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1. Introduction

Sulphur was already known in ancient times and used for example, as described in the Ebers
Papyrus, an ancient Egyptian medical papyrus, in balms for fumigation. Due to its diversity and
elemental occurrence sulphur belongs to the most extensively examined and used elements.
The most common use of sulphur is the conversion to sulphuric acid.l"! Other applications in-
clude sulphur as components of fertiliser'? or its conversion to rubber.?!

Apart from common usage, organosulphur compounds play an important role in chemistry, for
example in the Asinger reaction for the formation of 3-thiazolines.” The reaction of Grignard
reagents with sulphur leads to thioether and thiols. Cyclohexane can be dehydrogenated to
benzene by the use of hydrogen sulphide.

The discovery of selenium dates back to 1818 when both chemists, Jons Jacob Berzelius and
Johan Gottlieb Gahn, were producing sulphuric acid by the lead chamber process in Sweden.®
Almost 20 years later, in 1836 the first organoselenium compound was synthetized by Lowig.[")
Due to the similar behaviour of organoselenium compounds towards organosulphur ana-
logues, selenium was of little importance for the synthetic chemistry. Nowadays orga-
noselenium compounds are used in specialized reactions, for example as vinylic selenides for
the stereoselective functionalization of alkenes!® or as selenium dioxide for the Riley-Oxida-
tion, a mild, selective oxidation reaction of ketones and alkenes.® Tellurium was first discov-
ered in 1782 by the Austrian mineralogist Muller von Reichenstein, although he was not able
to identify it as a new element. A few years later, in 1798 Klaproth isolated the new element
and named it tellurium after the Latin word for "earth", tellus.®® Based on the high prices, tellu-
rium is mainly used in the metallurgy for increasing the corrosion resistance and making the
resulting alloy more machinable. Moreover tellurium is used widely in the semiconductor in-
dustry, for example in the new phase change memory chips (PCM).['% In chemical synthesis

tellurium compounds can be used as pigments for ceramics.['"!

1.1. Homoatomic Polycations

Although it is well known for the elements of the 16" group to have a tendency to build cations
and homoatomic polycations!'?>'3], only little is known about their chemistry and behaviour. With
conc. sulphuric acid the oxidation of sulphur cannot be realized!"¥, whereas the heavier con-
geners selenium and tellurium can be oxidized easily to the intensely coloured Ses?* (green)
and Te4** (red) cations. Both reactions for generating the polycations are used as quantitative
proof of those elements.
Not just the discovery of tellurium dates back to Klaproth in 1798, but also the disclosure of the
probably smallest and oldest known polytellurium cation[’, although the molecular structure
1



of the dication was unknown for a long time. In 1971 Barr et al. introduced the structure of a
Te4?" cation with the help of Tes[AsFe)..['® The following years, different working groups fo-
cused on the characterization of the molecule via chemical analysis and vibrational spectros-
copy!""" but the crystal structure was hitherto unknown until 2003.2° Despite the fact that
meanwhile various structures of Ses?* and Tes?* are known, there are only few Ss** struc-
tures!'®21-2% for instance the resulting structure of the oxidation of S,OsF, with antimony pen-
tafluoride to S4[SbF¢]2.[?°! The reason for the rarity is, that sulphur cations build bigger clusters,
from Sg to S19?*. Gillespie et al. presented a Sg?* and S1¢2* species by the reaction of sulphur
with arsenic pentafluoride.?!

The smallest cationic dichalcogen-building units Ex* (E = S, Se, Te) were, due to their insta-
bility, just exposed and proven in the gas phase.

In comparison to that, the heavier analogues R-E-E-R (E = S, Se, Te) of organic peroxides
build stable and common compounds, which can be used as synthetic precursors in many

reactions.

1.2. Radical Cations

In 1869 Stenhouse observed the evolution of an intense violet colour while dissolving thiophe-
nol in conc. sulphuric acid.?82% Although the intermediates could not be determined, he was
able to isolate diphenyl disulphide (Ph2S2), which can be dissolved again in conc. sulphuric
acid leading to the formation of thianthrene (TA), which is characterized by an intensely col-
oured solution, seen in Scheme 1. Thianthrene (TA) itself can also be dissolved in conc. sul-
phuric acid again, leading to intensely coloured solutions containing the thianthrene radical
cation (TA)™.
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Scheme 1. Oxidation of diphenyl disulphide in concentrated sulphuric acid (intermediate species in
brackets have not been isolated).

Fries and Volk were able to set up a first connection between thiophenol and thianthrene,
without recognizing the reaction as single electron oxidizing steps.*Y In later times the usage
of those intensely coloured salts as colouring agents were considered popular.'-32

Gomberg’s pioneering discovery on the stable free triphenylmethyl radical in 1900 led to a new
understanding of radicals.*34 The first proof of the radical character of the thianthrene radical
cation (TA)™* in conc. sulphuric acid was then worked out by Hirshon et al. in 1953.1%% Both,
diphenyl disulphide (Ph.S:) and thianthrene (TA), can have unpaired electrons by means of
oxidation in solution, which is the reason for their intense colour. However, the synthesis was
limited to the oxidation by mineral acids.?*% The open-shell electronic structure of the thi-
anthrene radical cation (TA™*) was described in 1962 by the first EPR measurements.37:40-44
From then on many studies reported the synthesis, reactivity and use of those radicals in or-
ganic synthesis.*?! Most conveniently, the thianthrane radical cation (TA) * has been prepared
by single electron oxidation from its parent (TA) using various methods and reagents including
HCIO4 / acetic anhydride®", SbCls / HCCI3#€l, ICI / CCl4#71, NO[BF ]84 AICI3 / CH2CI%, the
dodecamethylcarboranyl radical / hexane®'!, electrochemically with [NBus][PFs] / SO2%, AICI;

/ SO.5% and XeF2, MesSiO3SCF3 / CH2Cl,.5* The molecular structure of a thianthrene radical
3



cation (TA)* was obtained by Bock et al. in 1994 with the reaction of its parent (TA) with
aluminum chloride in dichloromethane. The oxidation of thianthrene (TA) results in a significant

bending along the intramolecular S — S axis seen in Figure 1.

N
E
Oxidation
—_—
E -€
~ -
E =S, Se

Figure 1. Change of the folding angle along the E — E axis through oxidation (E = S, Se).

The structural change enables electron pairing in the solid state and thus a reversible oligo-
merisation, so that intermolecular S — S interactions can proceed. A diamagnetic dimer
(TA)2[AICl4]2 is formed (double-decker structure).’® Beck et al. described in 2009 a similar
structure for (TA)[PFg)2.’? The same group was able to isolate a diamagnetic trimer
(TA)3[AICl7)2 (figure 2) with stacks of parallel and eclipsed TA units (parallel triple-decker struc-
ture)3 while a diamagnetic trimer (TA)s[C13H36B11]2 containing stacks of parallel TA units, with
an orthogonal central unit to the two outer eclipsed units (crossed triple-decker structure) was
reported by Rosokha et al. in 2007.5"

Figure 2. Crystal structure of the diamagnetic trimer (TA)3[Al2Cl7]2 with stacks of parallel and eclipsed
TA units (parallel triple-decker structure).[5l
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Figure 3. Crystal structure of the diamagnetic trimer (TA)3[C13H3sB11]2 containing stacks of parallel TA

units, with an orthogonal central unit to the two outer eclipsed units (crossed triple-decker structure)

(Solvent molecules are omitted).151

As shown by UV-Vis spectro-electrochemistry, in solution the thianthrene radical cation (TA)™*
is in a concentration dependent equilibrium with its dimer (TA),2*.[44]

Connelly and Geiger described the use of the thianthrene radical cation (TA)* as single-oxi-
dation reagent.®® The reaction can be followed visually by using the purple thianthrene radical
cation (TA)™*, which turns colorless upon reduction.

Furthermore the addition of thianthrene radical cation (TA)'* to alkenes and cycloalkenes has

been investigated lately.®6-5%

(-0 — (X

Scheme 2. Addition of thianthrene radical cation (TA)™ to cyclohexane.[56]

2A+TA

Although the thianthrene radical cation (TA)* has been studied in great detail, there is only
little information accessible about the isotype dibenzodioxines with heavier chalcogens. The
reaction of selenanthrene (SeA) with aluminium chloride carried out by Beck et al. in 2012
resulted in the double-decker structure (SeA)z[AICl4]2.5% Even though the synthesis of telluran-
threne (TeA) is known, the respective radical cation (TeA)™ has not been investigated yet.

A first approach in describing the electronic reason for the aggregation of thianthrene in solid
state was made by Nishinaga and Komatsu in 2005. They suggested that m-bonding of the
aromatic rings is the reason for the aggregation.%

The radical cations of 1,2,3,4,5,6,7,8-octamethylanthracene (OMA) and 2,3,6,7-tetramethoxy-
9,10-dimethylanthracene (TMDMA) support their theory. Without the possibility of multicentre

o-bonding through the heteroatoms sulphur, selenium and tellurium, oligomerization takes

5



place and the molecules thus form double-decker®®" and triple-decker®? structures, respec-
tively.

Figure 4. Crystal structure of the 1,2,3,4,5,6,7,8-octamethylanthracene (OMA) radical cation double-

decker structure (the counterions SbFe are omitted).[6"]

The paper of Plasseraud et al. on the reaction of a dimeric hydroxo di-n-butylstannane trifluoro-
methanesulphonato complex with phenazine (PA) established the fact, that not just radical
cationic systems undergo oligomerisation.!®¥ They reported a partly protonated double-decker
(H-PA)2[O3SCF3]2 and triple-decker structure [(H-PA)2(PA)][OsSCF3]2 seen in Figure 5.

tih, ey e ey
| T
3 “’8 T q . .‘3
I:i;"t o R L s

Figure 5. Unit cell of the double-decker structure (left) and the [(H-PA)2(PA)][OsSCF3]2 triple-decker

structure (right).[63!

