the 70s and 80s, the incorporation of TTF into mo-
lecular systems using simple organic chemistry procedures was
still challenging at that time.

One of the major synthetic breakthroughs was thus the use of
cyanoethyl protective groups for TTF thiolates (Figure 4)
[46,47]. Treatment of cyanoethyl-protected 1,3-dithiol-thiolates
A with one or two equivalents of a strong base such as CsOH
yields quantitatively the corresponding cesium thiolates B and
D which are quite stable under standard Schlenk conditions.
Addition of an alkyl halide can attach a broad range of different
substituents. The cyanoethyl group allows a sequential depro-
tection and alkylation of 1,3-dithiole-2-thiones C and E and the
corresponding TTF molecules derived from them often in very

2166



Beilstein J. Org. Chem. 2018, 14, 2163-2185.

1 equiv

\(S>\:<S]A(
e/’ S 1 S Ko

CsOHH,0

cis/trans
isomersim ()

1 3
S P(OEt); RS_s s SR
=s + 0= I — | = T
S Res” S ST gRe
G H

RIS__s s
T o= v
RZS S S
I

r~S__ S~=A\
RZ—N\/L = j\/N—R2
— Sy
s s
J

Figure 4: (a) The isomerism problem of TTF. (b)—(d) Major synthetic breakthroughs for the construction of TTF-based supramolecular architectures:
(b) Stepwise deprotection/alkylation, (c) phosphite-mediated heterocoupling, and (d) pyrrolo-annulated TTF derivatives | and J.

good yields. An additional strategy to obtain non-symmetri-
cally substituted TTF derivatives is the stepwise reaction of
TTF tetrathiolate with different electrophiles [48].

Another important synthetic advance is the phosphite-mediated
heterocoupling of 1,3-dithiol-2-thiones F and 1,3-dithiol-2-ones
G which provides efficient access to TTFs with two differently
substituted 1,3-dithiol rings in an efficient way [49]. Simple
heating of both monomers (ketone and thioketone) in P(OMe);
or P(OEt); yields the desired hetero dimers H often in good
yields. In combination with transchalcogenation reactions [50],
which allow the transformation of 1,3-dithiol-2-thiones into the
corresponding ketones in excellent yields, various types of non-
symmetrically substituted TTF moieties can be implemented

into organic systems.

However, a synthetic problem which was still intricate is caused
by the four substitution sites of the TTF unit, which result in a
mixture of cis and trans isomers, if two different substituents
are attached to either one of the two 1,3-dithiolylidene rings.
Isomerization can be promoted by trace amounts of acid [51,52]
or photochemically [53]. The interconversion usually prevents a
sufficient separation of the two isomers on the laboratory
timescale. However, substitution of the TTF molecule by elec-
tron-withdrawing groups can stabilize the isomers [54] and a

separation becomes possible. In particular when it comes to the

complex intertwined structure of MIMs, an isolable pure com-
pound is often necessary for a thorough characterization and in-
vestigation of their switching properties. One solution to the
isomer problem is the introduction of mono- or bipyrrolo-annu-
lated TTF derivatives I and J [55-57]. The incorporation of
these symmetric species into MIMs often circumvents complex
isomeric mixtures.

3. Pseudorotaxanes and inclusion

complexes: on the way to TTF-based MIMs
Pseudorotaxanes have the general form of a molecular thread
encircled by a macrocycle. The difference to rotaxanes is that
the axle does not have bulky stopper groups that prevent the
deslipping of the wheel. Thus, a pseudorotaxane forms by non-
covalent interactions between host and guest without a mechan-
ical bond. Pseudorotaxanes are important precursors of MIMs
from which the construction of rotaxanes is achieved by stop-
pering reactions, while catenanes can be made by macrocycliza-
tion of the pseudorotaxane thread. Therefore, we discuss in the
following section reports of important pseudorotaxanes and
inclusion complexes that contributed to major developments of
TTF-based MIMs and AMMs.

The first TTF-based pseudorotaxane was reported by Stoddart

and Williams in 1991 (Figure 5) [33]. At this time, they investi-
gated the host—guest properties of the n-electron-poor cyclo-
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Figure 5: (a) Host—guest equilibrium between T-electron-poor cyclophane 3 and different TTFs with their corresponding association constants in
CH3CN. (b) Crystal structure of host—guest complex 13 [33]. Solvent molecules and counterions are omitted for clarity.

phane cyclobis(paraquat-p-phenylene) (3) in form of the
tetrakis(hexafluorophosphate) salt [58]. The square-shaped host
complexes m-electron-rich aromatic compounds such as dihy-
droxynaphthalenes or dihydroxybenzenes. The n-donor TTF (1)
also forms a 1:1 complex 13 with this host molecule as shown
in solution experiments and by crystallography. The complex
formation is immediately visible by an emergent green color of
these solutions due to the donor—acceptor interaction.

In later reports, differently substituted TTF derivatives as for
example 2, 4, and 5 have been investigated towards their
binding to host 3 [24,59-63]. n-Electron-rich TTFs form signifi-
cantly stronger donor—acceptor complexes as m-electron-poor
TTFs. However, also the type of substituent on the TTF moiety
plays a role in terms of weak secondary binding interactions
such as hydrogen bonds [63]. For example TTF 5 which is
substituted by ethylene glycol chains displays a high associa-
tion constant of K, = 50,000 M~ in acetonitrile. Additionally,
extended m-surfaces [64] of TTF derivatives can have a stabi-
lizing effect upon complexation.

TTF (1) also forms inclusion complexes with neutral host mole-
cules such as cyclodextrins (Figure 6). This complexation is

mainly driven by the hydrophobic effect. a-Cyclodextrin (6)

molecules encapsulate the hydrophobic TTF (1) in aqueous
media [65]. Another water-soluble host which can complex
TTFs is cucurbit[7]uril (7) [66]. However, it is not the neutral
form, but the TTF radical cation 1** which is preferably bound

in the cavity of this host. Even the dication 12

can be hosted by
suitable macrocycles. For example, the n-electron-rich wheel 8,
consisting of two doubly-bridged 1,5-dioxynaphthalenes, is
able to form a donor—acceptor complex with the n-electron-poor

TTF2" dication [26].

An astonishing discovery regarding TTF—cucurbituril com-
plexes was made by Kim and co-workers in 2004 (Figure 7)
[67]. The host molecule cucurbit[8]uril (9), which is enlarged
by an additional glycoluril unit in comparison to 7, provides
sufficient space to accommodate two planar molecules with
cofacial orientation [68]. When the water-soluble TTF deriva-
tive 10 gets oxidized to its radical cation 10**, a 2:1 complex is
formed with a radical-cation dimer (10**), stabilized in the
cavity of the host molecule 9. The presence of the radical-cation
dimer complex (10°%),c9 was demonstrated by NMR, UV—vis
and EPR spectroscopy. This was a novelty because stable TTF
radical-cation dimers, which are usually only weakly associat-
ed species, where not characterized in aqueous medium at room

temperature before.
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Figure 6: TTF complexes with different host molecules.
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Figure 7: Stable TTF (a) radical-cation and (b) mixed-valence dimers
in confined molecular spaces.

A similar observation regarding TTF dimers was made by
Fujita and co-workers in 2005 [69]. They used the self-assem-
bled Pd-cage 11 to encapsulate two neutral TTF molecules. Ox-
idation of the solution yields an ambient-stable TTF mixed-
valence dimer (1,)*" inside the cage as shown by optical and

electrochemical methods.
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A further step towards motion control in MIMs was made by in-
vestigating the switching of the TTF molecule when different
host molecules are available in solution (Figure 8). In a
so-called “three-pole supramolecular switch” consisting of a
mixture of host 3, 8, and TTF (1), the TTF molecule can change
its position like in a “pea in the shell game” [26]. In its neutral
form, TTF (1) forms the donor—acceptor complex 13 with
host 3. Higher potentials need to be applied to oxidize TTF (1)
into its radical-cationic form since the association energy of the
donor—acceptor complex must be overcome. After oxidation,

10+

the radical-cation is expelled from host 3 by repulsive

Coulombic forces. If 1°*

gets further oxidized to the m-electron-
poor dication 12, the m-electron-rich macrocycle 8 can
now encapsulate TTFZ". This relatively straightforward
concept of electrochemically triggered complexation and
expulsion of the TTF molecule from different hosts forms
the fundament for motion control in a variety of different

MIMs.

To illustrate how this redox-triggered complexation/decomplex-
ation of pseudorotaxanes is transferred into a controlled molec-
ular motion in MIMs, the TTF-based pseudo[1]rotaxane 12
recently reported by us is shown in Figure 9 [70]. In a
pseudo[ 1]rotaxane, the axle molecule is covalently bound to the
wheel component. The self-inclusion structure mimics the con-
formation of a molecular lasso, a structural motif which was
also recently found in nature for peptides with high antibacteri-
al efficacy [71]. In 12, the TTF molecule is not implemented in
the thread but in the wheel component. In the neutral state,
strong hydrogen bonding between the crown ether wheel and
the dialkylammonium station forces a threaded conformation. If
the TTF is oxidized, however, charge repulsion between the
ammonium station and the TTF moiety weakens the binding.
This ultimately leads to an expulsion of the thread from the

cavity of the wheel, and thus to an opening of the lasso. This
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Figure 8: A “three-pole supramolecular switch”: Controlled by its oxidation state, TTF (1) jumps back and forth between different host molecules.

example shows how easily a reversible molecular motion can be
achieved by redox-switching of the TTF unit.

4. Rotaxanes

Rotaxanes consist of a dumbbell-shaped axle molecule encir-
cled by a macrocycle. Bulky stopper groups at both ends of the
axle prevent a deslipping of the wheel. With a development
starting from low-yielding statistical synthesis to efficient tem-
plate-controlled synthesis, rotaxanes have become the work-
horse of MIMs in the last three decades. Regarding their use as
molecular devices, three types of motions can be potentially
controlled in rotaxanes: pirouetting of the wheel around the
axle, translation of the wheel along the axle, and a rocking
motion of the wheel [72]. However, most reports have focused
on the stimuli-controlled translational motion. MIMs in which
the wheel position on the axle is controlled by external stimuli
are called “switchable molecular shuttles”.

4.1. Switchable molecular shuttles

A schematic illustration of the working principle of non-degen-
erate TTF-based shuttle rotaxanes is shown in Figure 10. In
the ground state co-conformation, the wheel encircles the TTF
unit. Upon TTF oxidation, the attractive forces are lowered or
even repulsive forces are generated between the TTF unit and
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Figure 9: Redox-controlled closing and opening motion of the artificial
molecular lasso 12.
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Figure 10: Graphical illustration how a non-degenerate TTF-based shuttle works under electrochemical operation.
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the wheel inducing a motion of the wheel towards the now ener-
getically preferred green-colored binding site. Therefore, the

most populated and consequently the ground-state co-conforma-

tion in the oxidized state is the wheel on the green station.

Because of the reversibility of TTF redox reactions, the molecu-
lar shuttle can be reversibly switched over many cycles. The
work which is generated in the operation of a molecular shuttle
is reminiscent of a piston engine used for macroscopic motors.
However, one should keep in mind that the transfer of the
concepts of macroscopic machines to the molecular level may
be limited and may even be misleading. In contrast to macro-
scopic piston engines, the translation of the wheel in a rotaxane
occurs through Brownian motion and the switching processes
cause merely a shift of the equilibrium between the two posi-
tional isomers of the rotaxane. Thus, a transfer of work on the
molecular level that is created by wheel translation into a
macroscopic force is quite difficult (but not impossible) to
achieve.

Closely after the discovery of the donor—acceptor complex

13, Stoddart and co-workers reported the synthesis of the first

Beilstein J. Org. Chem. 2018, 14, 2163-2185.

TTF-based rotaxane 13 (Figure 11) [73]. The [2]rotaxane was
obtained in 8% yield by a high-pressure clipping procedure in
which the wheel 3 was formed around the pre-synthesized axle.
In DMSO, the macrocycle is predominantly located on the
central TTF moiety. However, in acetone, which has a lower
polarity, the wheel moves to one of the dihydroxybenzene
residues as indicated by 'H NMR and UV-vis spectroscopy.
Since the axle molecule is symmetric, the wheel moves back
and forward between the two dihydroxybenzene stations (green)
and the rotaxane can be considered as a degenerate shuttle.

Subsequently, the groups of Becher and Stoddart reported on a
series of similar, but non-degenerate [2]rotaxanes [74,75]. After
several structural optimizations, the bistable rotaxane 14 with a
high switching efficiency was reported in 2003 (Figure 12) [76].
In the unswitched state, host 3 is located at the TTF binding
site. Chemical oxidation to the dication TTF2* triggers a trans-
lational motion of the wheel towards the 1,5-dihydroxynaphtha-
lene station (green) as shown by UV—vis and 2D NMR experi-
ments. Chemical reduction with zinc powder restored the spec-

troscopic properties of the starting state and back-shuttling of

Figure 11: The first TTF-based rotaxane 13.

Figure 12: A redox-switchable bistable molecular shuttle 14.
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the wheel to the TTF station occurs. In the TTF?* state, no
signals for a free 1,5-dihydroxynaphthalene station were ob-
served which indicates the rotaxane to be completely switched
within the detection limit of 'H NMR spectroscopy. The experi-
mental observations and the general switching mechanism of
these bistable donor—acceptor rotaxanes were subsequently
underpinned by several quantum mechanical studies [77-79].

The concept of TTF-based switchable rotaxanes was also ex-
tended to rotaxanes with other macrocycles. In Figure 13, the
bistable [2]rotaxane 15 is shown with an a-cyclodextrin (6) ring
threaded onto a water-soluble axle [80]. The rotaxane was syn-
thesized in 23% yield by a template/capping strategy where one
stopper is attached using copper-catalyzed azide—alkyne click
chemistry after the formation of the precursor pseudorotaxane.
Due to the hydrophobic effect, the neutral TTF is preferred as a
station for the wheel over the triazole unit. However, after oxi-
dation, the more hydrophilic dication TTF2" is less favored and
the ring moves to the triazole. Both switching states were fully
characterized by UV-vis, 'H,'"H-NOESY NMR spectroscopy,
and cyclic voltammetry. The latter technique revealed an
increase of oxidation potential for the first one-electron oxida-
tion, but a second oxidation potential similar to that of the free
axle. This indicates that the wheel already moves away from the
TTF station upon the first oxidation to the TTF®" radical cation.

