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Diversity Oriented Preparation of Pillar[5]arene-Containing

[2]Rotaxanes by a Stopper Exchange Strategy

lwona Nierengarten and Jean-Francois Nierengarten*"

Dedicated to Prof. Jean-Marie Lehn on the occasion of his 80th birthday

Rotaxane building blocks bearing 3,5-bis(trifluoromethyl) ben-
zenesulfonate (BTBS) stoppers have been efficiently prepared
from a pillar[5]arene derivative, 3,5-bis(trifluoromethyl) benze-
nesulfonyl chloride (BTBSCI) and different diols, namely 1,10-
decanediol and 1,12-dodecanediol. The BTBS moieties of these

1. Introduction

Mechanically interlocked molecules (MIMs) are attractive build-
ing blocks for the preparation of molecular machines." The
synthesis of MIMs such as rotaxanes remains however a
challenge as the key supramolecular intermediates needed for
their construction are not always stable under classical reaction
conditions.” The active template approach developed by Leigh
and co-workers is an interesting alternative to circumvent this
problem but it remains limited to a few specific macrocyclic
building blocks.®¥ On the other hand, the preparation of
rotaxanes based on stopper exchange reactions present also
clear advantages.®® In this particular case, a rotaxane building
block equipped with activated stoppers has to be prepared first.
The stopper exchange is then achieved to generate the final
product. Importantly, this second step does not rely on the
formation of a host-guest intermediate. It therefore allows for
the preparation of rotaxanes difficult or even impossible to
prepare by a one-step synthetic approach based on the direct
introduction of stoppers. As part of this research, we have
recently shown that a stopper exchange approach is particularly
well suited for the synthesis of pillar[5]arene-containing [2]
rotaxanes.*® This methodology is based on the reaction of a
[2]rotaxane with two 24-dinitrophenyl ester stoppers with
amines to afford the corresponding [2]rotaxane with amide
stoppers (Figure 1). In this paper, we now report new building
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compounds are good leaving groups and stopper exchange
reactions could be achieved by treatment with different
nucleophiles thus affording rotaxanes with ester, thioether or
ether stoppers.

Previous work

XH = CO,H, OH or SH

This work

Figure 1. (A) Pillar[5]arene building block with activated ester stoppers and

stopper exchange reaction resulting in rotaxanes with amide stoppers (Ref.

6). (B) Proposed building block with arylsulfonate stoppers allowing stopper
exchange reactions with various nucleophiles.

blocks allowing the preparation of pillar[5]arene-containing [2]
rotaxanes with a larger structural diversity. Specifically, the
introduction of arylsulfonates as exchangeable stoppers al-
lowed us to perform the stopper exchange with a wide range
of nucleophiles (Figure 1). As these reactions occur through a
concerted nucleophilic substitution mechanism (Sy2 reactions),
unthreading of the axle is prevented thus leading to [2]
rotaxanes with ester, ether or thioether stoppers.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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2. Results and Discussion
2.1. Preparation of the Rotaxane Building Blocks

Pillar[5]arene-containing rotaxanes incorporating an axle
equipped with bulky leaving groups are in principle good
candidates for further chemical transformations by stopper
exchange reactions under S,2 conditions. Sulfonates appear as
perfectly suited for such a purpose as the reaction conditions
used for their preparation from sulfonyl chloride derivatives and
alcohols can be in principle used to produce pillar[5]arene-
containing rotaxanes. Classical leaving groups such as mesylates
or tosylates are however too small to play the role of stoppers.
Amongst all the commercially available sulfonyl chloride
reagents, 3,5-bis(trifluoromethyl) benzenesulfonyl chloride
(BTBSCI) attracted our attention. The corresponding sulfonates
should be effective stoppers for pillar[5]arene-containing [2]
rotaxane as they are bulky enough to prevent the macrocyclic
moiety from escaping the thread. Moreover, the 3,5-bis
(trifluoromethyl) benzenesulfonates (BTBS) are expected to be
good leaving groups owing to the electro-deficient nature of
their aromatic units. The preparation of the rotaxane building
blocks with BTBS stoppers is shown in Scheme 1. Reaction of
BTBSCI (2.2 equiv.) with diol 1 (1 equiv.) in the presence of pillar
[5]larene 2 (3 equiv.) gave [2]rotaxane 3. The reaction was
performed in CHCl;, a solvent that does not compete with diol
1 for the formation of inclusion complexes with pillar[5]arene

HO=(CH,);o—OH

HO~=(CHy)1,—OH

4
(ii)
s 2 (iii)
D§—o-(CHZ).2—0H
(o]
FaC 5

Scheme 1. Preparation of rotaxane building blocks 3 and 6 with BTBS
stoppers. Reagents and conditions: (i) Et;N, CHCl;, —15°C (62 %); (ii) BTBSCI,
Et;N, THF, 0°C (57 %); (iii) 2, BTBSCI, Et;N, CHCl;, —15°C (64 %).
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2% To further favor the formation of pseudorotaxane inter-
mediates, the reaction was performed at the highest possible
concentration (0.49 M for 2) and at the lowest possible temper-
ature (—15°C).”) Under optimized conditions, compound 3 was
obtained in 62 % yield.