Addition of anthracene (AC) leads to the mixed triple-decker structure [(H-PA)2(AC)]
[O3SCF3]..104
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X
2 Ij [O3SCF3]
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Scheme 3. Creation of the triple-decker structure [(H-PA)2(PA)][OsSCF3)2 (left) and the mixed triple-
decker structure [(H-PA)2(AC)][OsSCFs3]2 (right).64

i, i
g g

Figure 6. Crystal structure of the mixed triple-decker structure [(H-PA)2(AC)][O3SCF3]2.

Theoretical calculations on the thianthrene and selenanthrene double-decker structure ((TA)22*
and (SeA)2?*) and both thianthrene triple-decker structures (parallel and crossed triple-decker
structure) advise the presence of ¢- and 1-bonding for the oligomerisation. The results in all
calculated structures indicate a singlet state as the ground state and intermolecular 2-electron-
3 or 4-center (2e3c or 2e4c) bonds between the sulphur, respectively selenium atoms in the
parallel stacks.®*%% In the crossed trimers, which stick together by London dispersion forces,
these bonds are not provided.

The missing intermediates seen in Scheme 1 were objectives of later researches. Roth et al.
reported the isolation and characterization of the diphenyl disulphide radical cation (Ph2S2)™*
respectively the selenium congener by performing a single electron oxidation of diphenyl di-
sulphide (Ph2S>) or diphenyl diselenide (Ph.Sey) in the straightened voids of the acidic zeolith

matrix.[®5-%8] The dication of diphenyl disulphide (Ph,S.)?* has been the objective of several
7



electrochemical and theoretical works.®*"" In earlier attempts the oxidation of dimethy! disul-
phide (Me2S2) with antimony pentachloride (SbCls) in dichloromethane at 0 °C resulted in a

methyl sulphide stabilized sulphide cation (CH3S)s* as a hexachloroantimonate salt (Scheme
4).172

CH,Cl, HaC S\
3 H3C-S-S-CH3 + 3 SbCly, ——— > 2 /S—CH3 SbClg™ + SbCly
o +

Scheme 4. Oxidation of dimethyl disulphide (Me2S2) with antimony pentachloride (SbCls).[2]

The same year, 1976, Passmore et al. oxidized bis(perfluoroethyl) diselenide [(C2F5).Sez] with
antimony pentafluoride (SbFs) and obtained similar results.["®!

C,Fs—Se
AN
3 F5C2-Se-Se-C2F5 +4 SbF5 _— > 2 Se—C2F5 [Sb2F11]_ + SbF3 ’ SbF5
+
C,Fs—S6

Scheme 5. Oxidation of bis(perfluoroethyl) diselenide [(C2Fs)2Sez] with antimony pentafluoride
(SbFs).[731

Seppelt et al. tried to prepare persistent dialkyl disulphide radical cations by oxidizing di-neo-
pentyl disulphide (Neo0.S,) with nitrosonium triflate ([NO][OsSCF3]) seen in Scheme 6.

Neo Neo
[NOJ[O3SCF3] AN S

Neo S.,
\S/ “UINeo —— [O3SCF3J

Neo = neopentyl

Scheme 6. Single-electron oxidation of di-neo-pentyl disulphide (Ne02S2) with nitrosonium triflate
(INOJ[OsSCF3]).I4

The reaction resulted in the first diorgano disulphide-nitrosonium charge transfer adduct
[Neo2S; - NOJ* comprising a four-membered ring.[¥ Identical reactions with the heavier group

16 homologues selenium and tellurium gave diamagnetic dicationic ring structures [(MeSe)]?*
and [(EtTe)4]?*.l'9



[ R R o
[NOJ[O3SCF3] A\ &
R E E—E
2 \E/ "'//,R —_— ; ; [03SCF,
/E—E
| R R

E =Se; R=Me
E =Te; R = Et, Pr, i-Bu

Scheme 7. Single-electron oxidation of dialkyl dichalcogenides Me2Se2 and RzTez (R = Et, Pr, i-Bu)
with nitrosonium triflate ((NO][O3SCF3]).[75.76]

The diamagnetic dicationic ring structures can be considered as dimeric, persistent radical
cations with Se - - - Se and Te - - - Te bonds which can be seen as * — 11" interaction. Both
the shorter bond length of the chalcogen — chalcogen bond within the monomeric unit and the
longer bonds between the monomers indicates a radical character of these compounds. Fur-
thermore are the dicationic rings comparable with the isoelectronic dimers of the iodine dica-
tions [l4]?*([AsFe] )2, [14]?*[SbsF11] [SbFe] " and [l4]?*([SbFe] )2.l"®

The study on the oxidation and electrochemistry of 1,2-dichalcogenides by Block et al."® and
the analysis of the resulting radical cations® reveal the properties of cyclic varieties of the
aliphatic dichalcogenides. The oxidation involves a flattening of the ring structure and shorten-
ing of the chalcogen — chalcogen bond, as seen for the thianthrene radical cation.

Another possibility to receive chalcogen radical cations is by the use of diorganochalcogenes.
Houghton and Humffray first oxidized diphenyl sulphide with a controlled-potential oxidation at
a platinum anode.®'! A year later the oxidation of dialkyl sulphide species with titanium(lll)-
hydrogen peroxide or —persulphate resulted in dialkyl sulphide radical cations (R2S)* which
dimerize to [R2S-SRz] * (Scheme 8).82 The obtained radical character was measured via ESR

spectroscopy.

. I R R 1
Ti(lll)/ H,O, \ /
2R,S —m> S—S
/ 0\
R R

Scheme 8. Single-electron oxidation of dialkyl sulphide with titanium(lll)-hydrogen peroxide.82l

Nishikida and Williams reported similar results by the irradiation of dimethyl dulphide (MeS)
with y - Rays.!3l Many other complexed radical cations obtained by one-electron oxidation of
dialkyl sulphides have been reported shortly after.[®4-81 Evidence of diorganoselenium based

radical cations could also be shown by the comparison of proton coupling constants of dimethyl

9



selenide (Me2Se) and its dimeric radical cation [Me.Se-SeMe;] *.7! The first dialkyl tellurium
dimer [R2Te-TeRz]' " was approved by ESR measurement of y - irradiated diluted solutions of
dimethyl tellurium and diethyl tellurium at low temperature. 8!

Long-living nonaromatic sulphur radical cations were obtained by Musker and Wolford in 1976.
By the oxidation of 1,5-dithiacyclooctane (DTCO) with common single-electron oxidation rea-
gents such as tetrakis(acetonitrile)copper(l) tetrafluoroborate Cu(CH3sCN)4(BF4), nitrosonium
tetrafluoroborate [NO][BF4] and nitrosonium hexafluorophosphate [NO][PFe¢] in acetonitrile or
nitromethane the desired radical cation can be formed (Scheme 9).%

Analoguos compounds with the heavier homologues selenium®-°° and tellurium®-°71 have
been reported ever since. Furthermore selenathia- and tellurathiamesocycles are accessi-

ble.%8!

S " .
[NO][BF4] S [NO][BF4] S ?
- : [BFy —— : 2 [BF4
S S
S

Scheme 9. Stepwise oxidation of 1,5-dithiacyclooctane (DTCO) with nitrosonium tetrafluoroborate
[NO][BF].189

By the use of an equimolar amount of the oxidizing agent the received radical cation in Scheme
9 can be oxidized to the corresponding dication. A great number of studies investigated the
extraordinary stability of the prepared radical cation. The unusual stability is attributed to trans
annular interactions within the mesocyclic dithioether, due to a slightly longer sulphur-sulphur
bond length.!®*-1%"1 Transannular bindings have also been used in other organochalcogen di-

cations for stabilization, like in selenuranes and telluranes.['08-110]

o Grs

X =S, Se

|
w
o)
N
>

4
(

Scheme 10. Example of an selenurane and the stabilization of the dication.["08]

Fujihara et al. were able to show that dithio peri-bridged and diselenium peri-bridged naphtha-

lene display the same behaviour as thianthrene when dissolved in conc. sulphuric acid, like

10



thianthrene before.[''"1121 When dissolved in conc. sulphuric acid dinaphtho[1,8-b,¢]-1,5-dithio-

cin or dinaphtho[1,8-b,c]-1,5-diselenocin undergo single-electron oxidations and turn into ra-

dical cations (Scheme 11).

H,SO,

-2e”

2+

Scheme 11. Oxidation of dinaphtho[1,8-b,c]-1,5-dithiocin in conc. sulphuric acid.!'"!

Stable diaryldichalcogenide radical cations have been the objective of the work of Beckmann

et al. in 2015.['"% By the use of fluorinated aromatic substituents (Ce¢Fs) the oxidation of the

respective dichalcogenides with antimony- or arsenic pentafluoride led to stable sulphur and

selenium radical cations. By the use of bulky substituents on the aromatic scaffold, diarylditel-

lurides could be converted to the tellurium radical cation via oxidation with nitrosonium hexa-

fluoroantimonate the tellurium radical cation could also be made accessible.