Another example for a non-charged TTF-based rotaxane was re-
ported in 2011 (Figure 14) [81]. Very similar to the prior
bistable rotaxanes, donor—acceptor interactions dominate the
relation of wheel and axle in [2]rotaxane 16. Here, a n-electron-
deficient pyromellitic diimide macrocycle encircles a TTF
station (K, = 6,300 M 1) which is embedded in an axle mole-

O+ _OH
(0] O/\/O\/\o/\ _O,—\O
OH
15
O+ __OH

OH s g2

Figure 13: The redox-switchable cyclodextrin-based rotaxane 15.
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cule with two azide residues. The second station, the dihydroxy-
naphthalene moiety (green), displays a lower association con-
stant of K, = 5,800 M. The pseudorotaxane precursor was
end-capped by a double copper-catalyzed azide—alkyne click
reaction in CH,Cl, and the rotaxane was isolated in 34% yield.
NMR spectroscopy, cyclic voltammetry, and spectroelectro-
chemistry showed that the wheel translates to the dihydroxy-

naphthalene station upon TTF oxidation.

The use of TTF in redox-switchable rotaxanes is not limited to
the implementation into axle components. Very recently, our
group reported on a crown/ammonium rotaxane 17 in which a
TTF unit is implemented in the crown-ether wheel (Figure 15)
[82]. The rotaxane was synthesized by a catalyst-free nitrile
oxide capping strategy in 67% yield. In the neutral state, the
wheel is strongly bound to the ammonium station by hydrogen
bonds as shown by the high association constant of a struc-
turally similar pseudorotaxane precursor (K, = 590,000 M),
The high association constant is a result of the weakly
coordinating anion (WCA) used, i.e., tetrakis(3,5-bis(trifluoro-
methyl)phenyl)borate. Comparison to a structurally similar
rotaxane in which the ammonium station is blocked by N-acety-
lation shows that the isoxazole moiety acts as a weak second
binding station for the wheel. Oxidation of the TTF unit results
in Coulombic repulsion between the wheel and the ammonium
station which counteracts the energy of hydrogen bonding.
Detailed electrochemical measurements and digital simulations
revealed the ring still to be bound to the ammonium station in
the TTF®" state. However, after double oxidation a wheel distri-
bution of 1:1 between the ammonium and the isoxazole
station was found indicating a dynamic motion between both

stations.
HO_ _O
N'N: N
VARA=N 0
O
OH
A
HO._ _O

OH
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Figure 14: The redox-switchable non-ionic rotaxane 16 with a pyromellitic diimide macrocycle.
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Figure 15: The redox-switchable TTF rotaxane 17 based on a crown/ammonium binding motif.

4.2. Optical devices

The rapid development of redox-switchable MIMs led to
considerations to use the unique properties of these molecules
for different optoelectronic devices. TTF-based MIMs often
display very long-living and stable switching states which are
particularly appealing for applications as data storage devices

[83] or molecular logic gates [84]. Besides simple molecular

electrochromic switches, complex TTF-based MIMs with
unique optical properties have been constructed.

In 2012, rotaxane 18 with a structure similar to previously re-
ported donor—acceptor rotaxanes was reported (Figure 16) [85].
However, the axle bears a central azobenzene photoswitch,

who’s E/Z-transitions can be controlled by light. The redox-
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Figure 16: Structure and operation of the electro- and photochemically switchable rotaxane 18 which acts as potential memory device.

switchable shuttle works as previously described and the posi-
tion of the wheel can be controlled by oxidation or reduction.
However, the configuration of the azobenzene strongly influ-
ences the life time of each redox-switching state. In the (E)-
form, the wheel can easily move between the TTF and dihy-
droxynaphthalene station. In the Z-form, this movement is steri-
cally hindered and slowed down. The wheel cannot shuttle to its
energetically preferred station. This possibility of orthogonal
switching (redox and light) enables an electrochemical
“writing” of data which can be subsequently locked by a light

stimulus.

The TTF-based doubly interlocked crown/ammonium rotaxane
19 recently reported by us consists of a divalent axle with a
n-electron-poor central naphthalene diimide (NDI) unit and a
divalent crown-ether wheel with a central TTF unit (Figure 17)
[86]. The cofacial donor—acceptor complex whose formation is
indicated by a deep green color is forced to stay in a cofacial
orientation by mechanical bonding, even when the complex is
redox-switched. UV—vis spectroscopy showed the emergent
charge-transfer absorption band to display a negative
solvochromic effect. Similar to TTF, the NDI unit has three
stable oxidation states. However, these are neutral or anionic
states and successive reduction of NDI leads to the radical anion
and the dianion. Cyclic voltammetry, DFT calculations, and

UV-vis spectroscopy confirmed five different redox states

(TTF/NDI, TTF**/NDI, TTF?*/NDI, TTF/NDI®*~, TTF/NDI%")
and shows interesting optical properties in each of these redox
states making this type of mechanically constrained
donor—acceptor complex very interesting for molecular elec-
tronic materials and optoelectronic devices.

4.3. TTF-Based rotaxanes on solid support

If one aims at creating macroscopic effects, the concerted action
of many molecular machines is needed. It is then useful to
deposit switchable AMMSs on interfaces such as a surface of a
solid support [87-89]. An ordered array of molecules enables
the possibility of concerted switching. The fixed orientation on
a surface allows studying molecules with sophisticated tech-
niques such as scanning tunneling microscopy. Furthermore,
redox-switchable AMMs, containing for example TTF moieties,
can be electrically operated without the need of chemical addi-
tives, if conducting solid supports are used. This also opens
pathways towards the integration of switchable AMMs into the

world of silicon-based chips and electronic circuits.

A landmark in the field of molecular-scale electronic devices is
the rotaxane-based 160-kilobit memory which was reported by
the groups of Stoddart and Heath in 2007 (Figure 18) [90]. The
key idea of this memory is that the switching modes in a
bistable rotaxane 20 can be considered as the “1”” and “0” states

of a binary digit. If the rotaxane shows a hysteretic cur-
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Figure 17: (a) The redox-switchable rotaxane 19 with a donor—acceptor pair which is stable in five different switching states.
(b) Cyclic voltammogram showing the transitions between the five oxidation states of 19.
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Figure 18: Schematic representation of a molecular electronic memory based on a bistable TTF-based rotaxane. (a) Molecular structure of the
amphiphilic [2]rotaxane 20. (b) Structure of the crossbar device. (c) Switching mechanism of rotaxane 20 in a junction.

rent—voltage curve, a voltage-induced reading and writing of
information becomes possible. Although the initial concept of
this type of device was developed a few years earlier [91], the
optimization of its structure and fabrication was necessary to
reach high-level performance [92-94].

The device is based on a crossbar architecture in which a mono-
layer of amphiphilic rotaxanes is sandwiched by a bottom Si
nanowire electrode and a top Ti nanowire electrode. Both layers
of nanowires are orthogonal to each other. This produces
several crossing points or “junctions” whose areas are defined
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by the diameter of the nanowires. In the present example, a very
small diameter gives a junction area of only 16 nm? which cor-
responds to approximately 100 rotaxanes per junction. When a
high pulse voltage is applied (£1.5 V), the junctions can be
switched back and forward between the two switching states of
the rotaxane. The written information is then read out by a non-
perturbing lower voltage. It turned out that the terphenyl spacer
which is implemented into the rotaxane axle is crucial to
increase the half-life of the metastable switching state. Howev-
er, a disadvantage of this particular device was a high fraction
of “defect” junctions. Only ~25% showed a sufficient on/off
ratio for a memory device. Furthermore, only a limited number
of switching cycles was possible before the junctions were
damaged. However, a remarkably high storage density of
10'! bits cm™! was reached.

Writing of data with the aid of dendrimer-decorated TTF-rotax-
anes was achieved by Gao and co-workers [95]. They deposited

Beilstein J. Org. Chem. 2018, 14, 2163-2185.

a thin-film of bistable donor—acceptor rotaxanes on an indium
tin oxide (ITO)-coated substrate. A clean electrochemical
switching on the substrate was observed with current—voltage
curves showing a clear memory effect. The written data could
be read out even after waiting for 12 h.

Besides data storage, a substantial challenge of AMMs is the
transfer of molecular motion into a useful macroscopic output.
An example of rotaxanes on a solid support which could
achieve this is shown in Figure 19 [96]. The [3]rotaxane 21
consists of a symmetric axle molecule in which both axle halves
bear a TTF and a hydroxynaphthalene station. In the unswitched
state, each TTF station is encircled by a wheel. Oxidation of the
TTF units then induces shuttling motions towards the inner
hydroxynaphthalene stations, which significantly reduces the
wheel-wheel distance. If both wheels are attached to a surface
with a suitable anchor, the shuttle motion can be seen as a type
of muscle-like contraction generating tensile stress on the sur-

212+

Figure 19: Schematic representation of bending motion of a microcantilever beam with gold surface induced by operation of the redox-switchable

[3]rotaxane 21 attached to its surface.
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face. Although the force of one contracting rotaxane is quite
small, a sufficient number of these “molecular muscles” can
accumulate their force and consequently deform a material by
concerted switching.

In rotaxane 21, the two macrocycles are attached by disulfide
anchors to the gold surface of microcantilever beams
(500 x 100 x 1 um) and form a self-assembled monolayer.
Chemical oxidation leads to a bending and to an upward motion
of the beams by =35 nm. The addition of ascorbic acid as reduc-
tant restores the initial position and the switching cycle can be
repeated. To exclude other triggers than the rotaxane contrac-
tion, several control experiments were performed. Furthermore,
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Figure 20: TTF-dimer interactions in a redox-switchable tripodal [4]rotaxane 22.

Beilstein J. Org. Chem. 2018, 14, 2163-2185.

a structurally similar but mechanically inert control compound

was synthesized which cannot induce the bending effect.

4.4. TTF Pairing interactions in rotaxanes

Although TTF is widely used in switchable molecular shuttles,
rotaxanes with TTF—dimer interactions are rare. One example
was published by Stoddart and co-workers in 2008 (Figure 20)
[97]. The tripodal [4]rotaxane 22, consisting of a trivalent axle,
in which each arm is encircled by a host molecule 3, was syn-
thesized by a copper-catalyzed click protocol in 40% yield. A
combination of electrochemical and spectroscopic methods was
used to investigate a potential TTF-dimer formation. As com-
parison, they characterized also the trivalent dumbbell precur-
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sor without wheels. It was shown that mixed-valence interac-
tions (TTF,)*" and radical-cation interactions (TTF®*), are
present during the successive oxidation of the free axle. Howev-
er, only the radical-cation dimer interaction was observed in the
case of [4]rotaxane 22. This discrepancy can be explained by a
simple energy balance. For a mixed-valence interaction, at least
two TTE/TTF®" units need to be free. Thus, after one-electron
oxidation which liberates one TTF®* from the cavity of 3, still
the energy of one donor—acceptor complex has to be overcome
to enable a mixed-valence interaction. This is not the case for
the free trivalent axle. After double oxidation, two TTF®"
stations are free and a radical-cation interaction is favored. This
example nicely shows that all energy contributions in each
switching state of a system as a whole need to be considered for

the design and operation of an AMM.

In addition to the variety of TTF-based rotaxane shuttles, we
recently reported a [3]rotaxane in which the pirouetting motion
of wheels can be controlled by electrochemical switching [98].
Figure 21 shows the [3]rotaxane 23 which bears two cofacially
oriented TTF crown ethers on a divalent ammonium axle. The
distance between the wheels is convenient for TTF-dimer inter-
actions. In the non-switched neutral state of both TTFs, the
wheels adopt a syn co-conformation caused by weak non-cova-
lent interactions between the wheels. One-electron oxidation
yielding 23** enables mixed-valence interactions (TTF,)®" be-
tween the cofacial TTF units. This TTF-dimer interaction
“clutches” the two wheels and synchronizes their pirouetting
motions around the axle. Also the next stable oxidation state

(a)

(b)

Beilstein J. Org. Chem. 2018, 14, 2163-2185.

(232(*M) shows attractive wheel-wheel interactions in form of a
TTF radical-cation dimerization (TTF®*),. However, further
oxidation leads to the fully oxidized 23** in which both TTF2*
units repeal each other. The Coulombic repulsion “declutches”
the two wheels and they adopt an anti co-conformation. As
shown by experiments and quantum chemical calculations, the
wheels cannot be fully disengaged; however, the wheel-wheel
interactions strongly differ for the different oxidation states.
The controlled clutching and declutching of 23 by electrochemi-
cal stimuli is reminiscent of the operation of a macroscopic fric-
tion clutch, a common technical device used in motor vehicles.
Furthermore, rotaxane 23 can be used as novel supramolecular
gearing system for the transmission of rotational motion at the
molecular level.

5. Rotacatenanes

In 2011, the group of Stoddart described the fusion of a
rotaxane and a catenane, a so-called “rotacatenane” (Figure 22)
[99]. The rotacatenane 24 consists of their previously used
rotaxane framework except that the enlarged cyclophane
cyclobis(paraquat-4,4'-biphenylene) is used as wheel compo-
nent. The cavity of this macrocycle is large enough to host two
planar molecules in a cofacial arrangement. Starting from the
pre-assembled catenane, the axle molecule is threaded through
the wheel and end-capped by a copper-catalyzed click reaction.