Molecular modeling studies revealed however that the
—(CH,),¢— chain in 3 might be slightly too short (Figure S1) and
steric hindrance may limit the yields in [2]rotaxane during the
stopper exchange reactions. It was thus decided to also prepare
the —(CH,),,— analogue from 1,12-dodecanediol (4) and pillar[5]
arene 2 (Scheme 1). Due to the very low solubility of 4 in CHCl,,
the direct preparation of rotaxane 6 could not be achieved
under the experimental conditions used for the synthesis of 3.
For this reason, mono-BTBS 5 was prepared first from 4 and
BTBSCI. Intermediate 5 was highly soluble in CHCI; thus
allowing the preparation of rotaxane 6 under optimal con-
ditions. Treatment of 5 (1 equiv.) with BTBSCI (1.4 equiv.) in the
presence of pillar[5]arene 2 (3 equiv.) and Et;N (1.5 equiv.)
followed by filtration on SiO, and gel permeation chromatog-
raphy (Biobeads SX-1, CH,Cl,) furnished [2]rotaxane 6 in 64%
yield.

Rotaxanes 3 and 6 incorporating BTBS stoppers were thus
easily prepared on a multigram scale. These compounds were
found moisture sensitive and storage under an Ar atmosphere
was essential to prevent partial hydrolysis of the BTBS stoppers.
For both compounds, the NMR and mass spectra were
consistent with the proposed structure. The structure of 6 was
further confirmed by X-ray crystallography. Crystals suitable for
X-ray crystal analysis were obtained by slow diffusion of CH,CN
into a solution of 6 in CH,Cl,. As shown in Figure 2, the
macrocyclic component of [2]rotaxane 6 is not located at the
center of the —(CH,),,— chain of its axel in the solid state. NMR
studies revealed however a symmetrical structure in solution.
Moreover the signals of all the methylene subunits of the axle
are significantly upfield shifted owing to the ring current effect
of the pillar[5]arene aromatic subunits. In other words, the
different CH, groups are all located within the pillar[5]arene
cavity for some time. All these observations show that gliding
motions of the macrocycle along the axle are faster than the
NMR timescale in solution. It is thus believed that the peculiar
conformation adopted by 6 in the solid state allows for

Figure 2. ORTEP plot of the structure of 6 (H: white, F: light green, O: red, S:
yellow, C: gray for the dumbbell and dark green for the pillar[5]arene moiety;
the disorder of one CF; unit has been omitted for clarity; thermal ellipsoids
are shown at 30% probability level).

394 © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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optimized intermolecular interactions in the crystal lattice but it
does not necessarily represent an energetically favored con-
formation of the rotaxane.

2.2, Stopper Exchange Reactions

With building blocks 3 and 6 in hands, stopper exchange
reactions were first carried out by using carboxylates as
nucleophiles (Scheme 2). Under optimized conditions, treat-
ment of 3 with carboxylic acids 7a-c in the presence of K,CO,
and 18-crown-6 gave the corresponding [2]rotaxanes with ester
stoppers (8a-c) in 67-73% yields. Similarly, [2]rotaxanes 9a-c
were obtained in 79-86% yields under the same conditions
starting from 6 and 7a-c. Rotaxanes 8d-e and 9d-e with
thioether stoppers were also obtained from the reaction of thiol
reagents 7d-e and BTBS-stoppered rotaxanes 3 and 6,
respectively.

The preparation of rotaxanes with ether stoppers was also
attempted by reaction of 3 or 6 with 7f-g under the same
conditions (K,CO;, 18-crown-6, acetone, A). The yields were
however only moderate. Better results were obtained by using
a more polar solvent, namely DMF. Compound 8f-g and 9f-g
were effectively obtained in satisfactory yields when the
reaction of 3 or 6 with phenols 7f-g was performed in DMF at
70°C in the presence of K,CO,. As anticipated, the nucleophilic
substitution reactions are sensitive to steric effects. The stopper
exchange reactions performed from rotaxane 3 with the short-

8a-c (n=1, from 3)
9a-c (n = 2, from 6)

N
8d-e (n =1, from 3)
9d-e (n = 2, from 6)

8f-g (n=1, from 3)
9f-g (n = 2, from 6)

est axle were always significantly slower when compared to
those carried out from 6. As a result, formation of by-products
originating from the slow decomposition of 3 (mainly hydrol-
ysis) started to compete significantly with the formation of the
desired products during the reactions and the final rotaxanes
were obtained in lower yields when compared to those
prepared from the -(CH,),,- analogue 6.

Rotaxanes 8a-g and 9a-g were all characterized by
combination of analytical techniques. In all the cases, the
expected molecular ion peak was detected in the MALDI-TOF
mass spectra. It can be noted that all the compounds are
rotaxanes since the typical fragmentation pattern of MIMs'®
was systematically observed. Specifically, all the MS spectra
revealed a peak corresponding to the macrocyclic component
(IM-dumbbell]*). This peak results from the cleavage of the axel
followed by the fast unthreading of the linear fragment.
Importantly, no further fragments could be detected in the m/z
range between the macrocycle and the molecular ion peak. The
NMR spectra were also consistent with the proposed structures.
Importantly, the interlocked structures of 8a-g and 9a-g were
unambiguously demonstrated by the chemical shifts of the
signals arising from the —(CH,),,— or —(CH,),,— chain of their
axle. The methylene groups being located within the cavity of
their pillar[5]arene moiety, they appear all dramatically upfield
shifted in their 'H NMR spectra. This is illustrated in Figure 3
with the 'H NMR spectra recorded in CD,Cl, for compounds 8a
and 9a.