RE—ER
R = C6F5
R= 2,6-M682C6H3
E=S, Se
E=S, Se, Te

A
—_—
A= SbF5, ASF5
A = [NO][SbFg]

| RE==ER

+e A

A" = [SbaF 4], [AsoF 4]

A" = [SbFg]"

Scheme 12. Synthesis of the diaryldichalcogenide radical cations.
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2. Results

2.1. New Charge-Transfer Complexes with 1,2,5-Thiadiazoles as Both
Electron Acceptors and Donors Featuring an Unprecedented Addi-
tion Reaction

2.1.1. Synopsis

The aim of this project was to synthetize novel charge-transfer complexes with 1,2,5-thiadia-
zole derivative as acceptor (A) and donor (D) molecule. With the cocrystalization of phenoxa-
tellurine as a donor towards [1,2,5]thiadiazolo[3,4-c][1,2,5]thiadiazole as an acceptor, sublimed

in gas phase, a complex with the ratio of 1:3 (D:A) was obtained.

e
g e

Figure 7. Molecular and crystal structure of the phenoxatellurine charge-transfer complex.

2.1.2. Experimental Contributions

In this work, | carried out the synthesis of the phenoxatellurine charge transfer complex. Prof.
Dr. Jens Beckmann and Prof. Dr. Andrey V. Zibarev were the principal investigators, designed
the concept and wrote the manuscript. Single crystal X-ray diffraction measurements and
structure refinements have been made by Dr. Enno Lork. The article was published in the

following journal:

Chulanova, E. A.; Pritchina, E. A.; Malaspina, L. A.; Grabowsky, S.; Mostaghimi, F.; Beckmann,
J.; Bagryanskaya, |. Y.; Shakhova, M. V.; Konstantinova, L. S.; Rakitin, O. A. et al. New
Charge-Transfer Complexes with 1,2,5-Thiadiazoles as Both Electron Acceptors and Donors
Featuring an Unprecedented Addition Reaction. Chemistry, A European Journal 2017, 23,
852-864. DOI: 10.1002/chem.201604121.
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with 1,2,5-Thiadiazoles as Both

Electron Acceptors and Donors Featuring an Unprecedented

Addition Reaction

Elena A. Chulanova,®® 9 Elena A. Pritchina,
Farzin Mostaghimi,”” Jens Beckmann,*“ Irina

*[d]
[e]

Lorraine A. Malaspina,® Simon Grabowsky,
Yu. Bagryanskaya,™ ® Margarita V. Shakhova,

Lidia S. Konstantinova,® % Oleg A. Rakitin,” 9 Nina P. Gritsan,*“® and Andrey V. Zibarev*®

KAbstract: The design and synthesis of novel charge-transfer
(CT) complexes are of interest for fundamental chemistry
and applications to materials science. In addition to the re-
cently described first CT complex with both electron accept-
or (A) and donor (D) groups belonging to the 1,2,5-thiadi-
azole series (1; A: 4-nitro-2,1,3-benzothiadiazole; D: 4-amino-
2,1,3-benzothiadiazole), herein novel CT complexes 2 and 3
with 1,2,5-thiadiazoles as both A (4,6-dinitro-2,1,3-benzothia-
diazole and [1,2,5]thiadiazolo[3,4-c][1,2,5]thiadiazole) and D
(4-amino-2,1,3-benzothiadiazole) were synthesized. The
series is completed by complex 4 with [1,2,5]thiadiazolo(3,4-
cl[1,2,5]thiadiazole as A and phenoxatellurine as D. Struc-
tures of complexes 2-4 were characterized by single-crystal
X-ray diffraction (XRD), as well as solution and solid-state
UV/NVis spectroscopy. Thermodynamics of their formation
were obtained by density functional theory (DFT) calcula-
tions, their bonding situations were analyzed by quantum
theory of atoms in molecules (QTAIM) calculations and
dimer model energies of interactions quantified in the
framework of the Hirshfeld surface (HS) analysis. With DFT

™

calculations, the largest value of CT between D and A was
found for complex 2, with 0.027 e in the XRD structure and
0.150 e in the optimized structure in MeCN. In the UV/Vis
spectra, the 1, of the CT bands of 2-4 varied in the range
4=>517-705 nm. Model energy calculations for 1-4 revealed
the importance of both dispersion interactions and hydro-
gen bonding between D and A as contributors to CT in the
crystalline state. In an attempt to enlarge the CT value with
bis[1,2,5-thiadiazolo][3,4-b;3',4'-e]pyrazine as A and 4-amino-
2,1,3-benzoselenadiazole as D, an unprecedented 1:1 addi-
tion reaction was observed upon formation of a C—N bond
between atom C7 of D and pyrazine atom N4 of A, accom-
panied by hydrogen atom transfer from C7 to another pyra-
zine atom N8 (compound 5). According to DFT calculations,
the reaction is a multistep process featuring diradical inter-
mediates and hydrogen atom intramolecular migration over
four positions. Molecular and crystal structures of 5 (solvate
with toluene) were elucidated by XRD and the crystal struc-
ture revealed a rather unusual porous framework.

/

Introduction

Fast progress in materials science on organic electronics and
optoelectronics is predominantly related to organic semicon-

ductors. Generally, those are low- or high-molecular-weight -
delocalized compounds.” Research into organic semiconduc-
tors began with small molecules, particularly with their charge-
transfer (CT) complexes™ formed by interactions between -

[a] E. A. Chulanova, E. A. Pritchina, Prof. I. Yu. Bagryanskaya
Department of Natural Sciences, Novosibirsk State University
630090 Novosibirsk (Russia)

[b] E. A. Chulanova, Prof. I. Yu. Bagryanskaya, Prof. A. V. Zibarev
Institute of Organic Chemistry, Russian Academy of Sciences
630090 Novosibirsk (Russia)

E-mail: zibarev@nioch.nsc.ru

[c] E A. Chulanova, Prof. N. P. Gritsan
Institute of Chemical Kinetics and Combustion
Russian Academy of Sciences, 630090 Novosibirsk (Russia)
E-mail: gritsan@kinetics.nsc.ru

[d] L. A. Malaspina, Prof. 5. Grabowsky, F. Mostaghimi, Prof. J. Beckmann
Institute for Inorganic Chemistry and Crystallography
University of Bremen, 28359 Bremen (Germany)

E-mail: simon.grabowsky@uni-bremen.de
J.beckmann@uni-bremen.de

Chem. Eur. J. 2017, 23, 852 -864 Wiley Online Library

[e] M. V. Shakhova, Prof. N. P. Gritsan, Prof. A. V. Zibarev

Department of Physics, Novosibirsk State University

630090 Novosibirsk (Russia)

Prof. L. 5. Konstantinova, Prof. Q. A. Rakitin

Institute of Organic Chemistry, Russian Academy of Sciences

119991 Moscow (Russia)

[g] Prof. L. S. Konstantinova, Prof. O. A. Rakitin
Education and Research Center for Nanotechnology
South Ural State University, 454080 Chelyabinsk (Russia)

£ Supporting information for this article can be found under http.//
dx.doi.org/10.1002/chem.201604121. It includes additional results of DFT
calculations, model energy calculations, HS analysis, and crystal lattice
voids analysis.

=

852 ® 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

13



@ *ChemPubSoc
V Europe

electron donor (D) and m-electron acceptor (A) molecules.”
Both low- and high-molecular-weight CT complexes are of in-
terest to the field, including new applications covering ambi-
polar transport, metallicity, photoconductivity, ferroelectricity,
or magnetoresistance.”® This stimulates further experimental
and theoretical studies'”® with special emphasis on the design,
synthesis, and characterization of novel D-A systems. Beyond
materials science, such systems are of clear interest to funda-
mental chemistry.

2,1,3-Benzothia-/selenadiazoles (i.e., benzo-fused 1,2,5-thia-/
selenadiazoles) have been known for about 125 years.” Nowa-
days, their chemistry is well developed in both hydrocarbon®
and fluorocarbon series.”” The chemistry of their tellurium con-
geners only began in the 1980s.'” Despite fast progress,"" this
chemistry is still in its infancy compared with that of sulfur and
selenium derivatives. One of the most interesting properties of
2,1,3-benzochalcogenadiazoles (chalcogen: S, Se, Te) is their
positive electron affinity (EA), which makes them effective A
compounds."? Thus, 2,1,3-benzothia/selenadiazoles (but not
the less studied 2,1,3-benzotelluradiazoles)!'” are widely used
as A building blocks in the design and synthesis of numerous
molecule-based functional materials for organic electronics, ™’
including CT complexes.™ Until recently, authentic (i.e., not
highly polarized hybrid molecules)™ 2,1,3-benzothia-/selena-
diazoles had never been used as D components of CT com-
plexes. In 2014, it was, however, shown that substitution in the
carbocycle of the parent 2,1,3-benzothiadiazole with amino
and nitro groups allowed fine-tuning of the molecular EA and
ionization energy (IE), leading to substituted derivatives that
acted as D and A towards each other!® As an example, the
first CT complex 1 with both D and A components belonging
to the 2,1,3-benzothiadiazole family, namely, 4-amino- and 4-
nitro-2,1,3-benzothiadiazoles, respectively, was synthesized and
characterized by single-crystal XRD, UV/Vis spectroscopy, and
DFT and quantum theory of atoms in molecules (QTAIM) calcu-
lations."” The main aim of the present work is to further ex-
ploit this finding.

Herein, we report on the synthesis and characterization of
novel CT complexes 2 and 3, which are solely based on D and
A molecules of fused 1,2,5-thiadiazole derivatives. Additionally,
the first CT complex 4 between a 1,2,5-thiadiazole derivative as
A and phenoxatellurine as a well-known D"” was prepared
and characterized and showed a rather unusual 1:3 D-A stoi-
chiometry. With bis[1,2,5-thiadiazolo][3,4-b;3' 4-e]pyrazine (the
strongest known A in the 1,2,5-thiadiazole series)'” and 4-
amino-2,1,3-benzoselenadiazole, an unprecedented addition
product 5 was obtained instead of the target CT complex. A
similar product 6 was also observed for the reaction between
bis(thiadiazolo)pyrazine and 4-amino-2,1,3-benzothiadiazole.