A variety of different spectroscopic and electrochemical
methods was applied to reveal the switching behavior of 24 and
its stable co-conformations in each switching state. In the

el
ol

N

—2e

+2€

otto

2321

Figure 21: (a) A molecular friction clutch 23 which can be operated by electrochemical stimuli. (b) Schematic representation of 23 in its four stable

oxidation states with corresponding wheel co-conformations.
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Figure 22: Fusion between rotaxane and catenane: a [3]rotacatenane 24 which can stabilize TTF dimers.

unswitched state, both TTF units are stacked in the cavity of the

4°" creates a stabilized

wheel. One-electron oxidation to 2
mixed-valence interaction between these units as evidenced by
an emergent NIR band. Further oxidation, converts the two TTF
units into a radical-cation dimer (TTF®*),. However, the
Coulombic repulsion in this six-fold charged complex destabi-
lizes the radical-cation dimer and the system converts into a
second stable co-conformation in which both dihydroxynaph-
thalene units are inside the cavity of the wheel. To achieve this
conformer, two types of motion, a circumrotation and a transla-
tional motion, must occur. The equilibrium between these two
co-conformations of 242(*%) was determined to be approxi-
mately 1:1. Further oxidation drives the equilibrium completely
to the side of the co-conformation in which both dihydroxy-
naphthalene units are encircled. This TTF-based system is an
intriguing example of synergetic molecular motions triggered
by redox stimuli.

6. Catenanes

Catenanes consist of at least two intertwined macrocycles which
are mechanically interlocked. The structure cannot be opened
without breaking a covalent bond. In contrast to rotaxanes in
which the wheel is only held on the axle component by steric
hindrance of stopper groups, a catenane is a truly topologically
interlocked species bearing a mechanical bond. However, the
construction, chemical behavior, and operation of structurally
related rotaxanes and catenanes are often very similar. The
motion which can be controlled by external stimuli is the rota-
tion (or circumrotation) of the wheels relative to each other.

The first TTF-based catenane 25 was described by the groups of
Becher and Sauvage in 1994 (Figure 23) [100]. Starting from a
phenanthroline macrocycle bearing a TTF unit, a copper(I)-tem-
plate was used to obtain the TTF-based catenane 25 in
14% yield, which was previously developed by Sauvage [101].
The authors aimed for a further development of this construc-

tion motif towards donor—acceptor rotaxanes with efficient

charge separation leading to a broad variety of topologically
complex TTF catenanes and cage compounds [52,74,102-104].

Figure 23: The first TTF-based catenane 25.

6.1. Stimuli-responsive circumrotation

The TTF-based catenane 26 allows implementing a stimuli-
responsive circumrotation motion (Figure 24) [105]. Similar to
the corresponding donor—acceptor rotaxanes, the macrocycle
preferentially encircles the TTF unit instead of the dihydroxy-
naphthalene station in the unswitched state. As shown by
TH NMR and UV-vis spectroscopy as well as cyclic voltam-
metry, chemical oxidation to the TTF2" dication triggers an
expulsion of the former station and the wheel moves to the al-
ternative dihydroxynaphthalene station. Chemical reduction
with ascorbic acid or Na,S,05 restores the initial spectroscopic

properties and the initial co-conformation of the catenane.

A tristable molecular switch based on a [2]catenane with three
different stations was created by Wasielewski, Stoddart, and
co-workers in 2015 (Figure 25) [106]. The catenane 27 is made
of a macrocycle with a TTF, a 4,4'-bipyridinium and a dihy-
droxynaphthalene recognition site which is encircled by a

cyclobis(paraquat-p-phenylene) wheel. In the resting state, the
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Figure 24: Electrochemically controlled circumrotation of the bistable
catenane 26.
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wheel is located at the TTF unit forming a donor—acceptor com-
plex with a green color. Oxidation moves the ring to the second
n-electron-rich station, the dihydroxynaphtalene. This
donor—acceptor complex has a reddish color. However, in
contrast to other bistable catenanes, the third 4,4'-bipyridinium
station is also redox-active. Reduction of the system leads to a
4,4'-bipyridinium radical cation which forms a purple trisrad-
ical complex with the doubly reduced cyclobis(paraquat-p-
phenylene). Electrochemical and several spectroscopic tech-
niques showed that, overall, six stable oxidation states — each of
them with a unique color — and three co-conformations are
accessible in this single compound.

6.2. Switchable catenanes in ordered arrays

Besides ordered arrays on surfaces, on nanoparticles or in Lang-
muir-Blodgett films, a possibility to arrange bistable catenanes
in an ordered fashion is to incorporate them into the rigid scaf-
fold of a metal-organic framework (MOF) [107]. An advantage
of this strategy is that the relatively labile organic switches are
protected from degradation in this solid material. In 2016, the
groups of Hupp, Farha, and Stoddart reported on a bistable
donor—acceptor catenane 28 which is inserted in the Zr-based
MOF NU-1000 (Figure 26) [108]. The MOF NU-1000 consists
of Zrg nodes which are bridged by 1,3,6,8-tetrakis(p-
carboxyphenyl)pyrene ligands [109]. Four hydroxy groups of
each metal cluster are pointing into the mesoporous channels of
the MOF and can be post-functionalized. Similar to a previous
report about rotaxanes implemented into a MOF [110], the cate-
nane was attached to the MOF framework by a so-called sol-
vent-assisted ligand incorporation protocol. A degree of incor-
poration of =0.65 catenanes per Zrg node could be achieved as
shown by "H NMR and coupled plasma atomic emission spec-

troscopy. This degree of functionalization results in a density of

GREEN

PURPLE

Figure 25: A tristable switch based on the redox-active [2]catenane 27 with three different stations.
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Figure 26: Structure of catenane-functionalized MOF NU-1000 [108] with structural representation of subcomponents. The TTF-based catenane 28

can be reversibly switched inside the MOF.

ordered catenanes of 8.8 x 101? units cm™ in the MOF. Cyclic
voltammetry in combination with chemical oxidation/reduction
and powder-UV—vis—NIR spectroscopy showed the catenane to

be reversibly switched inside the MOF.

6.3. TTF Dimer interactions in catenanes

Catenanes are ideally suited structures to enable the formation
of TTF dimers, which need a confined molecular space to be
stable at room temperature in solution. In 2010, the groups of
Cooke and Stoddart described two [3]catenanes consisting of a
cyclobis(paraquat-4,4'-biphenylene) and two TTF-based macro-
cycles (Figure 27a) [111]. Crystal structures of catenanes 29
and 30 showed that both TTF units are in the cavity of the
central ring in the unswitched state. During the stepwise oxida-
tion, both catenanes display characteristic spectroscopic fea-
tures for stable mixed-valence (TTF,)®" and radical-cation
(TTF**), dimers. The authors call the stabilizing environment
of a [3]catenane a “molecular flask”. However, whereas cate-
nane 29 is directly oxidized from its radical-cation-dimer state
(292(*)y to the fully oxidized 29*" state, the alkyne-based cate-
nane shows a metastable disproportionation equilibrium be-
tween the 303" state and the 302(*)/30%" states. The authors

explain the discrepancy by the additional binding energy of the
dihydroxynaphthalene stations in 29*" to the cyclobis(paraquat-
4,4"-biphenylene) wheel. Therefore, the Coulomb repulsion and
the subsequent expulsion of the TTFZ" units from the cavity of
the central ring lead to a circumrotation of both outer wheels to
a co-conformation in which the second binding stations are lo-
cated in the cavity of the inner wheel.

In a series of similar self-assembled catenanes with a central
metallo-supramolecular wheel (catenane 31 is shown exem-
plarily in Figure 27b), donor—acceptor interactions and hydro-
gen bonding generate a neutral TTF dimer that is surrounded by
cofacially oriented bipyridinium units [112]. The intertwined
structure is locked by formation of platinum(II)—pyridine coor-
dination bonds. Interestingly, the doubly interlocked catenane
features the topologic structure of a so-called Solomon link. It
was shown that the oxidation of the Solomon link to the 31°*
state creates a stabilized mixed-valence dimer (TTF,)®*". How-
ever, in comparison to the structurally similar catenanes in this
report, the radical-cation-dimer state (TTF®"), was only tran-
siently stable. The authors suggest an effect of the constrained
structural environment of the TTF units, which rationalizes the
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Figure 27: (a) [3]Catenanes 29 and 30 which can stabilize mixed-valence or radical-cation dimers of TTF. (b) Self-assembly synthesis of the

molecular Solomon link 31 incorporating two TTF units.

reduced stability of the radical-cation dimer. Thus, also topolog-
ical effects have to be considered for TTF dimer formation in
redox-switchable MIMs.

Conclusion

The organosulfur compound TTF developed from a molecular
switch with multiple electronic and material applications to one
of the most widely used building blocks for the construction of
stimuli-responsive MIMs and functional molecular devices. The
development of straightforward organic reactions to implement
TTFs in rotaxane or catenane structures lead to a variety of dif-
ferent construction motifs. Its high stability in three different
oxidation states and the change of multiple properties during
these successive oxidations are ideally suited to drive molecu-
lar motions in MIMs. Additionally, the optoelectronic and mag-
netic properties of TTF make it very easy to follow the stimuli-
induced motion and the conformational changes accompanying
it. TTF dimer interactions are relatively new yet offer an out-
standing additional possibility to control molecular motion. In
future, the already somewhat explored pathway to ordered
arrays of TTF-based AMMs on surfaces or in (Sur)MOFs will
enable macroscopic effects caused by concerted electrochemi-

cal switching. Furthermore, the disadvantage of degradation of
these organic molecules can be potentially overcome by incor-
poration into more robust materials. The initial dream that
AMMs can be used one day to perform different tasks on the
molecular level becomes slowly but steadily true. TTF and its
derivatives will continue to contribute to this process.
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Abstract

Although alkali halide salts play key roles in all living systems, the physical models used to describe the properties of aqueous solu-
tions of salts do not take into account specific ion—ion interactions. To identify specific ion—ion interactions possibly contributing to
the aggregation of proteins, we have used dynamic light scattering (DLS) to probe the aggregation of charged cavitands. DLS mea-
surements of negatively charged 1 in the presence of a range of alkali metal halides reveal no significant aggregation of host 1 as a
function of the nature of the cation of the added salt. Only at high concentrations could trace amounts of aggregation be detected by
"H NMR spectroscopy. Contrarily, 1 was readily aggregated and precipitated by ZnCl,. In contrast, although fluoride and chloride
did not induce aggregation of positively charged host 2, this cavitand exhibited marked aggregation as a function of bromide and
iodide concentration. Specifically, bromide induced small but significant amounts of dimerization, whilst iodide induced extreme
aggregation. Moreover, in these cases aggregation of host 2 also exhibited a cationic dependence, with an observed trend
Na® > Li" > K" = Cs™. In combination, these results reveal new details of specific ion pairings in aqueous solution and how this can
influence the properties of dissolved organics.

Introduction

Although all life on planet Earth depends on aqueous solutions, is that classical theories of electrolytes rest on the assumptions
our understanding of aqueous supramolecular chemistry is  that all ions are point charges that only form non-specific inter-
limited. As a result, as Smith has eloquently pointed out [1], the  actions. The ramifications of this are innumerable. For example,
effects of buffers and salts on dissolved organics can be quite  pH measurements are based on extended Debye—Hiickel theory

bewildering. Why is this? The proverbial elephant in the room [2] and Poisson—Boltzmann distribution [3] to describe ionic
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profiles near the glass-electrode surface. These classical models
may be good approximations for ions such as Li* and F~, but
they are poor models for ions that don’t behave as hard point
charges [4]. Correspondingly, IUPAC advises researchers to
avoid pH measurements above 0.1 M to minimize errors [5].
Related problems lie with Derjaguin, Landau, Verwey and
Overbeek (DLVO) theory as a model of the aggregation of
aqueous dispersions. DLVO often quantitatively succeeds, but it
fails to predict ion specific effects [4,6,7]. Similarly, it is
becoming increasingly evident that the Hofmeister and reverse
Hofmeister effects [8,9] — most commonly discussed in terms of
how salts affect biomacromolecules — can only be fully under-
stood in terms of specific ion—ion, ion—water, and/or

ion—macromolecule interactions [4,10,11].

Although many attempts have been made to amend these and
other classical models [4], success has been limited because of
our lack of understanding of the specific supramolecular proper-
ties of individual ions. There is therefore an opportunity for
supramolecular chemists (who by their very training demand
specificity of interactions) to help build a full understanding of
ion-specific interactions in water and help usher the troubling
elephant out of the room.

Recently we demonstrated how host molecules can engender
the Hofmeister [12,13] and the reverse Hofmeister effects [14].
In regards to the former, we have shown how poorly solvated
anions such as SCN™ have an affinity for non-polar surfaces.
Because of this, they can compete with the interactions be-
tween two non-polar surfaces in a host—guest complexation
event and can induce an apparent weakening of the hydro-
phobic effect akin to how these anions can partially unfold pro-
teins. Alternatively, poorly solvated anions can also associate
closely with cationic groups, induce charge neutralization, and
engender aggregation and/or precipitation. In other words, they

Beilstein J. Org. Chem. 2018, 14, 2212-2219.

can also cause an apparent increase in the hydrophobic effect.
This is the reverse Hofmeister effect, and in complex biomacro-
molecules we surmise that both effects are in operation, and that
in very general terms it is the balance between these that
dictates the properties of a particular macromolecule under spe-
cific conditions. Cations can also induce Hofmeister effects, but
these are usually much weaker, and we believe there are two
reasons for this. First, simple metal cations are generally more
strongly solvated than comparable anions that can induce
Hofmeister effects. Second, the anions that predominate
in biomacromolecules are carboxylates, phosphates and
sulfates, and the strong solvation of these means that it is
hard for a cation to form an ion pair and induce Hofmeister
effects.

To explore these ideas further we report here the responses of
two deep-cavity cavitands, octacarboxylate 1 (counter ion Na™)
[15,16] and positand 2 (counter ion C17) [14] (Figure 1), to dif-
ferent salts using dynamic light scattering (DLS) [17-20]. Re-
spectively functionalized with carboxylates and trimethylam-
monium groups, these hosts are expected to possess unique ion-
pairing properties and hence have very different reverse-
Hofmeister responses to added salts. More specifically, both
octacarboxylate 1 and positand 2 have a non-polar cavity that
can function as an anion (but not to our knowledge a cation)
binding site. Anion binding to the cavity of positively charged 2
is stronger than to negatively charged 1 [13,14], but neverthe-
less anion binding to 1 can be as strong as 4.60 kcal mol™'. Host
2 has a second anion binding site in the form of the crown of
trimethylammoniums “under” the primary bowl [14], and corre-
spondingly the four chelating carboxylates of the crown of 1
may be a reasonable cation binding site. Furthermore, in addi-
tion to these specific cavity and crown sites, the individual
charge groups of 1 and 2 can function as weak (pseudo-specific)

binding sites for ions of opposite charge.