@ o O "
Fe ©OH P OH
== * O
7a 7b Tc
O HsCO
O SH SH
O OCH;,
7d 7e
O MeO,C,
O Q OH OH
MeO,C
7 79

Scheme 2. Stopper exchange reactions. Reagents and conditions: (i) K,CO,, 18-crown-6, Acetone, A [from 3: 8a (67 %), 8b (73 %), 8¢ (72%), 8d (44%), 8e
87(%); from 6: 9a (86 %), 9b (81 %), 9¢ (79%), 9d (97 %), 9e (99%)]; (ii) K,COs;, DMF, 70°C [from 3: 8f (62 %), 89 (63 %); from 6: 9f (71 %), 99 (77 %)].
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Figure 3. 'H NMR spectra (CD,Cl,, 25°C, 500 MHz) of rotaxanes 8a and 9a.

Protons H(2-5) for 8a and H(2-6) for 9a are observed
between d=—0.7 and 1 ppm. These dramatic shielding is due
to the ring current effect of the pillar[5]arene aromatic moieties
on the CH, groups of the axle and represents a diagnostic
signature for such rotaxanes. The three expected signals arising
from the two equivalent ferrocene (Fc) stoppers are also

observed. Finally, the "H NMR spectra of 8a and 9a show all the
characteristic features of their pillar[5]arene component. It can
be also noted that compounds 8a and 9a are Ds-symmetrical
and therefore chiral. As a result, all the methylene groups are
diastereotopic. This is particularly clear for H(c/c’) and explains
the ABX; system observed in the spectra of both 8a and 9a for
the ten equivalent ethyloxy substituents of their pillar[5]arene
subunit.

X-ray quality crystals were obtained for five rotaxanes (8a,
8d, 9d, 9e and 99g). In all the cases, the compounds crystallized
as racemates. The relative position of the pillar[5]arene moiety
onto the alkyl chain of the axle is quite different from one
system to the other (Figure 4). Nonetheless, two CH, moieties of
the axle are always located within the cavity of the macrocycle.
Careful analysis of the short C—H-- plane distances and angles
revealed however rather variable orientations for the different
rotaxanes thus suggesting that the dispersive forces between
the two components must be rather weak. As already
mentioned in the case of rotaxane 6, the position of the pillar[5]
arene subunit observed for each of the rotaxanes in the solid
state is most likely related to optimized intermolecular packing
interactions in the crystal lattice rather than the result of an
energetically favored conformation of the compounds.

Figure 4. ORTEP plots of the structure of 8a (A); 8d (B); 9d (C); the two conformers of 9e present in the crystal lattice (D); and 99 (E). The disorder (in the case
of 9e and 9g) and the co-crystalized solvent molecules (in the case of 9e and 9g) have been omitted for clarity; thermal ellipsoids are shown at 30%
probability level; colour code: H: white, Fe: orange, O: red, S: yellow, C: gray for the dumbbells and dark green for the pillar[5]arene moieties.
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3. Conclusions

In conclusion, we have prepared pillar[5]arene-containing [2]
rotaxanes bearing two BTBS stoppers. These compounds are
versatile building blocks and stopper exchange reactions have
been efficiently achieved by treatment with various nucleo-
philes to afford rotaxanes with ester, thioether or ether
stoppers. As the nucleophilic substitution occurs via a concerted
mechanism (Sy2), the rotaxane structure is preserved during
these chemical transformations. Given the structural diversity of
the final products, this new methodology paves the way
towards the preparation of new pillar[5]arene-containing [2]
rotaxanes for various applications. It may be also easily trans-
ferred to other families of macrocycles such as cyclodextrins or
calixarenes for the preparation of unprecedented rotaxanes.

Experimental Section

General Methods

Reagents were purchased as reagent grade and used without
further purification unless specified. Compound 2 was prepared
according to a previously reported procedure."” The carboxylic acid
and phenol reagents were dried before use by three successive
azeotropic distillations (51 mL of toluene and 35 mL of absolute
ethanol) and subsequent drying over P,O; in a vacuum. All
reactions were performed in standard glassware under an inert Ar
atmosphere. Evaporation and concentration were done at water
aspirator pressure and drying in vacuo at 1072 Torr. Column
chromatography: silica gel 60 (230-400 mesh, 0.040-0.063 mm) was
purchased from E. Merck. Thin Layer Chromatography (TLC) was
performed on aluminum sheets coated with silica gel 60 F,,
purchased from E. Merck. NMR spectra were recorded with a Bruker
AC 400 or AC 500 spectrometer with solvent peaks as reference.
The 'H signals were assigned by 2D experiments (COSY and
NOESY). IR spectra (cm™') were recorded with a Perkin-Elmer
Spectrum One spectrophotometer. Absorption spectral measure-
ments were carried out with PerkinElmer Lambda 365 spectropho-
tometer equipped with PCB 1500 water peltier system. MALDI-TOF
mass spectra were recorded by the analytical service of the School
of Chemistry (Strasbourg, France). Elemental analyses were per-
formed by the analytical service of the Chemistry Department of
the University of Strasbourg (France). X-ray single crystal structure
determinations were performed by the service of radiocristallog-
raphy of the Fédération de Chimie Le Bel FR (Strasbourg, France).