Results and Discussion

For the synthesis of novel CT complexes, 4-amino-2,1,3-benzo-
thiadiazole and its selenium congener were used as D, and 4,6-
dinitro-2,1,3-benzothiadiazole, [1,2,5]thiadiazolo[3,4-c]
[1,2,5]thiadiazole, and bis[1,2,5-thiadiazolo][3,4-b;3",4"-e]pyra-
zine were used as A. Additionally, phenoxatellurine was ex-

Chem. Eur. J. 2017, 23, 852-864 www.chemeurj.org
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ploited, for the first time, as D towards A of the 1,2,5-thiadia-
zole type. The adiabatic IEs and EAs of these compounds cal-
culated at the (U)B3LYP/6-31+G(d) level of theory are dis-
played in Table 1. Previously, it was demonstrated that this
method performed well for chalcogen-nitrogen heterocyclic
compounds."? CT complexes 2-4 were prepared by cocrystalli-
zation of their components from hexane. As in the cases of 2
and 3, the initial D/A ratio in the syntheses of 4 was 1:1,
whereas the stoichiometry of 4 was 1:3 in favor of A. Interest-
ingly, complex 4 proved stable enough to be sublimed quanti-
tatively in vacuo to give the same crystalline phase. Structures
of complexes 2-4 were confirmed by single-crystal XRD
(Figure 1). Molecular geometries of D and A components in
complexes 2-4 were practically the same as those of the indi-
vidual compounds."®#'%2%) Similar to complex 1,'® D-A nt-
stacked structures were revealed in the crystals of 2 and 3, and
both heterocycle-heterocycle and heterocycle-carbocycle -
stacking interactions were observed. In both complexes, n
stacks are slightly tilted with a small offset of neighboring mol-
ecules. The interplanar separations in the stacks are 3.32-
3.40 A for 2 and 3.22-3.55 A for 3. The stacks are connected by
shortened lateral contacts SN of 299 A in 2 and 3.05 A in 3—
a normal van der Waals (VdW) contact SN is 3.35 A®"—to-
gether with hydrogen bonds N—H--O and N-H:--N. In 4, layers
of stacked D and A molecules (shortest distances of C-+N 3.45
and Te--N 3.82 A) are intertwined with perpendicular layers of
A molecules that form head-on S-m contacts with S-C distan-
ces in the range of 3.41-3.56 A. The 1:3 stoichiometry in 4 can
be explained by the size difference between A and D mole-
cules, in which smaller A molecules fit into channels opened
perpendicularly to the plane of the D molecule. This can be vi-
sualized by a calculation of the voids® left behind when two
of the three symmetry-independent A molecules are removed
from the structure (Figure 2). These voids extend as channels
through the structure and may be interpreted as van der
Waals (VdW) holes. However, some of the A molecules that fill
these voids interact strongly with the D molecules, see the
Hirshfeld surface (HS) analysis below.

@ 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. (U)B3LYP/6-31 + G(d)-calculated IE and EA values of the archetypal 2,1,3-benzothiadiazole and D and A used (for Te: def2-SVP basis set with effec-
tive core potential (ECP)).*!
Donor IE [eV] EA [eV] Acceptor IE [eV] EA [eV]
B
N
N\ vl
N// 8.71 0.95 N 9.26 2.06
NO;
1a
N ON
5\ ’ "\,
Y 7
N 7.44 0.80 N 9.84 2.86
NH, NO,
1-3,6d 2a
N\\
N
7% < B
N 7.29 0.83 \\ N// 9.99 2.14
NH,
5d 34a
0 N N N
7 TN,
6.81 —0.09 RN | Yl 9.56 3.04
P
e N N N
4d 56a
[a] In the designations, letters d and a encode functionalities, namely, D and A, respectively, and numbers encode compounds 1-6 synthesized herein for
which the functionalities were used.

,‘Q\\k\ﬁ% "‘%’3&—%/

Figure 1. XRD structures of complexes 2-4.

For 1-4, HS analyses were performed.?* For reasons of com-
parability, the D molecule in each case was taken as the central
unit to which the intermolecular interactions were referred.
HSs were calculated for D and the property dyqm.™" was color
coded onto them (Figure 3). If the sum of the distances of the
closest atoms inside and outside a surface point is smaller
than the sum of the VdW radii of the two atom types in con-
tact, dom IS negative and the HS is colored in red. For 1-4
(Figure 3), the closest atom-atom contacts (most intense red
coloring) correspond to hydrogen bonds or electrostatic lateral
interactions, for example, S--N and S-Te, but not to m-stacking
interactions. Therefore, model energies of pairwise intermolec-
ular interactions between two molecules were calculated in ad-
dition to the HS analysis® (Section 2 in the Supporting Infor-
mation). The total energy of intermolecular interactions in the
crystal was expressed in terms of four key components,
namely, electrostatic, polarization, dispersion, and exchange—
repulsion: Ey = Ege+ Epoi+ Egs + Eop® In this way, the com-

Chem. Eur. J. 2017, 23, 852-864
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plete situation of the dimer interaction is described and not
only direct atom-atom contacts. It becomes clear (Figure 3
and Section 2 in the Supporting Information) that the total in-
teraction energies between dimers exhibiting hydrogen bond-
ing or lateral electrostatic contacts and between dimers in-
volved in 7t stacking are comparable. Both types of interactions
must play a role in the CT mechanism. In Figure 3, those bond-
ing partners of the central D molecule that give rise to the
highest total interaction energies are plotted (excluding the -
stacking partner below the HS surface for better visualization).
The labeling of the molecules corresponds to that used in Ta-
bles $2-56 in the Supporting Information, in which all interac-
tion partners are shown and color coded. For 1 (Figure 3 and
Section 2 in the Supporting Information), the strongest interac-
tions are N—H-N bonds and lateral electrostatic interactions of
the type S--N. The interaction between the central D (enclosed
by the HS) and A molecules (A4) shows the closest contacts
(most intensely colored red spots involving both hydrogen

@ 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Voids in the crystal structure of 4 after artificially removing the A
molecules that extend perpendicularly to the plane of the D molecule. Voids
shown for all unit cells of the projection; the view is down the a axis. The
percentage of voids relative to the unit cell volume is 27.3% (for voids only
shown within the unit cell, see Section 1 and Figure S1 in the Supporting In-
formation). The voids are calculated with the CrystalExplorer program ac-
cording to ref. [22] at an electron-density isosurface of 0.0003 au, which cor-
responds to the solvent-accessible surface.

bonds and SN contacts), which corresponds to a total interac-
tion energy of —35.4 kJmol™' that is mainly constituted by the
electrostatic energy term (—37.5kJmol') and to a lesser
degree by the dispersive energy term (—16.1 kJmol™"). Repul-
sion and exchange-correlation show positive values. Although
the D-A contacts involving A1 (below the HS, not shown in
Figure 3, but in Figure S3 in the Supporting Information) and
A7 (above the HS) do not show close contacts and the electro-
static energy terms are significantly lower than those for the
hydrogen-bonded dimers (—6.8 and —9.6 kJmol " for A1 and
A7, respectively), the total energies of these contacts are com-
parable to those of the hydrogen-bonded dimer (—27.5 and
—30.3 kJmol™" for A1 and A7, respectively). The main stabiliz-
ing energy term is the dispersion one (—42.1 and
—44.6 kJmol ' for A1 and A7, respectively), which is typical for
n-stacking interactions. In summary, all major interactions of
the central D molecule involve A molecules, whereas contacts
with other D molecules are minor. In crystalline 1, CT proceeds
through two different mechanisms that are comparable in
total energy: hydrogen bonding driven by electrostatic forces
and 7 stacking driven by dispersive forces. For 2 (Figure 3; Sec-
tion 2, Figure S4 and Table S3 in the Supporting Information),
a similar situation is observed with all major interactions be-
tween the central D and A molecules being hydrogen-bonding
(e.g., involving A7: N—H--0) and rt-stacking (e.g., involving A2
and A8) interactions. The D-D interactions are negligible. The
hydrogen-bonding interactions show prominent close atom-
atom contacts (Figure 3, red spots on the HS), whereas m-stack-
ing interactions do not produce such close contacts. The most
significant difference between 2 and 1 is as follows: although
the D molecule is identical in 1 and 2 (i.e., 1-3d), the hydro-

Chem. Eur. J. 2017, 23, 852-864
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A7 (=30.3) A2 (—40.8)
Ad (=35.4) A5 (~10.8) A7 (-12.8) A3 (=16.4)
complex 1 complex 2
Al (22.2)

A2 (-20.7)

I CHEMISTRY

A4(-25.4) D3 (-23.7) A6 (-24.4)

complex 3, two symmetry-independent molecules of the asymmetric
unit

D1 (-23.1)

A2(-16.3) A7 (-17.1) A6 (-15.7)

DI (-11.9)
complex 4

Figure 3. HSs of complexes 1-4 with d,.,, mapped onto them. Color scale:
—0.4 (red) to 0 (white) to 1.2 (blue). The closest atom-atom contacts in the
complexes are represented by the red spots on the HSs. In addition, the in-
teraction partners with the highest total interaction energies (kJmol~'; Sec-
tion 2 in the Supporting Information) are plotted (with exception of the -
stacking partners hidden below the surfaces).

