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7
APPENDIX

7.1. GENERAL PROCEDURE OF SYNTHESIS OF ESTERS (GP)
A round-bottom flask was charged with (±)α-lipoic acid (400 mg, 1.94 mmol, 1 eq.),
DMAP (284 mg, 2,33 mmol, 1.2 eq.) and 15 ml of dry DCM was added. Next, alcohol
was added (2,33 mmol, 1.2 eq.) to the reaction mixture. Subsequently, a suspension
of N−(3−Dimethylaminopropyl)−N−ethylcarbodiimide hydrochloride (EDCI·HCl) (446
mg, 2,33 mmol, 1.2 eq.) was added dropwise and the reaction was stirred for 16 h at room
temperature. The reaction mixture was diluted with EtOAc (50 ml), washed with HClaq
(1M, 20 ml), twice with water (2 x 20 ml), saturated NaHCO3 aq (20 ml), brine (20 ml) and
dried over MgSO4 and concentrated in vacuo to afford appropriate crude ester.
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C1 R=CH3 96%
C5 R-C5H11 79%
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Figure 7.1 General scheme of synthesis of esters of (±)α-lipoic acid.

Methyl 5-(1,2-dithiolan-3-yl)pentanoate (C1): The product C1 was obtained
according to GP2, pure after extractions, as a pale yellow oil (410 mg, 1.86 mmol, 96%).
1HNMR (400 MHz, CDCl3) δ 3.67 (s, 3H), 3.63 – 3.51 (m, 1H), 3.24 – 3.06 (m, 2H), 2.46

Molecules were synthesized[1] by Wojciech Danowski, (PhD from stratingh institute for chemistry, university
of Groningen)
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7. APPENDIX

(dq, J = 12.5, 6.4 Hz, 1H), 2.33 (t, J = 7.4 Hz, 2H), 1.91 (dq, J = 13.7, 6.9 Hz, 1H), 1.68 (tdd,
J = 14.9, 9.7, 7.3 Hz, 4H), 1.57 – 1.36 (m, 3H). 13C NMR (100 MHz, CDCl3) δ HRMS (ESI)
calcd C9H16O2S2 [M+H]+ 518.0914, found 518.0920

Pentyl 5-(1,2-dithiolan-3-yl)pentanoate (C5) The crude product C5 was obtained
according to GP2 and purified by flash column chromatography (SiO2, pentane/EtOAc)
to afford as a pale yellow oil (424 mg, 1.53 mmol, 79%). 1HNMR (400 MHz, CDCl3) δ 4.06
(t, J = 6.7 Hz, 2H), 3.57 (dq, J = 8.3, 6.4 Hz, 1H), 3.26 – 3.03 (m, 2H), 2.46 (dtd, J = 12.9,
6.6, 5.4 Hz, 1H), 2.31 (t, J = 7.4 Hz, 2H), 1.91 (dq, J = 12.6, 6.9 Hz, 1H), 1.78 – 1.59 (m, 6H),
1.53 – 1.41 (m, 2H), 1.33 (dq, J = 7.5, 3.5 Hz, 4H), 1.01 – 0.82 (m, 3H). 13C NMR (100 MHz,
CDCl3) δ 173.4, 64.4, 56.2, 40.1, 38.3, 34.5, 34.0, 28.6, 28.2, 27.9, 24.6, 22.2, 13.8 HRMS
(ESI) calcd C13H24O2S2 [M+H]+ 518.0914, found 518.0920

Nonyl 5-(1,2-dithiolan-3-yl)pentanoate (C9): The crude product C9 was obtained
according to GP2 and purified by flash column chromatography (SiO2, pentane/EtOAc)
to afford as a pale yellow oil (561 mg, 1.69 mmol, 87%). 1HNMR (400 MHz, CDCl3) δ 4.06
(t, J = 6.7 Hz, 2H), 3.57 (dq, J = 8.3, 6.4 Hz, 1H), 3.23 – 3.07 (m, 2H), 2.46 (dtd, J = 13.0, 6.6,
5.4 Hz, 1H), 2.31 (t, J = 7.4 Hz, 2H), 1.91 (dq, J = 12.7, 6.9 Hz, 1H), 1.78 – 1.55 (m, 6H), 1.46
(dddd, J = 15.1, 13.3, 7.4, 4.1 Hz, 3H), 1.35 – 1.24 (m, 11H), 0.93 – 0.84 (m, 3H). 13C NMR
(100 MHz, CDCl3) δ 173.4, 64.4, 56.2, 40.1, 38.3, 34.5, 34.0, 31.7, 29.3, 29.1, 29.1.