Compound 3. A mixture of 1 (0.20g, 1.15 mmol) and 2 (3.07 g,
3.44 mmol) in anhydrous CHCl; (6.0 mL) was stirred at —15°C. After
30 min, a solution of BTBSCI (0.86 g, 2.75 mmol) and Et;N (0.35 g,
3.44 mmol) in anhydrous CHCl; (1 mL) was added dropwise within
2 minutes. The resulting mixture was stirred during 4 h at —15°C,
then filtered through a short plug (SiO,, CH,Cl,) and concentrated.
Purification by gel permeation chromatography (Biobeads SX-1,
CH,Cl,) gave compound 3 (1.15 g, 62%) as a pale-yellow solid (dec.:
114°C). "H NMR (500 MHz, CD,Cl,): 6 =8.42 (s, 4H), 8.26 (s, 2H), 6.86
(s, 10H), 3.95-3.88 (m, 10H), 3.87-3.81 (m, 14H), 3.71 (s, 10H), 1.40 (t,
J=7 Hz, 30H), 0.87 (m, 4H), —0.41 (m, 8H), —0.71 (broad s, 4H) ppm.
3C NMR (125 MHz, CD,Cl,): 6 =149.6, 139.8, 133.1 (q, %y =34 Hz),
128.3, 128.1 (q, *Jcr=3.8 Hz), 127.4 (septet, *Jo;=3.8 Hz), 122.5 (q,
=272 Hz), 114.0, 72.4, 63.4, 29.6, 29.2, 28.9, 28.5, 24.1, 15.2 ppm;
F NMR (376 MHz, CD,Cl,): 6=—63.3 ppm. MALDI-TOF-MS: m/z=
1616.54 (100%, [M]*, calcd for CgHegF1,0:65,: 1616.59), 890.47
(10%, [M-dumbbell]*, calcd for CysH,0;0: 890.50). Anal. (%) calcd

ChemistryOpen 2020, 9, 393 -400 www.chemistryopen.org

for Cy HagF1,0165,.CH,Cl, (1702.67): C, 57.84; H, 5.80; Found: C, 57.36;
H, 5.65.

Compound 5. A mixture of BTBSCI (1.00 g, 3.20 mmol), Et;N (0.49 g,
4.80 mmol) and 4 (2.59 g, 12.80 mmol) in anhydrous THF (22 mL)
was stirred at 0°C. After 4 h, the resulting milky mixture was filtered
through a short plug (SiO,, CH,Cl,) and concentrated. Purification
by column chromatography (SiO,, CH,Cl/EtOAc 9:1) followed by
gel permeation chromatography (Biobeads SX-1, CH,Cl,) gave
compound 5 (0.87 g, 57%) as a colorless solid (m.p.: 72°C). IR
(neat): 3410 (broad, O—H) cm™". "H NMR (500 MHz, CD,Cl,): 5 =8.41
(s, 2H), 8.22 (s, 1H), 4.18 (t, J=7 Hz, 2H), 3.61 (t, /=7 Hz, 2H), 1.72
(m, 2H), 1.55 (m, 2H), 1.33-1.27 (m, 16H) ppm. *C NMR (125 MHz,
CD,Cl): 6=139.2, 133.0 (q, Yer=35Hz), 1283 (q, *Jor=3.8 Hz),
127.4 (septet, *Jo=3.8 Hz), 122.5 (q, 'Jcr =272 Hz), 72.7, 62.8, 32.9,
29.6, 29.5, 29.4, 29.3, 28.9, 28.8, 25.7, 25.3 ppm; '°F NMR (376 MHz,
CD,Cl,): 6=-63.0 ppm. Anal. (%) calcd for C,oH,sFs0,S (478.49): C,
50.23; H, 6.00; Found: C, 50.23; H, 5.90.

Compound 6. A mixture of 5 (0.55g, 1.14 mmol) and 2 (3.05 g,
3.42 mmol) in anhydrous CHCI; (10.0 mL) was stirred at —15°C.
After 30 min, a solution of BTBSClI (0.43 g, 1.67 mmol) and Et;N
(0.17 g, 1.71 mmol) in anhydrous CHCI; (1 ml) was added dropwise
within 2 min. The mixture was stirred during 4 h at —15°C, then
filtered through a short plug (SiO, CH,Cl,) and concentrated.
Purification by gel permeation chromatography (Biobeads SX-1,
CH,Cl,) gave compound 6 (1.20 g, 64%) as a pale yellow solid (dec.:
118°C). "H NMR (500 MHz, CD,Cl,): 6 =8.39 (s, 4H), 8.23 (s, 2H), 6.84
(s, T0H), 3.94-3.88 (m, 10H), 3.85-3.79 (m, 14H), 3.69 (s, 10H), 1.39 (t,
J=7 Hz, 30H), 0.88 (m, 4H), 0.44 (broad s, 4H), 0.06 (broad s, 4H),
—0.36 (m, 4H), —0.50 (m, 4H) ppm. *C NMR (125 MHz, CD,Cl,): 6 =
149.6, 139.8, 133.1 (q, *Jcr=35Hz), 128.2, 128.1 (q, *Jor=3.8 H2),
127.4 (septet, *Jo;=3.8Hz), 1225 (q, "Jor=271Hz), 113.9, 72.5,
63.3, 30.6, 30.1, 29.0, 28.9, 28.4, 23.9, 15.2 ppm; "’F NMR (376 MHz,
CD,Cl,): 6 =—63.3 ppm. MALDI-TOF-MS: m/z=1644.59 (100%, [M]",
caled for Cg3HioF 1,0465,: 1644.63), 890.45 (6%, [M-dumbbell] *, calcd
for CssH,0010: 890.50). Anal. (%) calcd for CgsH;0F 1,065, (1645.79): C,
60.57; H, 6.13; Found: C, 60.53; H, 6.18.