Figure 1: Chemical structures of octaacid 1 and positand 2 showing the anionic binding sites of the two hosts (orange and red) and the potential

cationic binding site of 1 (blue).
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Results and Discussion

To determine the effects of salts on 1 (counter ion Na™) DLS
was used to monitor its observed hydrodynamic volume during
titration with various halide salts. The fifteen salts studied were
a matrix of the alkali metal cations Li*, Na*, K, and Cs™ in
combination with the halides F~ through 1", the one omission
being poorly soluble lithium fluoride (maximum solubility =
0.134 g mL™1). Unsurprisingly, given the pK, values of
carboxylic acids, host 1 has limited solubility in unbuffered
water. Thus for solubility reasons, titrations of 1 were per-
formed in 20 mM NaOH solution (see Supporting Information
File 1, Figure S2, for more details). In each case titrations were
taken to 100 mM salt where it was assumed that the host is fully
screened [21-23]. Figure 2 shows the effects of the different
salts on the observed size of 1.

The reported hydrodynamic diameters were calculated using the
Stokes—Einstein equation (Equation 1), which assumes host 1 is
a spherical particle,
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where D is the diffusion constant, &y, is the Boltzmann constant,
T is the temperature, 1) is the viscosity of the solution, and ry is

the hydrodynamic radius.

In all cases, at the initial 20 mM concentration of NaOH the
light scattering induced by 1 was weak. This resulted in rela-
tively flat autocorrelation functions generated from the
measured fluctuations in scattered light. Consequently, the re-
corded size of the host was both anomalously small and highly
variable, covering the range 1.0 to 1.7 nm (Figure 2). This
compares to molecular models which show host 1 approxi-
mates to an anti-cube (square antiprism) with sides of ~ 2.0 nm.
The weak light scattering of 1 was attributed to the high charge
density of the host and the low ionic strength of the solution
engendering significant Coulombic interactions between host
molecules [24]. Titrating samples with the different salts led to
much stronger light scattering and an apparent increase in the
hydrodynamic diameter of the host to a more realistic ~ 2 nm.
In all cases, however, the nature of the cation had no perceiv-
able effect; each metal ion resulted in a hydrodynamic diameter
for 1 of 2.1 +£ 0.2 nm (Table 1). The invariance in these results
reveals the power of the carboxylate as a water-solubilizing

Br- I~
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Figure 2: Representative plots of the volume-weighted distribution obtained by DLS for salts titrated into 2.00 mM 1: a) LiCl, b) LiBr, c) Lil, d) NaF,
e) NaCl, f) NaBr, g) Nal, h) KF, i) KClI, j) KBr, k) Kl, I) CsF, m) CsCl, n) CsBr, o) Csl. Scale shown in the upper-left corner. The x-axis represents
hydrodynamic diameter, the y-axis the concentration of the respective salt (mM), and the z-axis the relative intensity.
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Table 1: Summary of titration data from DLS experiments.

cation anion host 12:2 max. dia. (nm)
F— _C
Lit CI~ 2.1+0.0
Br- 21+0.2
I~ 2.0+0.0
F~ 1.8+0.1
Na* CI~ 20+0.2
Br- 1.8+0.0
I~ 2.0+£0.1
F~ 21+04
K* CI~ 21+0.1
Br- 21+0.1
I~ 22+0.3
F- 1.9+0.0
Cst CI~ 2.0+0.1
Br~ 1.9+0.1
I~ 1.9+0.1

host 22:° max. dia. (nm)
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n-mer aggregate® # (for host 2)

C

2.1+0.1
25+0.0 1.7 £0.0

14.3 +0.59 314 + 324
1.8+0.3

2.1+0.1

2.6+0.1 1.8 +£0.1

18.6 + 3.1d 764 + 2609
2.0+0.1

2.0+0.0

2.4+0.1 1.4 £0.1

116+0.8 170 + 37

2.0+0.3

2.0+0.0

2.4+0.0 15+0.0

11.9+0.2 180 + 10

@Determination of the maximum hydrodynamic diameter (max. dia.) was made regardless of the salt concentration at which the maximum size
occurred. In the event of a bimodal distribution, the mode that accounted for >10% of the total distribution and had the largest diameter was used to
determine max. dia. ®Values are the average of two datasets. °For solubility reasons titrations with LiF were not performed. Values are the average

of three or more datasets.

group. Although its pK, may not be optimal for deprotonation at
neutral or physiological pH, its small size and relatively high
free energy of hydration (—373 kJ mol™!) ensure that ion-pairing
effects are not strong. This was further confirmed by 'H NMR
spectroscopy (Supporting Information File 1, Figure S3), which
revealed only trace amounts of host aggregation (=5%).
Furthermore, even at 100 mM salt concentration, 'H NMR
spectroscopy failed to show any significant association of Cs*
to the crown of four carboxylates. Thus, although this crown is
the most obvious potential cation binding site, we see no evi-
dence of specific complexation here. More generally, despite
the high charge density of 1, monovalent alkali metal ions
cannot associate with it sufficiently to induce significant aggre-
gation and a reverse Hofmeister effect. This was not, however,
the case with divalent metal ions, which are well recognized to
interact strongly with carboxylates and induce aggregation [25].
Thus, visual inspection upon the addition of ZnCl, to give a
100 mM salt concentration revealed extensive precipitation of
the host. Returning to the point that the majority of anionic
groups in biomacromolecules are strongly solvated, it is inter-
esting to contemplate the idea that the prevalence of alkali metal
ions in the environment exerted evolutionary pressures on
biomacromolecules to select carboxylate, phosphates and
sulfates and hence minimize ion pairing, charge neutralization,

and deleterious precipitation effects in living systems.

Overall, octacarboxylate 1 is a binder of large, polarizable
anions in its non-polar pocket [12], but is not a perceptible
binder of alkali metal cations. Building on this, we carried out
similar DLS studies with host 2 (counter ion CI7) using the
same aforementioned salts (Figure 3). In a previous work, our
DLS studies of this host involved solutions buffered with
40 mM phosphate (pH 7.3) [14]. Under these conditions, the
initially measured sizes in the absence of added salt were
consistently 1.9-2.1 nm; values that match the modeling of the
host. In stark contrast to this earlier work, but analogously to
host 1, when we examined solutions of 2 in the absence of any
added buffer and salt, light scattering was weak. This resulted in
flat autocorrelation functions and again an anomalously small
and highly variable hydrodynamic volume (0.5—1.4 nm). This
issue noted, at the titration point of 80 mM salt the curvature of
the autocorrelation function greatly increased, and the observed
hydrodynamic diameter approached the expected ~2.0 nm.
Hence although for all of the studies here the starting point for
each titration was 20 mM salt, the first data point for each titra-

tion was ignored.

An obvious trend in the data for host 2 (Figure 3) is how the
nature of the halide affects aggregation. Over all concentrations
of F~ salts the hydrodynamic diameter of the host was anom-

alously small, with maximum diameters measured in the pres-
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Figure 3: Representative plots of the volume-weighted distribution obtained by DLS for salts titrated into 2.00 mM 2: a) LiCl, b) LiBr, c) Lil, d) NaF,
e) NaCl, f) NaBr, g) Nal, h) KF, i) KClI, j) KBr, k) Kl, I) CsF, m) CsCl, n) CsBr, o) Csl. Scale shown in the upper left corner. The x-axis represents
hydrodynamic diameter, the y-axis the concentration of the respective salt (mM), and the z-axis the relative intensity.

ence of NaF, KF, and CsF being 1.6, 1.9, and 1.8 nm. The
strongly solvated F~ ion [26] has a very weak affinity for host 2
[14], and we therefore interpret these small hydrodynamic di-
ameters to limited binding to host 2 and hence an inability to
screen interhost interactions. In contrast, in the presence of at
least 80 mM CI™ salts the hydrodynamic diameter of host 2 was
consistently within the expected range of 2.0-2.1 nm. Thus, in-
dependent of the metal cation Cl™ is an ideal anion for effec-
tively screening intermolecular charge—charge interactions be-
tween the host (Table 1). The case of Br~ was quite different.
For all salts, the addition of Br™ leads to an increase in the
hydrodynamic diameter, with NaBr giving the largest increase
to 2.6 nm. This corresponds to the formation of a dimer aggre-
gate. Aggregation was even more extreme with the I salts. All
I” salts caused extensive aggregation of the host, and a determi-
nation of the maximum size induced by the four salts ranged
from 170 and 180-mers in the presence of KI and Csl, to
~724-mers for Nal. Evidently the difference in the free energies
of solvation of Br™ and I" (AGypyg = —321 and 283 kJ mol ™,
respectively) is key to allowing more ion pairing between the
trimethylammonium groups of 2 and I” to induce substantial
aggregation.

The data for the I salts illustrate a further complexity to the
ability of salts to induce precipitation of ammonium ions such
as 2. Thus, although the aggregation induced by KI and CsI are
not significantly different, there is a trend for cation-induced
aggregation of cationic 2: namely Nat > Li* > K* = Cs*. This
cation effect must be indirect. If the counter ions of 2 (C17) are
viewed as non-coordinating, this phenomenon can be inter-
preted as arising from a simple competition between the two
“hosts” 2 and M" (Scheme 1). In such a system, I” can only as-
sociate with host 2 and induce charge neutralization and aggre-
gation when it is in the free state, but if it itself strongly associ-
ates with the counter ion of the salt then it will not be able to
bind strongly to 2.

+2 +M*

2

-2 -M*

Scheme 1: Visualization of the competitive equilibrium between iodide
binding to host 2 or associating with its alkali metal cation M*.
Non-competing CI™ is omitted for simplicity.
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There is a well-established “volcano plot” relationship between
the standard heat of solution of crystalline alkali halides and the
difference between the absolute free energy (or heat) of hydra-
tion of the corresponding anion and cation [27,28]. As a result,
in the words of Fajans, “in the case of alkali halides, the solu-
bility in a number of salts with the same cation (anion) and dif-
ferent anions (cations) is at a minimum when the cation and
anion are approximately equal and increases with increasing
difference of the ionic radii” [29]. This has been built upon by
Collins who proposed that the difference in heats of hydration
of a cation and anion is a surrogate for the extent of anion
pairing in solution; that small (large) anions preferentially bind
with small (large) cations, whereas large size differences lead to
weak association [30]. Thus, this law of matching water affini-
ties (LMWA) suggests that in aqueous solution Csl is more
strongly ion-paired than Lil. The observed trend in the aggrega-
tion of 2 (Nal > Lil > KI = Cs]) is therefore not in full agree-
ment with the LMWA. The LMWA correlates with our data
that K* and Cs* should pair strongly with I~ and therefore in-
duce weak aggregation. However, it also predicts that Li* and I~
should form the weakest ion pair and that therefore Lil should
be the greatest aggregator of 2. As Table 1 reveals, this is not
the case; it is Nal that has the strongest influence on the host.

A straightforward answer for this may be that entropy is a part
of the aggregation of 2, whereas the LMWA is purely enthalpi-
cally based. Additionally, however, the absolute heats of hydra-
tion of anions and cations calculated by Morris make many
assumptions, and in part rely on models that assume ideality for
their determinations.

Cation effects for the bromide salts are less pronounced than
those of the iodide salts, nevertheless there are small but signifi-
cant differences between the pairs of cations Li*/Na* and
K*/Cs*. The former pair, as would be expected considering the
data for iodide salts, leads to greater aggregation than that ob-
served with the potassium and cesium salts. These results reveal
that in contrast to host 1, the weakly solvated groups of 2 result
in significant ion-pairing effects that can, in extreme cases such
as [ salts, lead to a pronounced reverse Hofmeister effect. Im-
portantly, our DLS studies reveal that this effect is also influ-
enced indirectly by the nature of the cation of the salt.

Conclusion

Dynamic light scattering reveals the ion-specific interactions of
carboxylate and trimethylammonium groups, and hence the
inherent asymmetry between negatively and positively charged
molecules. The negatively charged solubilizing groups of host 1
are relatively strongly solvated, so much so that the nature of
the alkali metal cation has very little effect on aggregation.

Divalent metal ions are required to induce aggregation in this

Beilstein J. Org. Chem. 2018, 14, 2212-2219.

host. In contrast, the more weakly solvated charged groups of 2
allow ion-specific interactions with halide anions. Specifically,
weakly solvated I, and to a lesser extent Br~, can associate
closely with host 2, induce charge neutralization, and hence
bring about aggregation. Importantly, because of the power of
I" to induce aggregation in 2 it is even possible to observe how
ion pairing within a salt can influence its aggregation ability.
Considering the ubiquity of alkali metal halide ions in Nature,
we are examining other systems to provide greater detailing of
how the balance of ion pairing in two-cation/two-anion systems
influences Hofmeister effects.

Experimental

Reagents were purchased from the commercial supplier Sigma-
Aldrich Corp. and were used without further purification.
Deuterated solvents were purchased from Cambridge Isotopes
and used without further purification. Hosts 1 and 2 were syn-
thesized by the procedures reported previously [15,16,31]. All
'H NMR spectra were collected on a Bruker 500 MHz spec-
trometer at 25 °C. Spectral processing was performed using
Mnova software (Mestrelab Research, S.L.). All dynamic light
scattering measurements were performed on a Nicomp ZLS
73000 particle size analyzer (Particle Sizing Systems — Port
Richey, FL), with a 50 mW laser diode (660 nm wavelength)
and an avalanche photodiode (APD) detector. Measurements of
scattered light were made at 90°, with data collected at 23 °C
and processed using a non-negative least squares Nicomp analy-

S1S.

DLS solution preparation and analysis

procedures

All solutions of 1 were prepared in 20.0 mM NaOH in
18.2 MQ-cm Milli-Q H,O. Solutions of 2 were prepared in
unbuffered 18.2 MQ-cm Milli-Q H,0O. All host solutions were
prepared at a concentration of 2.00 mM. Solutions of 1 and 2
were titrated with a 2.00 M salt solution in aliquots of 20 mM
until reaching a final concentration of 100 mM (50 equiv) salt.
Dilution of the host solution during the titration was maintained
at <5% for all titrations.