7.2. CYCLIC-DTT
DL-1,2-Dithiane-4,5-diol : DL-dithiothreitol (2.0 g, 12.9 mmol) was dissolved in DMSO
(1.1 g, 14.3 mmol, 1.1 ml) in an open flask and heated with stirring at 110◦C for
3 h. Next the mixture was cooled to RT upon which the mixture solidified. The
solid was crushed, suspended in ether, sonicated and filtrated. The crude product
(DL-1,2-Dithiane-4,5-diol) was crystalized from chloroform to afford product as a white
solid (1.1 g, 7.3 mmol, 51 % ). Spectroscopic data was in agreement with literature.1
1HNMR (400 MHz, DMSO-d6) δ 5.21 (d, J = 3.5 Hz, 2H), 3.40 – 3.30 (m, 2H), 3.04 (dd, J =
12.8, 2.4 Hz, 2H), 2.73 (dd, J = 13.4, 9.1 Hz, 2H).

SH
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S S

HO OH
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Figure 7.2 Schematic of synthesis of cyclic-DTT.
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7.3. AZOBENZENE THREAD

7.3. AZOBENZENE THREAD
(E)-1-(6-(1-(4-(4-(2-(2-(2-(2-mercaptoethoxy)ethoxy)ethoxy)ethoxy)phenyl)diazenyl)
benzyl)-1H-imidazol-3-ium-3-yl)hexyl)-1-methyl-(4,4-bipyridinium triiodide.[1]

A round-bottom flask was charged with 2PF6 (300 mg, 0.21 mmol, 1 eq.), and the dry
DCM (10 mL) was added. Subsequently, Et3SiH (498 mg, 4.28 mmol, 0.73 mL 20 eq.) and
TFA (244 mg, 2.14 mmol, 0.16 mL 10 eq.) were added. The reaction mixture was stirred at
rt for 2 h and concentrated in vacuo. The resulting solid was dissolved in MeCN/Toluene
(1/1 v/v, 5 mL) and Bu4NI (508 mg, 1.28 mmol, 6 eq.) in MeCN (3 ml) was added to
precipitate the iodide salt. The resulting suspension was filtered, washed with toluene
and dried in vacuo to afford 1I as an orange solid (199 mg, 0.18 mmol 82%). The pure
product was stored at 17◦C in a glove box. 1HNMR (600 MHz, DMSO-d6) δ 9.43 – 9.35
(m, 3H), 9.29 (d, J = 6.5 Hz, 2H), 8.84 – 8.73 (m, 4H), 7.93 – 7.84 (m, 6H), 7.65 – 7.56 (m,
2H), 7.21 – 7.11 (m, 2H), 5.54 (s, 2H), 4.68 (t, J = 7.4 Hz, 2H), 4.45 (s, 3H), 4.27 – 4.12 (m,
4H), 3.78 (tq, J = 7.1, 3.9, 3.4 Hz, 2H), 3.69 – 3.44 (m, 10H), 2.66 – 2.57 (m, 2H), 2.28 (t, J =
8.1 Hz, 1H) 1.98 (p, J = 7.3 Hz, 2H), 1.83 (p, J = 7.4 Hz, 2H), 1.49 – 1.26 (m, 4H). 13C NMR
(151 MHz, DMSO-d6) δ 162.0, 152.5, 149.0, 148.5, 147.1, 146.5, 146.2, 137.6, 136.7, 129.9,
127.0, 126.5, 125.2, 123.4, 123.2, 115.6, 72.6, 70.4, 70.3, 70.2, 70.0, 69.9, 69.3, 69.1, 68.2,
61.2, 52.0, 49.4, 48.6, 31.0, 29.5, 25.4, 25.3, 23.9. %HRMS (ESI) calc.d C41H53N6O4S3

+

[M-3I-]3+ 241.7942, found 241.7944.
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Figure 7.3 Schematic of synthesis of azobenzene thread
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7.4. COMPUTATIONAL DETAILS OF CHAPTER 6