General procedure for the preparation of [2]rotaxanes with ester
stoppers (8a-c and 9a-c). A mixture of 3 (or 6) (1 equiv.), the
appropriate carboxylic acid (7 a-c, 2.5 equiv.), K,CO; (2.4 equiv.) and
18-crown-6 (0.8 equiv.) in acetone (5 mL/160 mg of 3 (or 6)) was
heated under reflux. After 24 h (from 6) or 40 h (from 3), the
resulting mixture was filtered through a short plug (SiO,, CH,Cl,
containing 1% of MeOH) and concentrated. The [2]rotaxanes were
then purified by gel permeation chromatography (Biobeads SX-1,
CH,CL)).

General procedure for the preparation of [2]rotaxanes with
thioether stoppers (8d-e and 9d-e). A mixture of 3 (or 6)
(1 equiv.), the appropriate thiol (7 d-e, 2.5 equiv.), K,CO; (2.4 equiv.)
and 18-crown-6 (0.8 equiv.) in acetone (5 mL/160 mg of 3 (or 6))
was heated under reflux. After 24 h (from 6) or 40 h (from 3), the
reaction mixture was filtered through a short plug (SiO,, CH,Cl,
containing 1% of MeOH) and concentrated. The [2]rotaxanes were
then purified by gel permeation chromatography (Biobeads SX-1,
CH.CI,).

General procedure for the preparation of [2]rotaxanes with ether
stoppers (8f-g and 9f-g). A mixture of 3 (or 6) (1 equiv.), the
appropriate phenol (7f-g, 2.5equiv.), and K,CO; (2.4 equiv.) in
anhydrous DMF (4 mL/160 mg of 3 (or 6) was heated at 70 °C. After
24 h (from 6) or 40 h (from 3), the solvent was removed in vacuum.
The resulting solid was diluted with H,O (50 ml) and the product
was extracted with Et,O (4 x 40 mL). The combined organic layers
were washed with H,O (2x45 ml), dried (MgSO,), filtered and

397 © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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concentrated. The [2]rotaxanes were then purified by gel perme-
ation chromatography (Biobeads SX-1, CH,Cl,).

Compound 8a. Orange solid (0.099 g, 67 %, m.p.: 233°C). UV/Vis
(CH,CL) Apax (8): 291 (27000), 344 (sh, 660), 440 (broad,
450 M'em™") nm. IR (neat): 1710 (C=0) cm™". 'H NMR (500 MHz,
CD,Cl,): 6=6.91 (s, 10H), 4.80 (broad s, 4H), 4.44 (broad s, 4H), 4.23
(s, T0H), 4.05-3.99 (m, 10H), 3.91-3.85 (m, 10H), 3.82 (t, /=8 Hz, 4H),
3.74 (s, 10H), 1.47 (t, J=7 Hz, 30H), 0.90 (m, 4H), —0.29 (m, 4H),
—0.48 (broad s, 4H), —0.67 (broad s, 4H) ppm. *C NMR (125 MHz,
CD,CL,): 6=170.9, 149.6, 128.0, 113.8, 72.1, 71.1, 70.0, 69.9 (2 peaks),
69.7, 64.8, 63.2, 29.9, 29.1, 29.0, 28.9, 25.0, 15.4 ppm. MALDI-TOF-
MS: m/z=1488.57 (100%, [M]" calcd for CgH,osFe,0,4: 1488.64),
891.38 (3%, [M-dumbbell+H]*, calcd for CssH;,0,, 891.50). Anal.
(%) calcd for CgH,o5Fe,0,,4 (1489.47): C, 70.15, H, 7.31; Found: C,
70.24, H, 7.40.

Compound 9a. Orange solid (0.127 g, 86%, m.p.: 200°C). UV/Vis
(CH,Cly)  Apax  (€): 295 (31030), 344 (sh, 666), 444 (broad,
470 M'em™") nm. IR (neat): 1710 (C=0) cm™". 'H NMR (500 MHz,
CD,Cl,): 6=6.92 (s, 10H), 4.81 (m, 4H), 4.45 (t, J=1.9 Hz, 4H), 4.25 (s,
10H), 4.06-4.00 (m, 10H), 3.92-3.86 (m, 14H), 3.76 (s, 10H), 1.49 (t,
J=7 Hz, 30H), 1.03 (m, 4H), 0.20 (m, 4H), —0.03 (m, 8H), —0.32 (m,
4H) ppm. *C NMR (125 MHz, CDCl;): 6 =171.3, 149.6, 128.1, 113.9,
72.2, 71.6, 704, 70.0, 64.9, 63.2, 30.5, 30.2, 29.2, 29.0, 28.9, 25.1,
15.6 ppm. MALDI-TOF-MS: m/z=1516.68 (100%, [M]"* calcd for
CgoHq15F€,044: 1516.68), 891.19 (5%, [M-dumbbell +H]*, calcd for
CssH;,0,0 891.50). Anal. (%) calcd for CgoH,q,Fe,0,, (1517.53): C,
70.44, H, 7.44; Found: C, 70.37, H, 7.44.