Samples were centrifuged for 10 min at 10,000 rpm prior to
each titration but not centrifuged thereafter. Solutions of host
were titrated with salt, then shaken and vortexed to ensure
mixing before acquiring DLS measurements. For each data
point in a titration, analyses were performed in quadruplicate at
a channel width of 5 ps. Particularly, at low salt concentrations,
weak light scattering resulted in a flat autocorrelation curve;
this data was immediately discarded. Of the remaining data, that
with the lowest fit error was kept. At every salt concentration,
the data was replicated a minimum of one time using a separate

solution of host. Those data were then averaged and presented
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herein. Results shown are representative of the volume-
weighted distribution. Surface plots of the raw, volume-
weighted distribution data were plotted using OriginPro soft-

ware.

NMR solution sample preparation and
analysis procedures

Monodispersity of the host 1 solution was confirmed by Pulsed
Gradient Spin Echo (PGSE) NMR (Supporting Information
File 1, Figure S1) in H>O locked with D,O in a 5 mm coaxial
capillary insert (Wilmad-Labglass — Vineland, NJ). The concen-
tration of the stock solid was determined by titration in tripli-
cate with a 25.0 mM sodium ethanesulfonate (SES) solution,
and integration of the methyl or methylene peaks of ethanesul-
fonate and the Hj peak of the host.

Solutions for NMR titrations were prepared in 13.0 mM NaOH
in D,O (Supporting Information File 1, Figure S2). Titrations of
the host were carried out with 2.0 mM host solutions. Stock
solutions of NaOH were prepared at 286.0 mM. An aliquot of
0.5 mL of host was titrated in an NMR tube with careful addi-
tion of small aliquots of NaOH. Analysis of 1 with CsCI was
performed by the addition of a 2.00 M CsCl solution to a
2.0 mM host solution such that the final CsCl concentration was
100 mM (50 equiv) and dilution of the host was 5% (Support-
ing Information File 1, Figure S3).

Supporting Information

Supporting Information File 1

Additional analytical data and NMR spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-195-S1.pdf]
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Abstract

A water-soluble 2,2"-biphen[4]arene (2,2’-CBP4) containing eight carboxylato moieties was synthesized and characterized. Its com-
plexation behavior towards two alkaloids, palmatine (P) and berberine (B), was investigated by means of fluorescence and
'H NMR spectroscopy in aqueous phosphate buffer solution (pH 7.4). In the presence of 2,2°-CBP4, 'H NMR signals of P and B
displayed very large upfield shifts, indicating the formation of inclusion complexes with strong binding affinities. Fluorescence
titration experiments showed that P and B exhibited dramatic fluorescence enhancement of more than 600 times upon complex-
ation with 2,2’-CBP4. Particularly, the fluorescence intensity is strong enough to be readily distinguished by the naked eye. Al-
though the two guests have similar structures, the association constant of B with 2,2°-CBP4 (K, = (2.29 + 0.27) x 10 M~ 1) is
3.9 times larger than that of P (K, = (5.87 + 0.24) x 10° M.

Introduction

Host—guest chemistry in water is significantly important due to  chemistry. In the past ten years, the chemistry of pillar[n]arenes
its extensive applications in biology, medicine, and environ-  has developed very quickly because of their specific structures
ment. Cyclodextrins [1-4], cucurbiturils [5-11], and calixarenes and interesting host—guest properties [21-32]. Water-soluble

[12-20] have been widely used in aqueous supramolecular pillar[n]arene derivatives, especially those containing carboxyl-
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ato moieties, showed low cell toxicity and good biocompatibili-
ty, and have been applied in biomedical applications such as
bioimaging and self-assembled drug delivery systems [33-40].
For example, our group demonstrated a direct host—guest com-
plexation-based drug delivery system for oxaliplatin by
carboxylatopillar[6]arene [36]. The encapsulation could not
only improve the drug‘s stability in the blood stream, but also
be effectively dis-assembled in the acidic tumor environment,

and thus improve the anticancer activity of oxaliplatin in vivo.

In 2015, we introduced a new class of macrocyclic arenes, 4,4’-
biphen[n]arenes (n = 3,4) with 4,4’-biphenol or 4,4’-biphenol
bridges [41], which have

received much attention due to their convenient synthesis and

ether monomers linked by —CH»—

modification method, novel topological structures and excellent
cavity host—guest properties [41-46]. In 2017, another type of
biphen[n]arenes with 2,2’-disubstituted biphenyl units, 2,2’-
biphen[n]arenes (n = 4-8), have been designed and synthesized
[47].

To date, the complexation of biological and pharmaceutical
molecules by biphen[r]arenes in water have not been reported.

Beilstein J. Org. Chem. 2018, 14, 2236-2241.

In this work, we wish to report the synthesis of the first water-
soluble 2,2’-biphen[4]arene bearing multiple carboxylato
moieties, 2,2’-CBP4 (Scheme 1), and its binding behavior and
fluorescent spectrum characteristic towards two alkaoilds,
palmatine (P) and berberine (B), in water solution. In particular,
the fluorescence intensities of the two guests have been consid-
erably enhanced after complexation. As a member of isoquino-
line alkaloids® family, P and B can produce singlet oxygen
('0,) and oxide biological substrates under light, and thereby
have applications in photodynamic therapy (PDT) [48-50].
However, their low quantum yields limit such applications,
which could be potentially improved or restored by the present
encapsulation-induced fluorescence enhancement.

Results and Discussion

Synthesis

Scheme 1 shows the synthetic route of 2,2’-CBP4 [51], which is
very similar with the procedure of water-soluble 4,4’-
biphenarene [46]. Perhydroxylated 2,2’-biphen[4]arene, (2,2’-
OHBP4) with hydroxy reaction sites was quantitatively pre-
pared by the deprotection of 2,2°-OEtBP4 using excess BBrj.
The nucleophilic substitution reaction of 2,2’-OHBP4 and ethyl

o
EtO
EtO HO
B
O BBrs O OEt
—»
O 4 CH,Cl, O 4 K2C03
OEt OH
CH5CN
reflux COOEt
2,2"-OEtBP4 2,2'-OHBP4 2,2'-COOEtBP4
0
@o)ﬂ
o)
| QN:
1) NaOH, H,0O NH3-H>0 8NH,
. — AL
2) HCl 0

palmatine (P)

Scheme 1: Synthesis of 2,2’-CBP4 and the chemical structures of P and B.

berberine (B)
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bromoacetate, K,COj as the base, afforded 2,2’-COOEtBP4 in
88% yield. The hydrolysis of 2,2’-COOEtBP4 in NaOH solu-
tion and then acidification with HCI yielded 2,2’-COOHBP4 in
a high yield of 87%. Water soluble 2,2’-CBP4 was quantitavely
prepared by the acid-base reaction of 2,2’-COOHBP4 and
aqueous ammonia solution. The total yield is up to 77%. As ex-
pected, 2,2°-CBP4 has a very good solubility (=10 mM) in
water.

TH NMR spectra

IH NMR experiments of P and B with 2,2°-CBP4 in deuterated
phosphate buffer (pD 7.4) were carried out to examine the
host—guest complexation (Figure 1 and Figure S9 in Supporting
Information File 1). From Figure 1, upon addition of the host,
all the peaks of alkaloid B displayed upfield shifts and broad-
ening compared with the free guest. Especially, the chemical
shifts for the middle protons, H1-6 and H10-11, are larger than
those for the ending H7-9. These results indicate that berberine
was engulfed by the cavity of 2,2’-CBP4 to form a pseudoro-
taxane-type inclusion complex. Similar complexation-induced
NMR changes were observed for the host—guest mixture of P
and 2,2°-CBP4 (Supporting Information File 1, Figure S9),
suggesting a similar binding mode of an inclusion complex.

The host—guest encapsulation was then confirmed by
2D NOESY experiments, as shown in Figures S10 and S11,
Supporting Information File 1. For example, in the 2D NOESY
spectra of host—guest mixture of 2,2’-CBP4 and B, NOE corre-
lations were clearly observed between the middle protons H1

Beilstein J. Org. Chem. 2018, 14, 2236-2241.

and H10 of B with the methylene H; of 2,2’-CBP4, and be-
tween the aromatic protons (Hp) of 2,2°-CBP4 and H2 of B
(Supporting Information File 1, Figure S11).

To examine the fluorecence behavior and to quantitatively
assess the complexation of the two alkaloids and 2,2°-CBP4,
spectral titrations of P/B and 2,2’-CBP4 were performed in the
phosphate buffer solution of pH 7.4 at 298 K. As can be seen
from Figure 2 and Supporting Information File 1, Figure S10,
compounds P and B alone only displayed fairly feeble fluores-
cence emission. Upon addition of 2,2’-CBP4, the fluorescence
intensity was remarkably improved more than 600 times
(Figure 2 and Supporting Information File 1, Figure S10). This
was due to the effect of lowering polar microenvironment when
P or B was included by 2,2’-CBP4; the guest emits stronger
fluorescence in a more hydrophobic microenvironment [48].
Combined with NMR results,
conclude the alkaloid molecules must insert into the hydro-

we can unambiguously

phobic cavity of 2,2’-CBP4 to form inclusion complexes.
Interestingly, the emission intensities can be easily identified
by the naked eye under UV light of 365 nm. As can be seen
from Figure 3, P, B and 2,2’-CBP4 alone are almost nonfluores-
cent; the host—guest mixture shows very strong yellow fluores-
cence.

Through analyzing the sequential changes about fluorescence
intensity (AF) of guest that occurred with changes in host con-
centration, the association constants (K,) could be calculated.
The complexation stoichiometry for each binding event was de-

6 10_{' 1 8
(A) W
g ’Lb =
7T~ 5 2 /N9 7
S 8 6
\ \ J 10
A A
ooc. C
©) & bé‘/d - b a
PPN v d c
A :r ” 8NH, e
b . i - S
Scod j
10.0 95 9.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 4.5 40 3.5 3.0 2.5 2.0

Figure 1: "H NMR spectra (500 MHz, 293 K) of (A) B (2.0 mM), (B) B (2.0 mM) + 2,2-CBP4 (2.0 mM) and (C) 2,2'-CBP4 (2.0 mM) in deuterated

phosphate buffer (pD 7.4).
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Figure 2: Fluorescence spectra of P in the absence and presence of 2,2'-CBP4 in aqueous phosphate buffer solution at pH 7.4 at 298 K. The excita-
tion wavelength is at 352.0 nm. Inset: the nonlinear least-squares analysis to calculate the association constant using the fluorescence emission at

530 nm.

Figure 3: Visible emission observed from samples of P and B in the absence and presence of 2,2’-CBP4 under a UV lamp (365 nm). Left to right: P,

P +2,2-CBP4, 2,2-CBP4, B + 2,2-CBP4 and B.

termined to be 1:1 by Job plot analysis (Supporting Information
File 1, Figures S13 and S14). The nonlinear least-squares curve-
fitting method was used to analysis. For each host—guest pair,
an excellent fit with an R value larger than 0.99 was obtained. It
was found that 2,2’-CBP4 formed stable complexes with the
two positively charged alkaloids, giving K, values of
(5.87 £ 0.24) x 10° M~ and (2.29 + 0.27) x 10° M~! for P and
B, respectively. n--'7 interactions, hydrophobic interactions and

electrostatic attractions should play important roles in the asso-
ciation process. Although having similar structures, these two
guests gave very different association constants. The substitu-
tion of 1,3-dioxole for two methoxy groups in P, affording B,
considerably increases the K, value of 3.9 times (Table 1). One
possible reason is that the size of B with 1,3-dioxole, smaller
than that for P with two methoxy groups, matches better with
the cavity of 2,2’-CBP4.
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Table 1: Association constants (Kz/M~") for 1:1 intermolecular com-
plexation of P and B with 2,2’-CBP4 in phosphate buffer solution
(pH 7.4) at 298 K.

host  guest Ky M1 Ex [nm] Em [nm]
22-CBP4 P  (587+0.24)x10° 352 533
2,2-CBP4 B  (2.29+0.27)x10% 352 530
Conclusion

In summary, we have synthesized a water-soluble 2,2’-
biphen[4]arene, 2,2’-CBP4, for the first time and studied its
complexation towards two alkaloid guests, P and B. 'TH NMR
and fluorescence results indicate the formation of inclusion
complexes with strong stability. The association constants are in
the magnitude of 105-10° M~!. Upon complexation with 2,2’-
CBP4, both alkaloid guests exhibit a significant fluorescence in-
tensity enhancement and the intensity is strong enough to be
distinguished by the naked eye. The easy accessibility, good
water-solubility and nice binding properties make 2,2’-CBP4 be
applicable in the biomedical field, for example, chemical
sensors, drug delivery, supramolecular amphiphiles, etc.

Experimental

2,2°-OEtBP4 was synthesized according to our previously re-
ported method [47]. P and B were purchased from Shanghai
Aladdin Bio-Chem Technology Co.,LTD. 'H NMR and
13C NMR spectra were recorded on a Bruker AV500 instru-
ment. The fluorescence emission spectra were determined with
a SHIMADZU RF5301 spectrometer. Deuterated phosphate
buffer solutions (20 mM) of pD 7.4 for 'H NMR experiments
were prepared by mixing K,DPOy deuterium oxide solution
(20 mM) and KD,POy4 deuterium oxide solution (20 mM) ac-
cording to the calculated volume ratios. The pH/pD values of
the buffer solutions were verified on a pH-meter calibrated with
two standard buffer solutions.

Supporting Information

Supporting Information File 1

Experimental details and the 'H and '3C NMR spectra of
2,2’-biphen[4]arene derivatives, additional TH NMR
spectra of host—guest mixture, job plots, and the
determination of the association constants.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-198-S1.pdf]
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The coordination-driven self-assembly of two new Rug—Ptg hexanuclear trigonal prismatic cages comprising arene—ruthenium(II)

clips (1a(NO3), and 1b(NO3),) and a tritopic platinum(II) metalloligand 2 has been performed in methanol at room temperature.