gen-bonding interactions in 2 are much weaker, and the x-
stacking interactions much stronger than those in 1, with
larger total (—40.8 and —35.3 kJmol ' for A2 and A8, respec-
tively) and dispersion energies (—52.6 kJmol ' and
—50.0 kJmol™' for A2 and A8, respectively). Therefore, CT for 2
in the crystalline state mainly proceeds through n-stacking in-
teractions (cf. Figure 4). This is in agreement with a larger DFT-
calculated CT value in the XRD structure of 2 than that in
1 (see below). For 3 (Figure 3; Section 2, Figures S5 and S6 and
Tables S4 and S5 in the Supporting Information) with an asym-
metric unit of two symmetry-independent D molecules, the in-
teraction network around them is similar, but not identical. In
both cases, there are hydrogen-bonding (N—H-N) and m-stack-
ing interactions. Similar to 1 and in contrast to 2, both interac-
tion types are equally important in terms of their total ener-
gies. In contrast to both 1 and 2, the total energies for the z-
stacking interactions are lower, whereas the total energies for
the hydrogen-bonding interactions are lower than that in 1,
but at the same level as that in 2. A striking difference be-

@ 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. ORTEP plot of complexes 2-4 (displacement ellipsoids at 50%, H atoms are given as white circles) showing orientations of the neighboring mole-

cules and the QTAIM intermolecular bond paths.

tween 3 and 1 and 2 is that in 3 the central D molecule exhib-
its significant interactions with other D molecules through N—
H--N bonds (D1 and D3 for the first symmetry-independent
molecule, and D3 and D5 for the second one). The interactions
are of the same strength as that of the hydrogen-bonding di-
meric interactions involving A4 for the first independent mole-
cule and A6 for the second one. The zt-stacking interactions in-
volving A1 and A6 for the first independent D molecule, and
A2 and A4 for the second one, are of the same total energy as
that of the hydrogen-bonding interactions. Overall, for 3, three
different equally important types of intermolecular interactions
are present: hydrogen bonding involving D-D contacts, hydro-
gen bonding involving D-A contacts, and & stacking involving
D-A contacts.

For 4 (Figure 3; Section 2, Figure S7 and Table S6 in the Sup-
porting Information), the intermolecular interactions are not di-
rectly comparable with those for 1-3 because of another D
(i.e., 4d), as well as the stoichiometry. In particular, hydrogen-
bonding interactions are not possible due to the lack of suita-
ble functional groups. The most important D-A interactions
are those between the D molecule and A5 and A7 molecules
bridging tellurium and oxygen atoms (cf. Figure 4). However,
some other contacts show closer atom-atom arrangements
(red spots on the HS) and similar dimeric interaction energies,
for example, the contacts with A2 and A6 that are more head-
on. For all D-A interactions, electrostatic and dispersion terms
are of about the same importance. There is a single significant
D-D interaction (with molecule D1) that can be assigned to
a C—H--Te contact being mainly dispersive in nature. For 2-4,
the D-A m-stacking pair with the highest total interaction
energy was selected to investigate the atom-atom interactions
involved in the stacking in more detail through QTAIM analysis
(Figure 4).””" Dimer calculations were performed at the experi-
mental geometries manifested in the XRD crystal structures.
For 2, six bond critical points (BCPs) representing the disper-
sion bonding interactions between the D and A molecules
were identified. Two of them belong to $2-:S2" and S2--C7a’
bond paths and the others to N4--0O4a’, C6--06a’, C7a--C7’, and
C4--C5" bond paths (Figure 4). For 3, five BCPs with corre-
sponding bond paths were localized: two belonging to $2--N1
and C5:--S5'; the others to C7--N4’, C3a--N6', and N1.-Céa’
(Figure 4). For complex 4, only two BCPs were obtained; these
represent the Te10--52" and 09--52" interactions (Figure 4). All

Chem. Eur. J. 2017, 23, 852-864 www.chemeurj.org

BCPs are characterized by very low values of electron density
(0 ~0.004-0.006 au) and Laplacian (Ap~0.013-0.022 au) and
a positive total electronic energy density (Hpc~0.001 au).
These values indicate very low energy of the atom-atom non-
covalent-bonding interactions in the complexes.””’ However,
the model energy discussion above has shown that significant
dispersion and total energies are related to these dimers. This
means that the electron-density topology is only one aspect of
the total interaction between two molecules, but it can show
preferred channels of exchange within these CT complexes.”?
Previously, it was shown that the UV/Vis spectrum of the poly-
crystalline samples of complex 1 contains a pronounced CT
band in the range of A=550-650 nm, corresponding to elec-
tron promotion from the D-localized HOMO to the A-localized
LUMO."® Figure 5 displays solution and solid-state UV/Vis spec-
tra of individual D and A precursors and complexes 2-4. The
solid-state spectra were obtained for polycrystalline samples of
compounds dispersed in BaSO, and represented in the form of
a Kubelka-Munk function.?” The solution and solid-state spec-
tra of the individual D and A compounds are very similar. For
3, a weak absorbance is observed in the range of 1=560-
700 nm. The spectrum of 4 has a weak absorption band in the
range of 1=425-650 nm with a maximum at A~ 475 nm. The
time-dependent (TD) DFT calculations at the M06-HF level of
theory, which is known to reproduce the CT transitions well,*”
for 3 and those at the B2PLYP level for 4 are in agreement
with the solid-state UV/Vis spectra of the complexes (Figure 5).
The calculations suggest that the long-wavelength transitions
in 3 and 4 correspond to electron promotion from the D-local-
ized HOMO into the A-localized LUMO (Figure 6). For 4, two
long-wavelength transitions at /=508 and 351 nm were pre-
dicted to correspond to electron promotion from the combina-
tions of the mainly D-localized HOMO and HOMO-1 into the
A-localized LUMO (Figure 6). Thus, absorption bands in the visi-
ble region of the polycrystalline samples of 3 and 4 are indeed
the CT bands. In the spectrum of 2, an absorption was ob-
served in the range of A=450-700 nm that was remarkably
strong for the series of compounds investigated. The experi-
mental spectrum, which was the same for several independ-
ently prepared and measured samples, contradicts the results
of TD-DFT calculations for 2 (Figure 5). The reasons for this are
not entirely clear. Diffuse reflectance spectroscopy is known to
be very sensitive to the sample surface. It cannot be excluded

856 ® 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. A) UV/Vis spectra of individual D and A in CH,CN (for designations, see Table 1). B-D) Solid-state UV/Vis spectra in the form of Kubelka-Munk func-
tions for individual D and A and their CT complexes 2-4 (0.02 mol fraction of the corresponding species in BaSQ,). Vertical gray bars indicate the positions
and oscillator strengths (f, right axis) of the electronic transitions calculated at the TD-M06-HF/def2-TZVP level for the CT complexes 2 (B) and 3 (C), and at
the TD-B2PLYP/def2-TZVP level (with ECP for Te) for 4 (D) in their XRD geometries. In B), the electronic transitions calculated at the TD-M06-HF /def2-TZVP
level for the putative radical cation [1-3d]"" (blue bars) and the radical anion [2a]" (red bars) are also depicted.
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Figure 6. The HOMOs and LUMOs of complexes 2 and 3 calculated at the M06-HF/def2-TZVP level of theory, and the HOMO, HOMO—1, and LUMO of com-
plex 4 calculated at the B2PLYP/def2-TZVP level (with ECP for Te). The LUMOs are localized on the A components and the HOMOs on the D components of

the CTs.

that some uncontrolled products are formed on the surfaces
of the measured samples. Particularly, the formation of a radical
ion salt [1-3d][2a] (cf. ref. [31]) from CT complex 2 could be
possible on the surface of the samples during the UV/Vis
measurements because the calculations predict that this

Chem. Eur. J. 2017, 23, 852-864 www.chemeurj.org

salt possesses an intense absorption in the visible region
(Figure 5). At the same time, bulk formation of salt [1-3d][2a]
under the influence of grinding with BaSO,*? can be rejected
because the samples were EPR silent. A more detailed study is
required to explain unambiguously the solid-state UV/Vis data
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obtained for 2. Similar to complex 1,"® solution UV/Vis spectra
of 2-4 in CH;CN are superpositions of those of the D and A
precursors. Moreover, solutions with a concentration of A that
is much larger than that of D (up to 5x10 > and ~10° molL ",
respectively) do not absorb in the visible region at 4> 500 nm.

According to TD-DFT calculations (Table 2), complexes 2-4
with optimized solution structures have CT absorption bands
with maxima at 1a700 nm and moderate oscillator strengths
f=(1-4)x 1072 Thus, the equilibrium constants for CT complex

Table 2. Gibbs free energies of CT complex formation (AGs) and CT
values (Ag) in CH,CN and hexane calculated at the B97-D3/def2-TZVP
level (with ECP for Te) by using the COSMO solvation model.”