Compound 8b. Colorless solid (0.107 g, 73%, m.p.: 193°C). IR
(neat): 1714 (C=0) cm™". "H NMR (500 MHz, CD,Cl,): 6=7.90 (d, J=
1.9 Hz, 4H), 7.68 (t, J=1.9 Hz, 2H), 6.90 (s, 10H), 4.04-3.98 (m, 14H),
3.89-3.83 (m, 10H), 3.73 (s, 10H), 1.43 (t, J=7 Hz, 30H), 1.39 (s, 36H),
1.11 (m, 4H), —0.11 (m, 4H), —0.76 (m, 4H), —0.83 (m, 4H) ppm. *C
NMR (125 MHz, CD,Cl,): d=167.0, 151.0, 149.6, 130.3, 128.0, 126.9,
123.5, 113.8, 65.6, 63.2, 34.9, 31.2, 29.5, 29.2, 29.0, 28.8, 255,
15.3 ppm. MALDI-TOF-MS: m/z=1497.01 (100%, [M]*, calcd for
CosH135044: 1496.96), 891.42 (15%, [M-dumbbell+H]*, calcd for
CssH71 040 : 891.50). Anal. (%) calcd for CysH, 5,04, (1498.06): C, 76.17,
H, 8.88; Found: C, 75.97, H, 8.87.

Compound 9b. Colorless solid (0.120g, 81%, m.p.: 138°C). IR
(neat): 1715 (C=0) cm™". 'H NMR (500 MHz, CD,Cl,): 6=7.91 (d, J=
1.9 Hz, 4H), 7.69 (t, J=1.9 Hz, 2H), 6.90 (s, 10H), 4.08 (t, J=2 Hz, 4H),
4.04-3.98 (m, 10H), 3.89-3.84 (m, 10H) 3.74 (s, 10H), 1.44 (t, /=7 Hz,
30H), 1.39 (s, 36H), 1.24 (m, 4H), 0.18 (m, 4H), —0.10 (m, 4H), —0.30
(m, 8H) ppm. ®C NMR (125 MHz, CD,Cl,): 6=167.0, 151.1, 149.6,
130.3, 128.0, 126.9, 123.5, 113.8, 65.4, 63.2, 34.9, 31.2, 30.3, 30.0,
29.0, 289, 28.8, 25.5, 153 ppm. MALDI-TOF-MS: m/z=1525.04
(100%, [M]*, calcd for CgHy30:,: 1524.99), 891.41 (5%, [M-dumb-
bell +HI1*, calcd for CssH,, 0,4 : 891.50). Anal. (%) calcd for Cg;H;350,,
(1526.11): C, 76.34, H, 8.98; Found: C, 75.96, H, 8.97.

Compound 8c. Colorless solid (0.106 g, 72 %, m.p.: 183 °C). IR (neat):
1734 (C=0) cm". "H NMR (500 MHz, CD,Cl,): 6 =7.34-7.27 (m, 16H),
7.24-7.21 (m, 4H), 6.87 (s, 10H), 4.59 (t, J=8 Hz, 2H), 3.95-3.89 (m,
10H), 3.87-3.81 (m, 10H), 3.71 (s, 10H), 3.49 (t, J=8 Hz, 4H), 3.05 (d,
J=8Hz, 4H), 1.41 (t, J=7 Hz, 30H), 0.58 (m, 4H), —0.26 (m, 4H),
—0.51 (m, 4H), —0.58 (m, 4H) ppm. *C NMR (125 MHz, CD,Cl,): 6 =
171.1, 149.5, 144.07, 144.02, 144.0, 128.6, 127.9, 127.6 (2 peaks),
126.5 (2 peaks), 113.6, 65.2, 63.1, 46.7, 40.3, 30.0, 29.1, 28.9, 28.4,
24.5, 15.2 ppm. MALDI-TOF-MS: m/z=1480.89 (100%, [M]~, calcd
for CosH;16044: 1480.84), 891.46 (5%, [M-dumbbell +H]", calcd for
Cs5H;,040: 891.50). Anal. (%) calcd for CosH4,40,4 (1481.93): C, 77.00,
H, 7.89; Found: C, 77.31, H, 8.18.

Compound 9c. Colorless solid (0.116 g, 79%, m.p.: 115°C). IR (neat):
1733 (C=0) cm™". "H NMR (500 MHz, CD,Cl,): 6 =7.34-7.28 (m, 16H),
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7.24-7.20 (m, 4H), 6.87 (s, 10H), 4.59 (t, J=7.7 Hz, 2H), 3.97-3.91 (m,
10H), 3.88-3.82 (m, 10H), 3.72 (s, 10H), 3.54 (t, J=7.7 Hz, 4H), 3.06
(d, J=8Hz, 4H), 1.42 (t, J=7 Hz, 30H), 0.66 (m, 4H), 0.40 (m, 4H),
0.11 (m, 4H), —0.34 (m, 8H) ppm. C NMR (125 MHz, CD,Cl,): 6=
171.1, 1495, 144.1 (2 C), 128.6, 127.9, 127.6, 126.5, 113.6, 65.2, 63.0,
46.8, 40.3, 30.7, 30.2, 28.9 (2 C), 28.3, 24.4, 15.3 ppm. MALDI-TOF-
MS: m/z=1508.93 (100%, [M]', caled for Cg4H;50;s 1508.87),
891.36 (3%, [M-dumbbell+H]*, calcd for CssH; 0 891.50). Anal.
(%) calcd for Co;Hy20044 (1509.99): C, 77.16, H, 8.01; Found: C, 77.15,
H, 7.90.