The [3 + 2] hexanuclear cages 3a and 3b were isolated in good yields and characterized by well-known spectroscopic techniques

including multinuclear NMR, mass spectrometry, UV—vis and infrared studies. Geometry optimization revealed the shapes and

sizes of these hexanuclear prismatic cages. The combination of ruthenium and platinum metal center in a one-pot self-assembly

reaction showcases the construction of aesthetically elegant heterometallic structures in supramolecular chemistry leading to the

formation of a single major product.

Introduction

Coordination-driven self-assembly of discrete architectures has
evolved as a unique protocol to construct elegant supramolecu-
lar architectures of different shapes, sizes and functionalities
over the last two decades [1-23]. These 2D and 3D-supramolec-
ular architectures mostly comprise pure organic ligands as elec-
tron-rich donors and transition metals as electron-deficient
acceptors. Diverse functionalities embedded in these
homometallic architectures have found useful applications in

chemical sensing [24-35], catalysis [11,36-46], drug delivery

[47-51] and host—guest chemistry [52-56] among others. The
cardinal prerequisites to obtain these self-assembled supramo-
lecular architectures include stoichiometry and conformational
complementarity on the binding sites of the building blocks
[57-61]. However, the use of a single metal and a single organic
ligand design may limit the structural diversity as well as the
functionality of homometallic supramolecular architectures. In
the last few years, enormous efforts have been channeled

towards multicomponent self-assembly involving the construc-
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tion of sophisticated heterobimetallic supramolecular architec-
tures in a one-pot reaction and their functional properties are
currently being explored [55,62-70]. The incorporation of two
different metal centers in a supramolecular architecture can
impart different functional properties arising from each of the
metals and/or the organic components which is quite interest-
ing.

The metalloligand synthetic approach has been efficiently used
to achieve the construction of heterobimetallic supramolecular
architectures in order to minimize the formation of two inde-
pendent homometallic architectures or a mixture of products
[71-78]. The metalloligand is a kinetically stable coordination
complex with a metal center and one or more appended donor
site(s) which can further coordinate to another metal center
[79-83]. Such metalloligands are predesigned and encrypted
with the desired functional properties before they are used in
self-assembly reactions so as to induce the desired functional
properties into the final supramolecular architecture [84-92].
Hence, the metalloligand becomes the electron-rich building
block which offers structural rigidity while the second metal is
the electron-acceptor building block. The facile self-assembly
of 2D-heterobimetallic supramolecular architectures are well re-
ported in the literature [24,93,94], however, 3D-hetero-
bimetallic systems are still less explored [95-97].

3 + 2
1a,b(NO5"), 2
_ /@R/;O2 R; _ONO,
oo oo
©- Ru_ O O\RU’\O
@ “~ONO, O/L ONO,
1a(NO5), 1b(NO5),

Scheme 1: Self-assembly of the heterometallic prismatic cages.
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Dinuclear arene—ruthenium(1I) acceptor clips/building blocks
have been extensively utilized in supramolecular chemistry
because of their rigid directionality toward electron-rich donors
due to their restricted coordination sites as a result of the fixed
position of the p-cymene moiety [24,93,98-103]. Our group and
others have contributed substantially to the chemistry of self-
assembled homometallic ruthenium architectures and their ap-
plications [100,102-108]. In broadening this research scope,
herein, we describe the coordination-driven self-assembly of
two new Ru—Pt heterometallic prismatic cages 3a and 3b ob-
tained from the reaction of two arene—ruthenium(Il) clips 1a
and 1b and tritopic platinum(II) metalloligand 2 in methanol/
chloroform mixture in 3:2 ratio (Scheme 1). Both cages were
fully characterized by Iy, 3lp, 195p¢, IH,1H COSY, DOSY
NMR, electrospray ionization mass spectrometry, and
UV-vis analysis. Further structural insights were revealed by
computational studies.

Results and Discussion

The triplatinum metalloligand 2 was synthesized through a four-
step reaction involving a Sonogashira coupling (Scheme 2) and
the crude product was purified by column chromatography to
obtain 2 as a yellow powder. The three intermediates A, B and
C were also characterized by Iy, 31p, 195pt and 13C NMR
analyses (see Supporting Information File 1, Figures S1-S8).

CH4OH, rt

3a,b(NO;)s

/

/
/
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Scheme 2: Synthesis of the platinum metalloligand 2.

The metalloligand 2 is highly soluble in dichloromethane and
chloroform but only partially soluble in methanol and aceto-
nitrile. The 'H, 31P, !95Pt and 13C NMR experiments (Support-
ing Information File 1, Figures S9—S12) and electrospray
ionization mass spectrometry (ESIMS, Supporting Information
File 1, Figure S13) of metalloligand 2 evidenced the formation
of a pure compound. The 'H NMR spectrum of 2 revealed two
doublets and a singlet in the downfield region (8.38-6.99 ppm)
corresponding to the pyridyl protons and the central phenyl
protons, respectively, while the methylene and methyl protons
in the upfield region of the spectrum are observed between
2.16-1.18 ppm (Supporting Information File 1, Figure S9). The
31p NMR spectrum of 2 gave a singlet peak at 11.18 ppm
shifting downfield after coordination with the ethynylpyridine
moiety, while the singlet !95Pt peak remained almost the same
with the precursor compound C (Supporting Information File 1,
Figure S12). The mass spectrum of 2 shows a [2 + H]" peak at
m/z 1748.59 (Supporting Information File 1, Figure S13) which
is in good agreement with the calculated value of 1748.71 based
on the CgoH{(5N3PgPt3 molecular formula.

Self-assembly and characterization of the

heterometallic cages
The treatment of the dichloride analogues of 1a and 1b with

2.1 equivalents of silver nitrate in methanol at room tempera-

ture for 3 hours gave the dinuclear arene—ruthenium(II) clips
1a,1b(NOj3),. As represented in Scheme 1, the self-assembly
reactions of methanolic solutions of 1a,1b(NO3), and
methanolic solution of the triplatinum metalloligand 2 at room
temperature yielded the trigonal prismatic cages 3a and 3b. The
heterometallic prismatic cages were isolated as nitrate com-
plexes in good yields. The isolated cages are soluble in metha-
nol, acetonitrile, acetone, nitromethane, dimethyl sulfoxide and
partially soluble in chloroform and dichloromethane. The for-
mation of these cages was ascertained by multinuclear NMR
experiments and ESIMS analyses.

An upfield shift was observed in the pyridyl protons of cage 3b
as compared to the free triplatinum metalloligand 2 in their
TH NMR spectra while cage 3a exhibited a downfield shift in
the pyridyl protons (Figure 1 and Supporting Information File 1,
Figure S14). This chemical shift is due to the coordination of
the pyridyl nitrogen atom to the ruthenium metal center while
the upfield shift is due to the shielding effect of the methyl/
methylene protons of the p-cymene moiety. In both cages
studied, the aromatic protons of the p-cymene moiety in 3a and
3b were slightly shifted downfield while the isopropyl and
methyl protons of the p-cymene moiety in all the cages
remained almost unchanged as compared to the arene—rutheni-
um(II) clips 1a,1b(NO3),. Additionally, the protons of naph-
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Figure 1: "H NMR of 3b in CD30D.

thacenedione in 3a and naphthaquinone in 3b were not consid-
erably shifted (Figure 1 and Supporting Information File 1,
Figure S14). The appearance of a singlet peak in the 3'P NMR
evidenced the formation of a single product and the fact that the
phosphorus moieties are in the same chemical environment
(Supporting Information File 1, Figures S15 and S16). The
same observation is recorded for the 195Pt NMR analyses of all
the heterometallic cages (Supporting Information File 1, Figures
S17 and S18).

The DOSY NMR experiments also confirmed the formation of
a single product in all the cages with the hydrodynamic radii
(rp) of the heterometallic prismatic cages calculated from the
Stokes—Einstein equation using the diffusion coefficients (D)
obtained from the DOSY NMR experiments. The obtained
values of D from the experiment are —9.631 log (m? s™!) for 3a
and —9.567 log (m? s~ 1) for 3b, respectively. The calculated
hydrodynamic radii (1) of 3a and 3b are 15.57 A, and 13.43 A,
respectively (Supporting Information File 1, Figures S19 and
S20). The 'H,"H COSY NMR spectra also showed the correla-
tion between the protons of the arene—ruthenium(Il) clips as
well as the correlation between the protons within the metalloli-

gand (Supporting Information File 1, Figures S19 and S20).

The vibrational symmetrical stretching frequency of the coordi-
nated carbonyl groups (vc_p) in the dinuclear
arene—ruthenium(II) clips 1a and 1b was found at 1536.16 cm”!
for 3a and 1528.93 cm™! for 3b in the infrared spectra of the
heterometallic cages while the vibrational symmetrical

stretching frequency bands of =C—H,;omatic showed strong
stretching bands at 3074.07 cm™! for 3a and 3064.78 cm™!
for 3b, respectively. Additionally, the stretching bands at
543.67 cm™! for 3a and 545.44 cm™! for 3b correspond to the
VRu_o symmetrical stretching frequency (Supporting Informa-
tion File 1, Figure S21).

The UV-vis absorption spectra recorded in methanol at room
temperature show intense bands at Ay, = 544, 514, 334, 290,
205 nm for 3a and A, = 698, 644, 339, 204 nm for 3b. The
intense bands at 335 nm and 291 nm for 2 correspond to charge-
transfer transitions, which shift slightly to shorter wavelengths
in the spectra of the heterometallic prismatic cages. The peaks
in the ranges of 514-698 nm and 204-339 nm can be assigned
to intramolecular and intermolecular n—n* transitions and
metal-to-ligand charge transfer (MLCT) transitions associated
with capped p-cymene ruthenium cap, respectively. A
hypochromic shift (decrease in absorption intensity) was also
observed in the spectra of the heterometallic prismatic cages as
compared to the metalloligand probably as a result of coordina-
tion of electron-rich metalloligand to the electron-deficient ru-

thenium center (Figure 2).

Mass spectrometry experiments also established the formation
of the heterometallic prismatic cages in which all the cages
maintain good stability. The ESIMS analysis of the [3 + 2] self-
assembled heterometallic cages showed multiply charged frag-
mented ions for 3a at m/z = 1473.83 [3a(NO3"),]**, 1166.86
[3a(NO37)]°", 961.88 [3a]%"; 3b at m/z = 1398.79
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Figure 2: UV-vis spectra of the metalloligand 2 and heterometallic prismatic cages 3a and 3b in methanol (1.0 x 1075 M) at 298 K.

[3b(NO37),]*", 1106.64 [3b(NO37)]°", 911.87 [3b]¢" and all
peaks are well-resolved isotopically and matched with the theo-
retical isotopic distribution patterns (Figure 3 and Supporting
Information File 1, Figure S22).

Geometry optimization of the heterometallic

cages
All efforts to obtain single crystals of the prismatic cages were
unsuccessful so far. Thus the structures of 3a and 3b were opti-

mized to get insights into their structural features. The tritopic
platinum(IT) metalloligand was optimized using the B3LYP
method while the heterometallic cage structures 3a and 3b were
optimized with the semiempirical method using the PM6 basis
set. The energy-minimized structures showed that cage 3a has a
dimension of 8.414 A x 26.321 A x 26.755 A while cage 3b has
a dimension of 8.231 A x 26.227 A x 26.598 A. The phenyl
cores of the two triplatinum metalloligands are separated by a
distance of 11.376 A in 3a and 11.456 A in 3b. The phenyl

[3a(N [3a(NOy)5*
1004 1473.83 1166.86
80
8
=
< . : .
5 604 52 1474 1476 1165 1166 167 1168 1169
= mlz mlz
<
@
2
E 40 4 [3a]¢*
D
& 961.88
20
0 o skl uad Lul s \ l
LELLS - y - - - . . - .
500 1000 1500 2000 o .
m/z

Figure 3: ESIMS spectrum of 3a in methanol. Inset: experimentally observed isotopic distribution patterns of the charged fragments.
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cores are slightly out-of-plane with regards to the pyridyl
groups possibly as a result of steric influence upon metal-ligand
coordination (Figure 4 and Supporting Information File 1,
Figure S23).

Figure 4: Energy-minimized structure of heterometallic trigonal pris-
matic cage 3a. Hydrogen atoms are omitted for the sake of clarity
[Ru: green, Pt: pink, O: red, N: blue, P: orange, C: grey].

Conclusion

The metalloligand synthetic approach has been utilized to
synthesize heterobimetallic trigonal prismatic coordination
cages 3a and 3b through the one-pot coordination-driven self-
assembly of dinuclear arene—ruthenium(II) clips and a tritopic
platinum(II) metalloligand. The formations of the [3 + 2] trig-
onal prismatic Ru—Pt cages are confirmed by multinuclear
NMR and ESIMS studies. The optimized structures of cages 3a
and 3b showed large prismatic cages composed of twelve metal
centers comprising six ruthenium(II) and six platinum(II) metal
centers thus showcasing how two different metal components
can be incorporated to form a single framework architecture
through a one-pot self-assembly strategy.

Supporting Information

Supporting Information File 1

Experimental procedures, multinuclear NMR spectra data,
ESIMS data and infrared spectra of the hexanuclear
trigonal prismatic cages.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-199-S1.pdf]
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Some of the least studied calixarenes are those that consist of azulene rings bridged by -CH;- groups. Since Lash and Colby’s

discovery of a simple and convenient method for producing the parent all-hydrocarbon calix[4]azulene, there have been two other

all-hydrocarbon calix[4]azulenes which have been synthesized in good yields by their method. This allowed studying their supra-

molecular properties. This report is of our latest work on the solution-state supramolecular complexation of one of these

calix[4]azulenes, namely tetrakis(5,7-diphenyl)calix[4]azulene or “OPC4A”, with several electron-deficient tetraalkyammonium

salts. As a result of more recent methods developed by us and others employing Suzuki—Miyaura cross-coupling reactions

to produce additional functionalized azulenes, the promise of further greater functionalized calixazulenes lies in store to be investi-

gated.