Conformational space was explored using Grimme’s Conformer-Rotamer Ensemble
Sampling Tool (CREST)[2] based on the GFN2-xTB method as implemented in the xTB
code (version 6.1 beta)[3, 4]. In these calculations, solvation effects were mimicked using
the Generalized Born with Solvent Accessible Surface Area model (GBSA),[5] modelling
water. Geometries were then further optimized using Grimme’s GFN2-xTB method7,[4]
(very tight convergence criteria) and frequency calculations were performed to obtain
thermodynamic corrections. Single energy point calculations were recomputed at
these geometries using TPSS,[6] PW6B95[7] in combination with the D3-BJ dispersion
correction,[8, 9] and M06-2X[10] density functionals with the def2-TZVP[11] basis set. In
addition, the HF-3c[12] and PBEh-3c[13] methods were also tested. The SMD solvation
model was used for the single point energy calculations[14]. Results are presented in
Table 7.1. RIJCOSX was used to accelerate the calculations with hybrid functionals[15].
These calculations were carried out using the electronic structure code ORCA Version
4.1.1[16, 17]. The photochemically switching from the ’tran’ to the ’cis’ form leads
to expulsion of the paraquat fragment from the macrocyclic CB[8] unit. In order to
probe what the origin of this behaviour is we conducted a computational study. For
this purpose we optimised the full system featuring the azobenzene unit tethered to
the paraquat inside CB[8] both in the ’tran’ and ’cis’ conformations using Grimme’s
GFN2-xTB method[3, 4]. In these calculations, solvation effects of water were mimicked
with the Generalized Born with Solvent Accessible Surface Area model (GBSA)[5]. As
the tethered chain is flexible, we explored the conformational space using Grimme’s
CREST algorithm[2], considering both ’tran’ and ’cis’ conformations of azobenzene with
the paraquat unit inside the CB[8] unit. For the ’tran’ configuration, we found that
the ensemble of identified low-energy conformers placed the paraquat inside the CB[8]
unit. For the ’cis’ configuration, an ensemble of structures was obtained where some
of the structures featured the paraquat fragment inside and some outside of the CB[8]
unit. Geometries of the lowest energy conformation for the ’tran’ isomer and the ’cis’
isomers (cis-in and cis-out) were then further refined using the GFN2-xTB method[3, 4]
and frequency calculations were performed to obtain thermodynamic corrections. To
obtain more accurate electronic energies based on these structures we carried out
single point energies calculations with the M06-2X[10] functional in combination with
the def2-TZVP[11] basis set and the SMD solvation model for water[14]. From these
calculations we find that the structure with the azobenzene unit in the ’tran’ form
and the paraquat fragment inside the CB[8] unit is energetically most favourable. The
’cis’ forms are energetically less favourable by 14.2 kcal mol−1 and 14.0 kcal mol−1 for
cis-in and cis-out, respectively. The energetic difference between the ’tran’ and ’cis’
forms reflects for the most part the energetic difference that is found for the simple
isomerisation for simple azobenzene itself. The energetic difference between the ’cis’
conformers themselves is small (see also Table 7.1) and based on the experimental
data this difference would be expected to be slightly larger, yet these results are within
the expected accuracy for the computational method used. We next addressed the

Theoritical calculations were performed by Dr. Laura Nunes dos Santos Comprido, stratingh institute for
chemistry, university of Groningen)
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question how the interaction between the CB[8] unit and the azobenzene/paraquat
unit(s) change upon transitioning from ’tran’ to ’cis’, which ultimately leads to ejection of
the paraquat fragment. For this purpose we computed the deformation energies of the
CB[8] macrocycle for the ’cis’ conformers with respect to the ’tran’ conformation. These
energy differences are small, 0.5 and 1.1 kcal mol−1 for cis-in and cis-out, respectively.
We can conclude that the change from a ’tran’ to a ’cis’ conformation(s) and the ejection
of the paraquat fragment are not induced by an increase in strain of the CB[8] unit. The
deformation energies for the fragments void of the CB[8] macrocycle are 11.0 and 8.8
kcal mol−1 for cis-in and cis-out when referenced to the ’tran’ conformation, thus making
it favourable to release the paraquat unit. Notably, this energy difference is not fully
translated to the difference found for the full isomers. When we compute the interaction
energy between the inner fragment and CB[8] we find that this difference is in part
compensated by more favourable noncovalent interactions which lead to interaction
energies of -11.5 and -7.7 kcal mol−1 for cis-in and cis-out, respectively. We can therefore
expect that especially solvation, which we modelled here only crudely with an implicit
solvation model, can be used to control the position of the paraquat unit upon switching
between ’tran’ and ’cis’ conformations of the azobenzene unit.

Table 7.1: Energetic evaluation (∆G298.15 in kcal mol−1) at different levels of theory for the obtained structures.

HF-3c/SMD
TPSS-D3BJ/
def2-TZVP/
SMD

PBEh-3c/
SMD

PW6B95-
D3BJ/def2-
TZVP/SMD

M06-2X/def2-
TZVP/SMD

TRANS 0.0 0.0 0.0 0.0 0.0
CIS-IN 8.1 11.9 15.2 14.2 14.2
CIS-OUT 7.2 16.2 13.4 14.9 14.07
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Figure 7.4 DFT optimized structures (M06-2X def2-TZVP with SDM solvation model for water) of model
inclusion complexes featuring both E-azobenzene and paraquat moiety encapsulated by CB[8] (left panel)
and Z-azobenzene encapsulated by CB[8] with paraquat moiety expelled from cavitand (right panel).

Figure 7.5 DFT optimized structures (M06-2X def2-TZVP with SDM solvation model for water) of model
inclusion complexes in cis-in conformation
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