2 3 4
CH;CN  Hexane CH,CN Hexane CH,CN Hexane
AGg [mol '] 7.1 —4.2 3 9.2 15.0 10.9
Aq le] 0.15 0.10 0.08 0.04 0.03 0.03
Amax Inm] () 671 735 694 666 705 680

(0.015) (0.040) (0.037) (0.037) (0.009) (0.009)

[a] Maxima (4., and oscillator strengths (f) of the long-wavelength CT
bands for the optimized structures of 2-4 are calculated at the TD-M06-
HF/def2-TZVP level for 2 and 3 and at the B2PLYP/def2-TZVP level (with
ECP for Te) for 4.

formation in CH;CN can be roughly estimated at K
<1Lmol ", and the Gibbs free energies of complex formation
at AGe > 0 kJmol ™", This estimation is in agreement with posi-
tive AGgr values for complex formation of 2-4 calculated for
solutions in CH;CN and hexane at the B97-D3/def2-TZVP level
of theory (Table 2). For the XRD structures, the DFT-calculated
CT values are 0.023 e for 1,"” 0.027 e for 2, 0.009 e for 3, and
0.014 e for 4. For structures of 2-4 optimized in solution, the
calculated CT values are noticeably higher, especially in CH;CN,
although still small (Table 2). For the 1:1 complex between tet-
rathiafulvalene (TTF) and 3,4a and the 1:2 complex between
TTF and 3,4-dicyano-1,2,5-telluradiazole, the CT values were
calculated in CH;CN to be 0.24 and 0.39 e, respectively (onto
two molecules of telluradiazole dimerized by in-plane Te-N
contacts)."* In an attempt to enlarge the CT value and to de-
termine exothermal CT complex formation, compounds 5d
and 5a were tested as D and A, respectively (Table 1). Howev-
er, instead of the target CT complex, in toluene at reflux, an un-
precedented 1:1 addition reaction was observed, leading to C—
N cross-coupled product 5 (Scheme 1). The structure of 5 (sol-
vate with disordered toluene) was confirmed by XRD; the re-
sults of which featured a rather unusual porous framework in
the crystalline state with hexagonal honeycomb-shaped voids
(Figure 7). The "H NMR spectrum of 5 confirmed addition ac-
companied by hydrogen atom transfer from 5d onto 5a, since
it contained an H-N signal at 6=12.10, which was close to
that of the H—N signal in the same-solvent spectrum of 4,8-di-
hydro(bis[1,2,5]thiadiazolo)(3,4-b:3',4-elpyrazine (6 =10.11)."
Other signals of 5 correspond to 7-R-substituted 5d and are
downfield-shifted relative to those of 5d"® due to the elec-
tron-withdrawing character of substituent R. The long-wave-
length band in the UV/Vis spectrum of 5 is noticeably weaker
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Scheme 1. Synthesis of compound 5.

Figure 7. Left: ORTEP plot of 5 (displacement ellipsoids at 50%, H atoms are
shown as white circles). Right: voids in the crystal structure of 5 after artifi-
cially removing the disordered solvent molecules. Voids shown for all unit
cells of the projection; the view is down the ¢ axis. The percentage of voids
relative to the unit cell volume is 40.0% (for voids only shown within the
unit cell, see Section 1 and Figure $2 in the Supporting Information). The
voids were calculated with the CrystalExplorer program,” according to

ref. [22], at an electron density isosurface of 0.0003 au, corresponding to the
solvent-accessible surface.

and blueshifted compared with that of 5a (4,,,, [nm] (loge): 5,
370 (1.6); 5a, 470 (3.4)°%); this reflects destruction of perimetri-
cal t-delocalization of 5a upon transforming into 5.

In the crystal, space filling by molecules of 5 is only 60%,
whereas 40% of the unit cell volume (i.e., 4346.7 A°) is accessi-
ble to solvent molecules (Figure 7). This space is occupied by
heavily disordered toluene molecules that could not be mod-
eled by a set of discrete atomic sites. The main structural
motifs are as follows: by virtue of shortened S--N contacts of
about 3.09 A, the molecules of 5 form cyclic arrays in the crys-
tallographic ab plane (Figure 7). The arrays are connected by
n-stacking interactions (interplanar separation 3.21-3.28 A)
along the crystallographic ¢ axis to give infinite channels with
diameters of about 19.5 A hosting disordered toluene mole-
cules. The molar ratio of 5/toluene is 1:1. It should be noted
that porous organic molecular crystals currently attract much
attention as promising alternatives to polymeric framework
materials, such as zeolites and metal-organic frameworks.*”
Formally, the reaction in Scheme 1 can be considered an aryla-
tion of pyrazine. It should be noted that known examples of
arylation of pyrazine derivatives are rare and based on very dif-
ferent organometallic chemistry,”™

For the formation of 5 from 5d and 5a, two hypothetical
pathways were considered (Scheme 2). First, thermodynamics
of full electron transfer (ET) from 5d onto 5a were analyzed
and DFT calculations found them to be very endothermic with
AG’*=152.3 kmol~'. The energy of Coulomb interactions in
the ion pair was estimated by using their collision diameters
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Scheme 2. Hypothetical mechanisms of reactions between 5a and 5d to give 5 (migrating H atom is depicted in red).

calculated as suggested previously (for details, see Section 3 in
the Supporting Information).®® The rate constant (ke;) and acti-
vation energy (Eg) of the ET were estimated in the framework
of the classical Marcus approach®™ by using Equation (1), in
which kg is the Boltzmann constant, AG® is the free energy of
the ET reaction, and 4 is the reorganization energy.

(AG® + 4)?

ker = A x exp W} = A x exp(—Egr/ksT) (1

The reorganization energy, 4, in Equation (1) is the sum of
two components: the intramolecular reorganization energy, 4,
and the solvent reorganization energy, A,. The latter term can
be estimated by applying Equation (2), proposed by Mar-
cus,”*! with effective radii obtained from DFT calculations.

7= [Vap, + Vor, = Vs + o] - (V2 = Vey) &3

The value of 4, was estimated to be 0.063 eV or 6.3 kJmol ',
that is, very small. The value of 1,=0.29 eV or 285 kJmol '
was obtained from DFT calculations. With these values, Eg; was
estimated to be about 268 kimol™', that is, very large. Thus,
a pathway to 5 starting with ET (Scheme 2) cannot be realized.
Intermediates and transition states (TSs) of the alternative
pathway were localized through DFT calculations (Figure 8).
The first step is an addition of 5a to 5d upon formation of the
diradical o-complex via TS1.°8 The geometry of the complex
was optimized in the triplet state of the diradical, and the elec-
tronic energy of the singlet state was calculated by using the
spin-unrestricted broken-symmetry (BS) approach.”” The sin-
glet-triplet splitting for the o complex was estimated at
—440 cm . In the triplet state, the spin density is mainly local-
ized as displayed in Scheme 2. Notably, the value of (52) for
the BS state was 0.89. Transformation of the 0 complex into 5
was found to be a three-step intramolecular transfer of a hydro-
gen atom for which intermediates 11 and 12 and TS2-TS4 were
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localized (Scheme 2 and Figure 8). Similar to the o complex, in-
termediate 12 is a diradical species with a singlet-triplet split-
ting of —540 cm ' and the (5%) value of the BS state equals
0.85. In contrast to 12, the restricted wave function for the
ground state of |1 was stable. Although the restricted wave
functions of TS2 and TS3 (Figure 8) were also unstable, the cal-
culated energy differences between the closed-shell singlet
and BS states were 2,38 and 3.18 kimol ™', respectively, that is,
minor. Therefore, structure optimizations for these TS were
performed by using the restricted DFT approach. Calculations
revealed that the limiting step of the reaction under discussion
was hydrogen atom transfer from the benzoselenadiazole C
atom onto the thiadiazole N atom via TS2. The next step is an
almost barrier-free migration of this atom to the selenadiazole
N atom via TS3, and the final one is the migration to the pyra-
zine N atom via TS4 with a barrier similar to that of the first
step (Figure 8). The activation energy of the whole process is
close to the relative enthalpy of TS2. It was estimated at about
100 kJmol~', which corresponded to the rather harsh reaction
conditions. Solvation-free energies for reagents, intermediates,
and TSs were calculated at (—26+5) kJmol'. Therefore, ac-
counting for the solvation-free energy should not noticeably
affect the thermodynamics and kinetics of this reaction. With
5a and 1-3d instead of 5d, the reaction proceeded much
more slowly under the same conditions. Nevertheless, com-
pound 6, that is, the all-sulfur congener of 5, possessing better
solubility in toluene, was detected in the reaction mixture by
GC-MS. Furthermore, the interaction of 5a and 1-3d in
[Dgltoluene instead of toluene gave the same product 6 with-
out deuterium, according to the GC-MS data. This finding con-
firms the intramolecular hydrogen atom transfer in the reac-
tion under discussion (Scheme 2 and Figures 7 and 8), in which
toluene is not involved. For both samples of 6, negative-ion
mode ESI-MS measurements revealed the same base signal at
m/z 345.976 (m/z calcd for [C,,H,NgS;] ™ : 345.98), corresponding
to the product of H' abstraction from 6, seemingly from the
N—H bond of the pyrazine fragment as the most acidic one in
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Figure 8. Relative enthalpies (AH,, for convenience in kcalmol™'; 1 kcal =4.184 kJ) of the stationary points on the potential energy surface for the reaction
between 5d and 5a to form 5 calculated with the B97-D3/TZVP method for T=298 K, Color code: C: black, H: white, N: blue, S: yellow, Se: orange.

the compound. These data do not provide evidence of either
the absence or presence of deuterium in 6 synthesized in
[Dgltoluene, but independently confirm the authenticity of 6.

Conclusions

Novel CT complexes 2 and 3 were prepared and characterized
by single-crystal XRD; UV/Vis spectroscopy; DFT and QTAIM cal-
culations; and, together with 1, by HS analysis and model
energy calculations. This proved that the recently described CT
complex 1,"% the D (4-amino-2,1,3-benzothiadiazole) and A (4-
nitro-2,1,3-benzothiadiazole) components of which belonged
to the 1,2,5-chalcogenadiazole family, was not a singularity. Ad-
ditionally, the novel CT complex 4, with a 1,2,5-thiadiazole de-
rivative as A and phenoxatellurine as D, was synthesized and
characterized in the same way. Investigations of other relevant
combinations of D and A are in progress and the results will
be published elsewhere.