Introduction

Among the great variety of synthetic macrocyclic molecular re-
ceptors which have been reported, those that are referred
to by their generic name “calixarene” loom large [1-3]. The rel-

atively facile and reproducible syntheses of the classical

calix[n]arenes 1 in which n =4, 6 or 8, with phenolic groups
linked or bridged via methylene groups to form defined three-
dimensional basket-like cavities with “upper” or “lower” rims,

were developed by Gutsche and co-workers [4-6]. As a result of
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Gutsche’s synthetic methodologies many researchers have been
able to employ these calix[n]arenes and modified derivatives
thereof in a great variety of ingenious applications. These appli-
cations have included a myriad of synthetic modifications to
both, or either, of their upper and lower rims, and also to their
bridging methylene groups, all of which have resulted in further
synthetic endeavours. Much of the groundwork for these
endeavours have resulted from the pioneering works which
emanated from the research groups of C. D. Gutsche, R.
Ungaro, D. N. Reinhoudt, and V. Béhmer to name only just a
few. Reinhoudt has recently presented an overview of the
historical evolution of the chemistry of the calixarenes [1].
Supramolecular applications, in particular, of many of the great
number of creative derivatives of calixarenes which have been
and continue to be synthesized are widely being reported in the
literature [7].

Besides the classical calixarene phenolic subunits linked by
methylene groups, “calixarenes” incorporating other subunits
include, but are not limited to, resorcinol [8], hydroquinone [9],
naphthols [10], pyrrole [11], heteroaromatics [12] and trip-
tycene [13] in their cavity-containing structures have gained
much recent attention. Among the least-studied to date, howev-
er, have been the azulene unit-containing calix[4]arene ana-
logues. In 1988 Asao et al. reported the synthesis of the first
azulene analogue of the calixarenes, which they called
“azulenophane” 2 [14]. They used a semi-convergent route and
reported that 2 had a 1,3-alternate conformation at room tem-
perature and that it “formed crystals with two molecules of
benzene” but they reported no other studies. To the best of our
knowledge, this is the only “lower-rim” functionalized
calix[4]azulene which has been reported to date. In 2002 Lash
and Colby’s reported a convenient one-step Florisil®-mediated

1:R=t-Buand n=1,30r5

Figure 1: Examples of calix[n]arenes 1 and calix[4]azulenes 2-5.
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cyclocondensation of azulene with paraformaldehyde to
produce an all-hydrocarbon “calix[4]azulene” 3 [15]. Later,
Lash et al. reported their synthesis of a second all-hydrocarbon
tetra-6-tert-butylcalix[4]azulene (4) in a similar way, from the
reaction of 6-fert-butylazulene with formaldehyde [16]. Com-
pound 4 is the first reported “wide-rim” functionalized
calix[4]azulene (Figure 1).

Recently, we reported the synthesis of tetrakis(5,7-diphenyl)-
calix[4]azulene (5) (or octaphenylcalix[4]azulene, “OPC4A”,
Figure 1) and on its mechanochemically-generated solid-state
complex of Cg-fullerene [17]. This all-hydrocarbon, wide-rim
octaphenyl-functionalized calix[4]azulene was designed to eval-
uate its potential for encapsulating Cg( or C7¢ fullerenes. The
lack of sufficient solubility of 5§ in common organic solvents
prevented a fuller examination of its potential supramolecular
properties with fullerenes, a topic of particular interest to us
[18]. Therefore, the solid state supramolecular complexation
properties of 5§ were experimentally studied using solid state
NMR and XRD experiments, and also theoretically, using a
DFT analysis [17]. We previously used a similar solid-state
NMR approach to study the solid-state supramolecular proper-
ties of tetra-6-tert-butylcalix[4]azulene (4) [19]. Unlike these
two studies, however, in our first study on calixazulenes which
we reported in 2015, we were able to demonstrate a chloroform
solution-state complexation binding study with Lash and
Colby’s calix[4]azulene 3 using a series of tetraalkylammoni-
um halides and tetrafluoroborate salts [20]. This study was also
supplemented by DFT studies to support the trends observed in
the experimentally-derived binding constants. Since these three
calix[4]azulenes 35 are all-hydrocarbon compounds they differ
significantly from the better-studied calix[4]arenes, which

usually have some heteroatoms such as oxygen, nitrogen or

R=R!'=H; X=0Me
R=R'=X=H
R=t-Bu;R"=X=H
R=X=H;R'=Ph

2489



sulfur in their structures. As a consequence, compounds 3-5
have solubility limitations. Furthermore, the absence
of heteroatoms, most commonly hydroxy groups on the
“lower” or narrow rim, also limits their “pre-organizational”
potential for supramolecular binding, this being of particular
interest to us. We now report that we have succeeded in extract-
ing binding constant data from a solution-state UV—vis supra-
molecular binding study recently concluded with OPC4A.
These results and a corresponding DFT study are reported

herein.

Results and Discussion

The convenient synthesis of the precursor for OPC4A 5, namely
5,7-diphenylazulene, which is normally a difficult target mole-
cule, was previously described from a Suzuki-Miyaura cou-
pling reaction of bromobenzene with 5,7-di(Bpin)azulene,
which in turn was formed via the exhaustive borylation of azul-
ene with excess bis(pinacolato)diboron (B,piny) [21]. Cyclo-
condensation of 5,7-diphenylazulene with formaldehyde pro-
duced 5 [22] under conditions similar to those used by Lash and
Colby in their syntheses of 3 and 4. Although 5 was not suffi-
ciently soluble in CS,, benzene, toluene or 1,2-dichlorobenzene
to enable '"H NMR solution titration studies to be conducted
with fullerene Cg, a dilute solution of 5 in dichloromethane-d,
could be obtained that enabled its NMR characterization. This
finding suggested to us that solution complexation studies with
other electron-deficient suitable guests could be conducted in
dichloromethane (DCM). The concentrations that could be ob-
tained with DCM were too dilute for typical NMR titration
studies, but we judged that they could instead be suitable for a
UV-vis titration study. Indeed, after several preliminary trials,
solutions of approximately 1.2 mg of 5 in 100.0 mL of DCM
(= 1.1 x 107> M) could eventually be generated with the help of
sonication in a 35 °C water-bath. By way of contrast, initial
attempts to create more concentrated solutions in chloroform
under similar and higher temperature (60 °C) sonication condi-
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tions resulted in the unexpected decomposition of 5, a finding

which was not investigated any further.

With DCM solutions of OPC4A now in hand, titration studies
were conducted using 1.0 cm pathlength cells in a thermostated
dual beam UV-vis spectrophotometer. Addition of microlitre
aliquots of DCM solutions of the respective tetraalkylammoni-
um salts (TRAX; where R = Me, Et; n-Buand X =CIl~, Br, I”
or BF;") resulted in quenching of the absorption spectra in the
300-700 nm range, with visible isosbestic points at ~460 and
350 nm. Although the changes were small, as was also seen pre-
viously in the titration experiments with 3, they were sufficient
to allow for reproducible determinations of the corresponding
apparent K, values. Each of the full spectra could be subject-
ed to non-linear 1:1 global fit analyses as described by Thor-
darson [23,24].

Table 1 shows the measured apparent binding or association
constants, from which two trends can be discerned: Firstly, the
Kassoc Values with the tetra-n-butylammonium halide salts show
a trend that is in the order C1I” > Br™ > I". This trend is similar
to that seen previously with the corresponding tetramethyl-
ammonium halides and 3. Secondly, with respect to the tetra-
alkylammonium BF} salts, the corresponding K¢ trend is in
the order n-Bu > Et > Me. This trend is in contrast and opposite
to that which was seen previously with the unfunctionalized

calix[4]azulene 3.

To shed light on possible explanations for these findings, our
attention was again directed to computational results derived
from DFT calculations which are increasingly being commonly
used in supramolecular chemistry. The ®B97xD functional [25]
which combines the long range functional ®B97x with the
empirical dispersion correction was used with the standard
6-31G(d) basis set [26]. We had previously described the use of
this system in our previous studies in particular, in reference

Table 1: Apparent experimentally-derived binding constants and DFT-computed interaction energies (/E) and selected interatomic distances derived
from the geometry-optimized structures of the supramolecular complexes and their constituents.?

Kassoc = 15% IE avg. N--C" dist. in X--N dist. free X-N dist. in A XN

(M~ (kJ mol™") complex (A) guest (A) complex (A) dist. (A)
TBACI 4.4 x 104 -337.805P 7.14 + 0.68 3.79 3.89 0.095
TBABr 3.8 x 104 -315.073P 713 +£0.67 4.07 4.14 0.081
TBAI 2.9 x 104 -316.402° 7.06 + 0.66 4.47 4.34 0.13
TMABF,4 4.8x103 -155.935¢ 4.78+0.18 3.98 413 0.15
TEABF,4 3.3 x 104 -164.812¢ 5.76 £ 0.45 3.96 4.1 0.15
TBABF4 4.1x10% -198.832¢ 7.09 £ 0.68 3.97 410 0.13

aTBAX: tetra-n-butylammonium halide where X = Cl, Br or I; TRABF: tetraalkylammonium fluoroborate where R = M = methyl; R = E = ethyl or
R = B = n-butyl. PValue derived using wB97xD/GenECP and ®Value derived using wB97xD/6-31G(d).
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[20] as being more reliable than the use of B3LYP/6-31G(d)
with our systems. Furthermore, for the halide guests and com-
plexes (i.e., for TBACI, TBABr and TBAI) but not with the
tetrafluorborate salts, we used relativistic ECPs by Hay and
Wadt (LANL) along with the corresponding LANL2DZ basis
set augmented with additional d-, p-polarizational functions
[27-30]. For the TBABF, salts the ®B97xD/6-31G(d) route was
used (see Table 1 and Supporting Information File 1). For each
of the individual components, i.e., the tetra-n-butylammonium
salt, OPC4A and the respective corresponding 1:1 supramolecu-
lar complexes, unconstrained geometry optimizations were first
conducted in the gas phase. Then, geometries in all cases were
optimized within the continuum solvation model (PCM) [31,32]
of the DCM solvent, using the default solvent parameters as
provided with Gaussian-09 Revision E.O1 [33]. The results are
summarized in Table 1 and Table 2.

For the free OPC4A host molecule, initial geometry-optimized
determinations were made on the possible major conformations,
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based upon those previously defined in reference [20]. Three
distinct conformations (saddle, cone and 1,2-alternate) shown

in Figure 2, were generated.

Significantly, whereas for 3 which was based upon its X-ray
structure, a partial cone conformer could be generated and pro-
vided a geometry-optimized energy value, the analogous partial
cone conformation of § could not be similarly geometry-opti-
mized. Instead, for 5, geometry-optimization produced the /,2-
alternate form shown in Figure 2a. The energies computed with
DCM corrections are shown in Table 2 with the saddle
conformer (Figure 2¢) having the lowest energy. Nevertheless,
when subjected to geometry optimizations with the individual
respective TRAX salt guests, the saddle conformer opened up to
generate and accommodate each of the guests in typical “guest-

in-cone” structures, as can be seen in Figure 3.

The interaction energies (/E) were calculated from the corre-
sponding DFT-calculated geometry-optimised components (i.e.,

Table 2: DFT computed energy values for the three different conformations of 5.

structure designation
5¢c saddle
5b cone
5a 1,2-alternate

RwB97XD energy relative energies
(Hartrees) (kJ mol™
-3543.128099 0
-3543.110207592 46.97@
and and
-3543.0596655° 42.94b
-3543.108789 50.70

aValue derived using wB97xD/6-31G(d) and Pvalue derived using wB97xD/GenECP.

Figure 2: Three major computed conformers of OPC4A; a: 1,2-alternate; b: cone and c: saddle.
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Figure 3: Geometry-optimized (wB97xD/6-31G(d)) and (wB97xD/GenECP) structures, respectively, computed for left: (a) 5CTBACI; (b) 5CTBABT;

and (c) 5CTBAI; right: (d) 5CTMABF4; (€) 5CTEABF,; and (f) 5C TBABF .

each of 5 and the respective guest TRAX) as 1:1 complexes ac-
cording to Equation 1:

IE = Ecomplex - Z(EOPC4A(cone) + ETRAX )’ (1)

based upon the respective “cone” conformation (Figure 2b)
energies. These values are shown in Table 1. No easily discern-
able significant correlation between the interaction energies
and the experimentally measured binding constants can be
discerned for the three halide salt complexes; the highest /F
(—337.805 kJ mol™!) was found for the chloride which also had
the highest binding constant but the corresponding values for
the bromide and iodide salts showed no such correlation. The
correlations between the /Es and binding constants for the tetra-

fluoroborate salts, however, are more easily discernable and
have the same trends in the order of TBABF4 > TEABF, >
TMABF4. The counterion effects of the halide anions are more
significant than those of the fluoroborate anion which is weakly
coordinating in the salts employed. This can be seen in Table 1
for the relatively smaller changes in the boron-to-nitrogen dis-
tances in the DFT-computed optimized geometry structures of
the complexes.

Table 1 also shows the average values of the calculated dis-
tances between the quaternary nitrogen atom and the “deepest”
carbon atoms (i.e., C-1) in each of the azulenes in the
calix[4]azulene bowls. A small trend can be discerned for the
halide salt complexes which is opposite to the trend in the
measured apparent binding constants. For the tetrafluoroborate
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salts, however, the trend of the corresponding average quater-
nary nitrogen-to-carbon distances are in the opposite direction,
which is consistent with the increasing sizes of the alkyl groups
n-Bu > Et > Me. Clearly, the BF,4 salts show less ambiguous
DFT data than those of the halide salts in this study. As
can be seen in structures d—f in Figure 3, there are more guest
C—Hguesty M(nost) interactions possible as the size of the alkyl
groups increase from groups Me < Et < n-Bu, which
could also account for the observed trend in their binding con-
stants.