Compound 8d. Colorless solid (0.069 g, 44%, m.p.: 248°C). 'H NMR
(500 MHz, CD,Cl,): 6 =7.47-7.45 (m, 12H), 7.35-7.32 (m, 12H), 7.28-
7.25 (m, 6H), 6.81 (s, 10H), 3.90-3.78 (m, 20H), 3.69 (s, 10H), 2.01 (t,
J=8Hz, 4H), 1.37 (t, J=7 Hz, 30H), 1.14 (m, 4H), 0.25 (m, 4H), —0.95
(m, 4H), —2.05 (m, 4H) ppm. *C NMR (125 MHz, CD,Cl,): 6 =149.5,
145.3, 1295, 127.9, 127.8, 126.6, 113.7, 65.9, 63.2, 32.5, 30.5, 29.5,
29.3, 289, 27.9, 15.4 ppm. MALDI-TOF-MS: m/z=1580.73 (100 %,
[M1¥, caled for C,45H;50040S,: 1580.83), 890.42 (39 %, [M-dumbbell]*,
caled for CsH,0040: 890.50). Anal. (%) calcd for Cig3H150010S;
(1582.18): C, 78.19, H, 7.65; Found: C, 78.15, H, 7.38.

Compound 9d. Colorless solid (0.152 g, 97 %, m.p.: 191°C). 'H NMR
(500 MHz, CD,Cl,): 6 =7.46-7.44 (m, 12H), 7.35-7.31 (m, 12H), 7.28-
7.24 (m, 6H), 6.81 (s, 10H), 3.90-3.77 (m, 20H), 3.69 (s, 10H), 2.07 (t,
J=8Hz, 4H), 1.38 (t, J=7 Hz, 30H), 1.26 (m, 4H), 0.64 (m, 4H), —0.15
(m, 4H), —0.95 (broad s, 4H), —1.28 (broad s, 4H) ppm. *C NMR
(125 MHz, CD,Cl,): 6=149.5, 145.2, 129.5, 127.9, 127.8, 126.6, 113.7,
66.1, 63.1, 32.3, 30.4, 30.2, 29.3, 29.2, 29.1, 28.9, 15.3 ppm. MALDI-
TOF-MS: m/z=1608.68 (100%, [M]*, calcd for CiosH;240:05:
1608.86), 890.39 (51%, [M-dumbbell]*, calcd for CssH,,0,,: 890.50).
Anal. (%) calcd for C;45H1,4040S, (1610.24): C, 78.32, H, 7.76; Found:
C, 78.22, H, 7.85.

Compound 8e. Colorless glassy product (0.118 g, 87%). 'H NMR
(500 MHz, CD,Cl,): 6 =6.90 (s, 10H), 6.80-6.75 (m, 4H), 6.65-6.63 (m,
2H), 4.06-4.00 (m, 10H), 3.87-3.81 (m, 16H), 3.79 (s, 6H), 3.73 (s,
10H), 2.37 (m, 4H), 1.41 (t, J=7 Hz, 30H), 0.58 (m, 4H), —0.24 (m,
8H), —0.41 (broad s, 4H) ppm. >C NMR (125 MHz, CD,Cl,): 6 =154.2,
150.6, 149.6, 129.0, 128.1, 114.4, 113.9, 110.6, 107.8, 63.4, 56.2, 554,
31.3, 30.1, 29.5, 29.0, 28.9, 28.4, 15.2 ppm. MALDI-TOF-MS: m/z=
1368.62 (100%, [M]*, calcd for CgHy05014S,: 1368.72), 891.38 (3%,
[M-dumbbell +H]*, calcd for CssH;,0,0: 891.51). Anal. (%) calcd for
CaiH105014S, (1369.85): C, 71.02, H, 7.95; Found: C, 70.83, H, 7.99.

Compound 9e. Colorless solid (0.135 g, 99%, m.p.: 91°C). 'H NMR
(500 MHz, CD,Cl,): 6 =6.90 (s, 10H), 6.80-6.77 (m, 4H), 6.65-6.63 (m,
2H), 4.05-3.99 (m, 10H), 3.87-3.81 (m, 16H), 3.79 (s, 6H), 3.73 (s,
10H), 2.42 (m, 4H), 1.42 (t, J=7 Hz, 30H), 0.70 (m, 4H), 0.30 (broad s,
4H), 0.11 (broad s, 4H), —0.03 (m, 4H), —0.16 (m, 4H) ppm. *C NMR
(125 MHz, CD,Cl,): 6=154.2, 150.7, 149.6, 128.8, 128.1, 114.4, 113.9,
110.7, 108.0, 63.4, 56.2, 55.5, 31.3, 30.6, 30.1, 29.4, 28.9, 28.7, 28.4,
15.2 ppm. MALDI-TOF-MS: m/z=1396.74 (100%, [M]"', calcd for
CgsH1150145,: 1396.75), 891.50 (4%, [M-dumbbell+H]*, calcd for
CssH71040: 891.51). Anal. (%) calcd for CgHq;,04,S, (1397.90): C,
71.31, H, 8.08; Found: C, 71.28, H, 8.16.