The complexes are rather weakly bonded with DFT-calculat-
ed CT values for the XRD structures not exceeding 0.027 e (2).
Model energy analysis revealed the importance of dispersion
interactions and hydrogen bonding between D and A as con-
tributors to the CT mechanism in the crystalline state. Whereas
the pairwise intermolecular interactions between D and A are
the strongest for 1-4 and dispersive in nature, isolated direc-
tional atom-atom interactions, for example, S-~N and hydrogen
bridges, are stronger than single contacts related to the disper-
sion. This methodology combining XRD and solid-state UV/Vis
spectroscopy with DFT and QTAIM calculations, HS analysis,
and model energy calculations looks promising for further in-
vestigations of CT complexes in the crystalline state.

The attempt to enlarge the CT value with a bis(thiadiazolo)-
pyrazine derivative as A and a 2,1,3-benzoselenadiazole deriva-
tive as D resulted in a 1:1 addition reaction to give C—N cross-
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coupled product 5, which exhibited a rather unusually porous
framework in the crystalline state. According to the DFT calcu-
lations, the addition is a multistep process, featuring diradical
intermediates and hydrogen atom intramolecular migration
between D and A moieties over four positions. All of these
findings create new possibilities in the field beyond the recent-
ly described CT processes covering reduction of 1,2,5-chalcoge-
nadiazoles into radical anions isolated in the form of thermally
stable salts!"*'?*" and D-A hypercoordination of anions to

Mebde 4] More-

heavier chalcogen centers of these heterocycles.
over, our discovery of hydrogen atom transfer from formal D
to formal A for 1,2,5-chalcogenadiazoles, which leads to D-A

cross-coupled products, is worth further investigation.

Experimental Section
General

'H NMR spectra (500.13 MHz) were measured with a Bruker DRX-
500 spectrometer for solutions in [Dg]DMSO; chemical shifts are
given with respect to Me,Si. GC-MS measurements were performed
with an Agilent 6890N device with an Agilent 5973N GC-MS
system for solutions in CH;CN. Negative-ion mode ESI-MS measure-
ments were performed with a Bruker Customer microOTOF-Q
hybrid quadrupole time-of-flight spectrometer equipped with ESI
sources. Nitrogen was used as a drying gas at 190 °C at a flow rate
of 4Lmin"". The nebulizer pressure was set to 1.0 bar. IR spectra
were recorded with a Bruker Tensor 27 spectrometer in KBr. Ele-
mental analyses for C, H, N, and S were performed with a CHNS-
Analyzer Euro EA 3000 instrument.

Solvents were dried by common drying agents and redistilled.
Starﬁng materials 1_3,6d‘[|6a] 5d,['m za‘[mal 5,53.““’] 3’4allma,ma,wsl
and 4d"”* were prepared by using procedures reported in the lit-
erature.
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Synthesis

Complexes 2-4: A 1:1 mixture of D and A components was dis-
solved in boiling hexane and cooled to room temperature. The
precipitate was filtered off and dried in air. Complexes 2-4 were
obtained in the form of dark crystals suitable for XRD; complex 4
was stable enough to be sublimed quantitatively in vacuo to give
the same crystalline phase. 2: Dark brown solid; yield 47%; m.p.
141-143°C. 3: Dark red solid; yield 67 %; m.p. 59-60 °C. 4: Dark red
solid; yield 83 %; m.p. 77-79°C.

Compound 5: A mixture of 5d (50 mg, 0.25mmol) and 5a
(49.5 mg, 0.25 mmol) was heated at reflux in toluene (40 mL) for
8 h. The precipitate was filtered off and washed with hexane. Com-
pound 5, solvate with toluene, was obtained in the form of dark
crystals (yield 35%) suitable for XRD. The sample for elemental
analysis and spectral measurements was carefully dried in vacuo.
Mp. >260°C; UV/NVis: A, (loge)=355 (1.64), 372nm (1.55);
'HNMR: 6=12.10 (s, 1H; H-N), 7.68 (d, J=8.06 Hz, 1H; H-C), 7.53
(d, J=8.06 Hz, 1H; H-C), 6.50 ppm (s, 2H; H,N); IR: 7=3356 m,
3230 m, 3169 m, 3103 m, 2993 m, 2906 m, 2852 m, 2731 m, 1618
vs, 1568 s, 1516 5, 1477 s, 1462 s, 1433 5, 1335 m, 1304 m, 1136 s,
955 w, 856 w, 795 m, 764 m, 743 m, 625 m, 586 w, 538 w, 509 w,
465 cm ' w; elemental analysis calcd (%) for C,gHsN,S,Se: C 30.5, H
1.3, N 32.0, S 16.3; found: C 30.5, H 1.4, N 31.3, S 16.6.
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Detection of compound 6

A mixture of 1-3d (125mg, 0.08 mmol) and 5a (15.7 mg,
0.08 mmol) was heated at reflux in toluene or [Dgltoluene (10 mL)
for 60 h. GC-MS measurements on both samples revealed the
same product with m/z 347 [CHsNoS3], corresponding to deuteri-
um-free 6. Negative-ion mode ESI-MS measurements revealed the
same base signal at m/z 345.976 (m/z calcd for [C H,NgS;]™:
345.98), corresponding to the product of H" abstraction from 6.

Crystal structure elucidation

XRD studies (Table 3) were carried out with a Bruker Kappa Apex Il
CCD diffractometer for 2, 3, and 5 and a Bruker Venture D8 diffrac-
tometer for 4 by using ¢, scans of narrow (0.5°) frames and
graphite-monochromated Moy, radiation (4 =0.71073 A). The struc-
tures were solved by direct methods and refined by a full-matrix
least-squares anisotropic (isotropic for H atoms) procedure by
using the SHELX program set*"! Generally, the H atom positions
were calculated with the riding model and those for NH, groups
located from difference Fourier maps. Absorption corrections were
applied by using the empirical multiscan method with the SADABS
program.”” In the refinement of 5, which contained heavily disor-
dered solvate molecules of toluene, the PLATON SQUEEZE pro-
gram™ was used to calculate the contribution to the diffraction
from the solvent region and thereby obtain a set of solvent-free
diffraction intensities. The final crystal structures were analyzed for
shortened contacts between nonbonded atoms by using the

Table 3. XRD data for compounds 2-5.%
2 3 4 5

formula CHN,0,5-CHsN.S CHNLS-CN,S, €,,H;0Te-3G,N,S, CoHsN,S,5e-C/H

formula weight 377.37 29537 72832 486.44

TIKI 199(2) 199(2) 100(2) 296(2)

ATA) 0.71073 0.71073 0.71073 0.71073

crystal system monoclinic monoclinic monoclinic trigonal

space group P2,/n P2,/c P2,/c R3

afAl 7.1714(3) 13.3784(3) 6.5111(2) 38.8802(16)

b Al 13.8669(6) 23.4746(7) 23.5753(7) 38.8802(16)

clA] 14.6026(7) 7.3072(2) 15.8810(5) 8.2905(4)

all 90 920 920 90

Bl 102.148(2) 93.636(1) 94.484(1) 90

y [l 90 90 90 120

VIAY 1419.6(1) 2290.2(1) 2430.29(13) 10853.5(8)

z 4 8 4 18

Pesica Imgm~—*] 1.766 1713 1991 1.086

# [mm™'] 0.415 0.639 1.783 1.750

F(000) 768 1200 1424 3492

crystal size [mm?* 0.05%0.15%0.9 0.20%x0.30%0.60 0.80%0.50%0.50 0.05%0.10%0.60

@ range for data collection [7] 2.05-27.48 1.53-27.51 2.57-42.04 1.05-25.01

index ranges —-9<h<9 —-16<h<17 —12<h<12 —46<h<45
—17<k<16 —29<k<28 —44< k<44 —46< k<46
-18</<18 —-9</<9 —-30</<29 —9</1<9

reflns collected 14683 28531 87798 47273

independent reflns 3165 R(int)=0.042 5102 R(int)=0.040 17152 R(int) =0.0315 4255 R(int) =0.069

completeness to 0, [%] 100.0 (0 < 50%) 100.0 (0 <50°) 99.8 (01=42.2") 100.0 (0 <50°)

data/restraints/parameters 3165/3/232 5102/6/337 17152/0/343 4255/0/199

goodness-of-fit on F 1.09 1.14 1.071 1.01

final R indices > 2a(/) R,=0.0407 R,=0.0334 R, =0.0291 R,=0.0371
WR,=0.1100 WR, = 0,0889 wR,=0.0631 WR,=0.0869

final R indices (all data) R,=0.0596 R,=0.0498 R,=0.0398 R,=0.0719
WR,=0.1292 wR,=0.1083 WR,=0.0668 wR,=0.0923

largest diff. peak/hole [e A 0.43/-0.45 0.44/-0.33 1.866/—0.662 0.34/-0.38

[al For XRD structure of 1, see ref. [16].
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PLATON™" and MERCURY programs.””’ After artificially removing
part of the molecules (G,N,S, for 4 and C,H; for 5, see Table 1),
voids in the crystal lattices of 4 and 5 were analyzed with the
CrystalExplorer 3.3 program,?® according to the procedure out-
lined in ref. [22] (see the Supporting Information).

CCDC 1501102 (2), 1501103 (3), 1501104 (4) and 1501105 (5) con-
tain the supplementary crystallographic data for this paper. These
data are provided free of charge by The Cambridge Crystallograph-
ic Data Centre.

HS and model energy analysis

The HS and energy analyses were performed with the Crystal-
Explorer 3.3 program.”” All model energy calculations for 1-3 were
performed at the B3LYP/6-31G(d,p) level of theory, and those for 4
at the B3LYP/DGDZVP level by using previously suggested? cali-
brations and scale factors for all energy components (Table S1 in
the Supporting Information).