Conclusion

Based upon the DFT calculations which we previously con-
ducted in the solid-state study of 5 with Cg, we postulated that
due to the mechanochemical method of combining both compo-
nents and the spherical nature of Cg that a possible interaction
mode between host and guest could be as columnar arrays [17].
In this type of array the host molecules which are in /,3-alter-
nate conformations align in a “head-to-tail” fashion with the
Cgo molecules able to be accommodated within the opposite
clefts. Furthermore, within such an arrangement, in addition to
the “face-to-face” n—= interactions between the azulene rings
and the Cg, “edge-to-face” type interactions with the 2',6'-
protons of the phenyl group substituents of the azulenes are also
factors which could stabilize the solid-state supramolecular
interactions or complexation. In the present study, however, due
to the dilute solution state conditions, only 1:1 complexation
modes between 5 and the respective tetraalkylammonium salts
was considered. The binding constants were consistent with
such an hypothesis. As a result, the DFT-generated complexes
considered only such 1:1 “guest in cone” complexes, as shown
in Figure 3a—f. Finally, in light of recent developments in the
facile syntheses of other functionalzed azulenes as reported by
Narita et al. [34] the potential for further syntheses of hetero-
functionalized calixazulenes and their supramolecular chem-
istry may be realized. Further studies by us on these intriguing
possibilities are ongoing.

Supporting Information

Supporting Information File 1

Experimental determination of binding constants and DFT
calculations.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-225-S1.pdf]

Supporting Information File 2

MOL files.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-225-S2.rar]

Beilstein J. Org. Chem. 2018, 14, 2488-2494.

Acknowledgements

This project was supported by King Saud University, Deanship
of Scientific Research, College of Science Research Center, the
US National Science Foundation. H. N. and J. L. thank the JSPS
for their research fellowship. The computational work has been
assisted by the use of computing facilities provided by and with
the on-going support of Dr. G. Shamov and Dr. Oliver Stueker
of Compute/Calcul Canada via the Westgrid and Acenet facili-
ties. The late Prof. R. Marceau, Vice-President Research,
M.U.N. is gratefully acknowledged for research support to
PEG.

ORCID® iDs

Paris E. Georghiou - https://orcid.org/0000-0001-9435-6857
Shofiur Rahman - https://orcid.org/0000-0003-4219-4758
Abdullah Alodhayb - https://orcid.org/0000-0003-0202-8712
Atsushi Wakamiya - https://orcid.org/0000-0003-1430-0947
Lawrence T. Scott - https://orcid.org/0000-0003-3496-8506

References

1. Reinhoudt, D. N. Introduction and History. In Calixarenes and Beyond;
Neri, P.; Sessler, J. L.; Wang, M.-X., Eds.; Springer: Dordrecht, 2016;
pp 1-11. doi:10.1007/978-3-319-31867-7_1

2. Asfari, Z.; Bohmer, V.; Harrowfield, J. M.; Vicens, J., Eds. Calixarenes
2001; Kluwer Academic: Dordrecht, The Netherlands, 2001.

3. Gutsche, C. D. Calixarenes Revisited; RSC Publishing: Cambridge,
1998.

4. Gutsche, C. D.; Igbal, M. Org. Synth. 1990, 68, 234.
doi:10.15227/orgsyn.068.0234

5. Munch, J. H.; Gutsche, C. D. Org. Synth. 1990, 68, 243.
doi:10.15227/orgsyn.068.0243

6. Gutsche, C. D.; Dhawan, B.; Leonis, M.; Stewart, D. Org. Synth. 1990,
68, 238. doi:10.15227/orgsyn.068.0238

7. Arecent (August, 2018) search on Web of Science using the term
“calixarenes” returned a total of 5275 publications. Data derived with
permission from Clarivate Analytics Web of Science. © Copyright
Clarivate Analytics 2018. All rights reserved.

8. D’Acquarica, |.; Ghirga, F.; Ingallina, C.; Quaglio, D.; Zappia, G.;
Uccello-Barretta, G.; Balzano, F.; Botta, B. Resorc[4]arenes as
Preoranized Synthons for Surface Recognition and Host—Guest
Chemistry. In Calixarenes and Beyond; Neri, P.; Sessler, J. L.;
Wang, M.-X., Eds.; Springer: Dordrecht, 2016; pp 175-193.
doi:10.1007/978-3-319-31867-7_8

9. Ogoshi, T.; Yamagishi, T.-a.; Nakamoto, Y. Chem. Rev. 2016, 116,
7937-8002. doi:10.1021/acs.chemrev.5b00765

10.Yang, L.-P.; Liu, W.-E.; Jiang, W. Tetrahedron Lett. 2016, 57,
3978-3985. doi:10.1016/j.tetlet.2016.07.077

11.Vargas-Zuiinga, G. |.; Sessler, J. L.; Bahring, S. Functionalized
Calixpyrroles: Building Blocks for Self-Assembly. In Calixarenes and
Beyond; Neri, P.; Sessler, J. L.; Wang, M.-X., Eds.; Springer:
Dordrecht, 2016; pp 285-333. doi:10.1007/978-3-319-31867-7_12

12.Wang, D.-X.; Wang, M.-X. Azacalixaromatics. In Calixarenes and
Beyond; Neri, P.; Sessler, J. L.; Wang, M.-X., Eds.; Springer:
Dordrecht, 2016; pp 363-397. doi:10.1007/978-3-319-31867-7_14

13.Chen, C.-F.; Han, Y. Acc. Chem. Res. 2018, 51, 2093-2106.
doi:10.1021/acs.accounts.8b00268

2493


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-14-225-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-14-225-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-14-225-S2.rar
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-14-225-S2.rar
https://orcid.org/0000-0001-9435-6857
https://orcid.org/0000-0003-4219-4758
https://orcid.org/0000-0003-0202-8712
https://orcid.org/0000-0003-1430-0947
https://orcid.org/0000-0003-3496-8506
https://doi.org/10.1007%2F978-3-319-31867-7_1
https://doi.org/10.15227%2Forgsyn.068.0234
https://doi.org/10.15227%2Forgsyn.068.0243
https://doi.org/10.15227%2Forgsyn.068.0238
https://doi.org/10.1007%2F978-3-319-31867-7_8
https://doi.org/10.1021%2Facs.chemrev.5b00765
https://doi.org/10.1016%2Fj.tetlet.2016.07.077
https://doi.org/10.1007%2F978-3-319-31867-7_12
https://doi.org/10.1007%2F978-3-319-31867-7_14
https://doi.org/10.1021%2Facs.accounts.8b00268

14.Asao, T.; Ito, S.; Morita, N. Tetrahedron Lett. 1988, 29, 2839-2842.
doi:10.1016/0040-4039(88)85225-0

15.Colby, D. A ; Lash, T. D. J. Org. Chem. 2002, 67, 1031-1033.
doi:10.1021/j0o0110101

16.Lash, T. D.; EI-Beck, J. A.; Colby, D. A. J. Org. Chem. 2009, 74,
8830-8833. doi:10.1021/j0901959k

17.8Schneider, C.; Nishimura, H.; Lee, J.; Scott, L. T.; Wakamiya, A,;
Forbes, R.; Georghiou, P. E. Supramol. Chem. 2018, 30, 575-582.
doi:10.1080/10610278.2017.1415435

18. Georghiou, P. E. Calixarenes and Fullerenes. In Calixarenes and
Beyond; Neri, P.; Sessler, J. L.; Wang, M.-X., Eds.; Springer:
Dordrecht, 2016; pp 879-919. doi:10.1007/978-3-319-31867-7_33

19. Georghiou, P. E.; Schneider, C.; Shamov, G.; Lash, T. D.; Rahman, S;

Giddings, D. S. Supramol. Chem. 2016, 28, 396—402.
doi:10.1080/10610278.2015.1108416

20.Rahman, S.; Zein, A.; Dawe, L. N.; Shamov, G.; Thordarson, P.;
Georghiou, P. E. RSC Adyv. 2015, 5, 54848-54852.
doi:10.1039/C5RA07802D

2

e

26, 1578-1580. doi:10.1055/s-0034-1380686
22.Eliseeva, M. N.; Scott, L. T. J. Am. Chem. Soc. 2012, 134,
15169-15172. doi:10.1021/ja307547]
23.Thordarson, P. Chem. Soc. Rev. 2011, 40, 1305-1323.
doi:10.1039/C0CS00062K

24. Thordarson, P. Online tools for supramolecular chemistry research and

analysis. OpenDataFit; http://supramolecular.org.

25. Chai, J.-D.; Head-Gordon, M. Phys. Chem. Chem. Phys. 2008, 10,
6615-6620. doi:10.1039/b810189b

26. Ditchfield, R.; Hehre, W. J.; Pople, J. A. J. Chem. Phys. 1971, 54,
724-728. doi:10.1063/1.1674902

27.Check, C. E.; Faust, T. O.; Bailey, J. M.; Wright, B. J.; Gilbert, T. M.;
Sunderlin, L. S. J. Phys. Chem. A 2001, 105, 8111-8116.
doi:10.1021/jp011945I

28.Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 270-283.
doi:10.1063/1.448799

29.Wadt, W. R.; Hay, P. J. J. Chem. Phys. 1985, 82, 284-298.
doi:10.1063/1.448800

30.Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 299-310.
doi:10.1063/1.448975

31.Tomasi, J.; Persico, M. Chem. Rev. 1994, 94, 2027-2094.
doi:10.1021/cr00031a013

32.Tomasi, J.; Mennucci, B.; Cammi, R. Chem. Rev. 2005, 105,
2999-3094. doi:10.1021/cr9904009

33. Gaussian 09, Revision D.01; Gaussian: Wallingford, CT, 2013.

34.Narita, M.; Murafuji, T.; Yamashita, S.; Fujinaga, M.; Hiyama, K.;
Oka, Y.; Tani, F.; Kamijo, S.; Ishiguro, K. J. Org. Chem. 2018, 83,
1298-1303. doi:10.1021/acs.joc.7b02820

.Nishimura, H.; Eliseeva, M. N.; Wakamiya, A.; Scott, L. T. Synlett 2015,

Beilstein J. Org. Chem. 2018, 14, 2488-2494.

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular
requires that the authors and source are credited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(https://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.14.225

2494


https://doi.org/10.1016%2F0040-4039%2888%2985225-0
https://doi.org/10.1021%2Fjo0110101
https://doi.org/10.1021%2Fjo901959k
https://doi.org/10.1080%2F10610278.2017.1415435
https://doi.org/10.1007%2F978-3-319-31867-7_33
https://doi.org/10.1080%2F10610278.2015.1108416
https://doi.org/10.1039%2FC5RA07802D
https://doi.org/10.1055%2Fs-0034-1380686
https://doi.org/10.1021%2Fja307547j
https://doi.org/10.1039%2FC0CS00062K
http://supramolecular.org
https://doi.org/10.1039%2Fb810189b
https://doi.org/10.1063%2F1.1674902
https://doi.org/10.1021%2Fjp011945l
https://doi.org/10.1063%2F1.448799
https://doi.org/10.1063%2F1.448800
https://doi.org/10.1063%2F1.448975
https://doi.org/10.1021%2Fcr00031a013
https://doi.org/10.1021%2Fcr9904009
https://doi.org/10.1021%2Facs.joc.7b02820
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.14.225

	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Solid-state X-ray crystallography
	Comparison of ditopic H–G complexes
	1H NMR host–guest solution studies

	Conclusion
	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Synthesis of RuII-calixarene conjugate 9
	Photophysical properties of RuII-calixarene conjugate 9
	Photoreactivity of RuII-calixarene conjugate 9

	Conclusion
	Experimental
	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Building block design
	Catenane synthesis by CBAAC
	Synthesis of [3]catenanes


	Conclusion
	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Synthesis of cage 1
	1H NMR of cage 1
	Structure of cage 1

	Conclusion
	Supporting Information
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Synthesis of catalysts
	Optimization of reaction conditions
	The scope of reaction substrates
	Mechanism study

	Conclusion
	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Synthesis
	Characterization
	Acid–base driven switching

	Conclusion
	Experimental
	General comments
	Synthesis of 4
	Synthesis of [7][OTf]4
	Synthesis of [8[Graphic 1]DB24C8][OTf]6


	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Supramolecular structure and clouding point of bicyclic compound 3
	Effect of a supramolecular structural change on the clouding point

	Conclusion
	Experimental
	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Findings
	Conclusion
	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Synthesis
	Spectroscopic characterization of dyes
	Complexation with CB7
	Application of BODIPY-CB7 complexes

	Conclusion
	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Synthesis of polyammonium calix[4]arene derivatives
	Aggregation properties of 10a,b and 12a,b in aqueous solutions and binding with nucleotides
	Polydiacetylene–10b vesicles for ADP/ATP sensing

	Conclusion
	Experimental
	Material and methods
	UV–vis absorbance spectra
	Dynamic light scattering (DLS) measurements
	Fluorescence spectroscopy
	X-ray data
	Vesicle preparation and polymerization procedure
	Quantum chemical calculations


	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	Synthesis of compound 1
	Synthesis of compound 3

	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	Materials and methods
	General procedure for the synthesis of L1 and L2
	Synthesis of complex 2 [Cp*2Rh2(μ-η2-η2-C2O4)(4-CHOPy)2](OTf)2
	Synthesis of [Cp*4Rh4(μ-η2-η2-C2O4)2(L1)2](OTf)4 (3a)
	Synthesis of [Cp*4Rh4(μ-η2-η2-C2O4)2(L2)2](OTf)4 (3b)

	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	General and materials
	Synthesis

	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	General procedure for the preparation of 2+ and 3+·TFPB− salts
	Derivative 2+
	Derivative 3+

	General procedure for the preparation of pseudorotaxane derivatives

	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Review
	1. Tetrathiafulvalene – an (almost) perfect molecular switch
	2. Evolution of TTF into a key building block in switchable molecular systems
	3. Pseudorotaxanes and inclusion complexes: on the way to TTF-based MIMs
	4. Rotaxanes
	4.1. Switchable molecular shuttles
	4.2. Optical devices
	4.3. TTF-Based rotaxanes on solid support
	4.4. TTF Pairing interactions in rotaxanes

	5. Rotacatenanes
	6. Catenanes
	6.1. Stimuli-responsive circumrotation
	6.2. Switchable catenanes in ordered arrays
	6.3. TTF Dimer interactions in catenanes


	Conclusion
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	DLS solution preparation and analysis procedures
	NMR solution sample preparation and analysis procedures

	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Synthesis
	1H NMR spectra

	Conclusion
	Experimental
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Self-assembly and characterization of the heterometallic cages
	Geometry optimization of the heterometallic cages

	Conclusion
	Supporting Information
	Acknowledgements
	ORCID iDs
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	ORCID iDs
	References