Compound 8f. Colorless glassy product (0.104 g, 62%). '"H NMR
(500 MHz, CD,Cl,): 6 =7.30-7.25 (m, 24H), 7.23-7.20 (m, 6H), 7.14 (d,
J=7 Hz, 4H), 6.89 (s, 10H), 6.76 (d, J=7 Hz, 4H), 3.94-3.88 (m, 10H),
3.85-3.80 (m, 10H), 3.72 (s, 10H), 3.22-3.13 (m, 4H), 1.34 (t, J=7 Hz,
30H), 0.41 (m, 4H), 0.33 (m, 4H), —0.08 (m, 4H), —0.43 (m, 4H) ppm.
3C NMR (125 MHz, CD,Cl,): 0=157.5, 149.7, 147.3, 138.3, 131.9,
131.0, 128.1, 127.4, 125.8, 114.0, 113.0, 68.2, 64.4, 63.4, 30.7, 30.0,
29.0, 28.7, 24.6, 15.3 ppm. MALDI-TOF-MS: m/z=1700.84 (100%,
[M1*, caled for CisHq240:,: 1700.94), 890.40 (4%, [M-dumbbell]®,
calcd for CgsH;40,4: 890.50). Anal. (%) calcd for Cy15H,,40,, (1702.24):
C, 81.14, H, 7.58; Found: C, 81.16, H, 7.53.
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Compound 9f. Colorless glassy product (0.120g, 71%). '"H NMR
(500 MHz, CD,Cl,): 6 =7.29-7.25 (m, 24H), 7.23-7.19 (m, 6H), 7.14 (d,
J=7 Hz, 4H), 6.89 (s, 10H), 6.76 (d, J=7 Hz, 4H), 3.95-3.89 (m, 10H),
3.86-3.80 (m, 10H), 3.72 (s, 10H), 3.24-3.15 (m, 4H), 1.36 (t, /=7 Hz,
30H), 0.86 (m, 4H), 0.58 (m, 4H), 0.45 (m, 4H), 0.04 (m, 4H), —0.36
(m, 4H) ppm. *C NMR (125 MHz, CD,Cl,): 6 =157.5, 149.6, 147.3,
138.3, 131.9, 131.0, 128.1, 127.4, 125.8, 113.9, 113.0, 68.2, 64.4, 63.3,
31.0, 30.5, 29.4, 29.0, 28.6, 24.3, 15.2 ppm. MALDI-TOF-MS: m/z=
1728.89 (100%, [M]*, calcd for Cy;,H,5,0,,: 1728.97), 891.35 (10%,
[M-dumbbell 4+ H]", calcd for CssH;,0,0: 891.50). Anal. (%) calcd for
Cy17H15,04, (1730.30): C, 81.21, H, 7.69; Found: C, 81.11, H, 7.67.

Compound 84g. Colorless solid (0.09 g, 63%, m.p.: 157 °C). IR (neat):
1728 (C=0) cm~". "H NMR (500 MHz, CD,Cl,): 6=8.27 (t, J=1.5 Hz,
2H), 7.74 (d, J=1.5 Hz, 4H), 6.93 (s, 10H), 4.01-3.95 (m, 22H), 3.91-
3.85 (m, 10H), 3.74 (s, 10H), 3.57-3.48 (m, 4H), 1.40 (t, J=7 Hz, 30H),
0.72 (m, 4H), 0.03 broad s, 4H), —0.36 (m, 8H) ppm. *C NMR
(125 MHz, CD,Cl,): 6=166.0, 159.5, 149.6, 131.9, 128.2, 122.3, 119.3,
114.1, 69.0, 63.4, 52.3, 30.3, 29.5, 29.2, 29.0, 24.4, 15.2 ppm. MALDI-
TOF-MS: m/z=1448.77 (100%, [M]", calcd for CggH,g0,0: 1448.74),
891.44 (3%, [M-dumbbell+H]*, calcd for CssH; 0;4: 891.50). Anal.
(%) calcd for CgsH;50, (1449.76): C, 70.42, H, 7.51; Found: C, 70.19,
H, 7.51.

Compound 9g. Colorless solid (0.111g, 77%, m.p.: 137°C). IR
(neat): 1725 (C=0) cm™". "H NMR (500 MHz, CD,Cl,): 6=8.27 (t, J=
1.5 Hz, 2H), 7.74 (d, J=1.5 Hz, 4H), 6.93 (s, 10H), 4.01-3.95 (m, 22H),
3.91-3.85 (m, 10H), 3.74 (s, 10H), 3.57-3.48 (m, 4H), 1.40 (t, /=7 Hz,
30H), 0.72 (m, 4H), 0.03 broad s, 4H), —0.36 (m, 8H) ppm. >*C NMR
(125 MHz, CD,Cl,): 6=166.0, 159.5, 149.6, 131.9, 128.2, 122.3, 119.3,
114.1, 69.0, 63.4, 52.3, 30.3, 29.5, 29.2, 29.0, 24.4, 15.2 ppm. MALDI-
TOF-MS: m/z=1476.77 (100%, [M]*, calcd for Cg;H,;,0,: 1476.77),
891.37 (5%, [M-dumbbell +H]", calcd for CgH,,0,0: 891.50). Anal.
(%) calcd for Cg;H,;,0,4 (1477.81): C, 70.71, H, 7.64; Found: C, 70.59,
H, 7.63.

X-Ray Crystal Structures

The crystallographic data and the refinement parameters are
reported in the supplementary material for all the compounds. The
X-ray crystal structures have been deposited at the Cambridge
Structural Database (CCDC deposition numbers: 1980807 for 6,
1980808 for 8a, 1980817 for 8d, 1980881 for 9d, 1980883 for 9e
and 1980886 for 99).
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