UV/Vis spectroscopy

The diffuse reflectance UV/Vis spectra were obtained with a Shi-
madzu UV-3101 PL spectrophotometer. Samples for the diffuse re-
flectance measurements were prepared by a thorough grinding of
a mixture of the compounds under study with BaSO,, which was
used also as a standard. Spectral dependence of the diffuse reflec-
tance was converted into a spectrum of a Kubelka—-Munk func-
tion.”” Solution UV/Vis spectra were obtained with a Shimadzu UV-
2401 PC spectrophotometer for solutions in CH;CN.

Solid-state EPR

Solid-state EPR measurements on samples of complex 2 ground
with BaSO,, as described above, were conducted at ambient tem-
perature with a Bruker EMX spectrometer (microwave (MW) power:
0.5 mW, modulation frequency: 100 KHz, modulation amplitude:
0.5 mT).

Quantum chemical calculations

The geometries of compounds studied were optimized at the B97-
D3 level of theory“**” with the def2-TZVP basis set;"*® for Te the
def2-TZVP basis set with ECP was employed. The Becke—-Johnson
damping function was used in all dispersion-corrected calcula-
tions.™ The Grimme geometrical counterpoise (gCP) correction
scheme was used to semiempirically treat the basis set superposi-
tion error (BSSE) effects.” The COSMO solvation model®” was em-
ployed to take into account the solvent influence on the geometry.
The resolution-of-the-identity approximation (RI) was used to
speed up the GGA computations.””

The thermodynamics of the formation of the CT complexes in solu-
tion was estimated as follows. Thermochemical corrections were
obtained from the gas-phase optimization/frequency calculations
at the B97-D3/def2-TZVP level of theory with gCP correction.
Single-point calculations were performed for solutions in CH,CN
and hexane by using the COSMO solvation model, and energies
after outlying charge correction were used to calculate enthalpies
and Gibbs free energies. Notably, the standard state for the calcula-
tions of Gibbs free energy was chosen to be a 1™ solution.
Positions of the maxima and oscillator strengths in the UV/Vis
spectra of complexes 2, 3, and their precursors were calculated at
the TD MO6-HF/TZVP level®®* by using the corresponding XRD
geometries, as well as those optimized in CH,CN and hexane. In
the case of 4, calculations of the spectra were performed at the
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double-hybrid B2PLYP level**** with def2-TZVP basis set (with ECP
for Te).

The adiabatic EA and IE of D and A were calculated at the
(U)B3LYP/6-31+G(d) level of theory.”! The CT values of the com-
plexes were calculated from the Mulliken charges of partner D and
A molecules.

The stationary points on the potential energy surface for the reac-
tion between 5d and 5a to give 5, that is, intermediates and TSs,
were localized by using B97-D3/TZVP calculations (for details, see
Section 3 in the Supporting Information).

For TD M06-HF calculations, the Gaussian 09 suite of programs was
used;" for all other calculations, the ORCA suite of programs were
used.“”
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2.2. The reaction of phenoxatellurine with single-electron oxidizers
revisited

2.2.1. Synopsis

The reaction of phenoxatellurine (PT) upon know single-electron oxidizers, namely
AICI3/CH.CI,, [NO][SbFe] and [NO][BF 4] was investigated providing diamagnetic double-decker
and triple-decker structures. The represented dications [PT2]>* and [PT3]?* can be regarded as
dimers of the radical cation [PT]* or as adduct between this dimer and neutral PT (Scheme
13).

Cl
Te
AICI5 / CH,Cl,
- AlCI,
- HCI
(@)
Te
2 [NOJ[SbF¢]
2 > (SbFg)2
-2NO
(@)
Te
2 [NO][BF4]
3 > (BF4)2
-2NO
(6]

Scheme 13. Reaction of phenoxatellurine with AICIs/CH2Cl2 (1), [NO][SbFs] (2) and [NO][BF4] (3).

2.2.2. Experimental Contributions

In this study, | carried out the synthesis of the compounds and their characterization. Moreover
| wrote the experimental section and the manuscript with Prof. Dr. Jens Beckmann. Prof. Dr.
René Boere and his group were responsible for the cyclic voltammetry measurements. X-ray
analysis and structure refinements have been made by Dr. Enno Lork. The article was pub-

lished in the following journal:

Mostaghimi, F.; Lork, E.; Hong, |.; Roemmele, T. L.; Boeré, R. T.; Mebs, S.; Beckmann, J. The
reaction of phenoxatellurine with single-electron oxidizers revisited. New J. Chem. 2019, 43,
12754-12766. DOI: 10.1039/CO9NJ02401H.

26



ROYAL SOCIETY

OF CHEMISTRY

NJC

View Article Online

View Journal | View Issue

The reaction of phenoxatellurine with

".) Check for updates}
single-electron oxidizers revisitedf

Cite this: New J. Chem., 2019,

43, 12754 Farzin Mostaghimi,® Enno Lork,® Intek Hong,D Tracey L. Roemmele,”

René T. Boeré, (9 +° Stefan Mebs 2+ and Jens Beckmann {2 *®

The reaction of phenoxatellurine (PT) with the known single-electron oxidizers AlClz/CH,Cl,, [NOJ[SbFg]
and [NQIIBF4] provided the diamagnetic products [(PT)CH,CUIAICl4] (1), [PT2)(SbFel> (2) and [PTsl[BFa4l> (3),
respectively, which were fully characterized by X-ray crystallography. The dications [PT.I** and [PT4**
present in 2 and 3 can be regarded as dimers of the elusive radical cation [PT]** or as adduct between this
dimer and neutral PT, respectively. The stacking between the aromatic layers of [PT.]** and [PTs]** can be
best described using the pancake bonding (PB) model. The computational analysis uncovers the essential role
of London dispersion effects for the stacking process and reveals the Te-Te interactions to be dominated by

Received 9th May 2019,
Accepted 16th July 2019

DOI: 10.1039/c9nj02401h

Published on 17 July 2019. Downloaded by Universitat Bremen on 10/3/2019 7:11:11 PM.

rsc.li/njc

Introduction

As early as 1868, it was noticed that diphenyl disulfide dissolves
in conc. sulfuric acid to give intensely colored solutions. Though
unknown at the time, the colour stems from the thianthrene
(TA) radical cation [TA]**, which forms after a series of single-
electron oxidation steps (Scheme 1).!

The recognition of the TA radical cation [TA]*" as member of
a unique compound class with unpaired electrons” arose only a
few years after Gomberg’s seminal discovery of the triphenyl-
methyl radical in 1900.> Unambiguous proof for the open-shell
electronic structure was provided by the first EPR measure-
ments in 1962.*° Since that time, a great number of studies
dealing with the synthesis, reactivity and its extensive use in
organic synthesis have been reported.'® The thianthrene radical
cation, [TA]**, is conveniently prepared by single electron
oxidation from parent thianthrene, TA, using various methods
and reagents including HClO/acetic anhydride,” SbCl;/CHCL,,""
ICI/CCl,," [NOJ[BF,4],"® AICL3/CH,Cl,,"* the dodecamethylcarboranyl
radical/hexane,'® by electrolysis in ["Bu,N|[PF4)/SO,,'® AlCly/SO,"
and XeF,, Me;Si0;SCF;/CH,CL."*

Structural characterization of the obtained salts was only
achieved much later and revealed (reversible) oligomerisation

“Institut fiir Anorganische Chemie und Kristallographie, Universitit Bremen,
Leobener Strafie 7, 28359 Bremen, Germany. E-mail: j.beckmann@uni-bremen.de

® Department of Chemistry and Biochemistry, University of Lethbridge, Lethbridge,
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 Electronic supplementary information (ESI) available. CCDC 1895454-1895458.

For ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/c9nj02401h

non-covalent bonding. The results are compared with those of the related thianthrene (TA) system.

and electron pairing in the solid state (Fig. 1). In 1994, Bock
et al. isolated a diamagnetic dimer in [TA,][AICl,], comprised of
stacks of parallel and eclipsed TA units (double-decker
structure).’* A very similar structural arrangement was found
in 2009 by Beck et al. in [TA,][PF,),.'® In 2012, the same group
described a diamagnetic trimer in [TA;][AL,Cl;], comprised of
stacks of parallel and eclipsed TA units (parallel triple-decker
structure),'” whereas Kochi et al. in 2007 reported a diamagnetic
trimer in [TA;][C;3H36B11]. comprised of stacks of parallel TA
rings, in which the central unit is rectangular to two eclipsed
outer units (crossed triple-decker structure).'® It has been shown by
UV-vis spectroelectrochemistry that, in solution, [TA]"" is in a
concentration-dependent equilibrium with its dimer [TA,*'.°

While the TA radical cation has been studied exhaustively,
rather little information is available about radical cations based
on dibenzo-1,4-dioxin type heterocycles containing the heavier
chalcogens. A notable exception involves the one-electron oxidation
of 9,10-selenanthrene [SeA;], carried out by Beck et al in 2012,
which provided a dimer [SeA] [AICL,], of the corresponding yet
undetected (by EPR) radical cation [SeA]**."”

Although these dimeric and trimeric solid-state structures
have been established unambiguously, the electronic reason for
the aggregation remains unclear: in 2005, Nishinaga and Komatsu
proposed in their review that multicentre n-bonding between the
aromatic rings is responsible for the aggregation rather than
multicenter o-bonding between the chalcogen atoms.'® This
idea is supported by the fact that substituted anthracene radial
cations lacking heteroatoms also undergo oligomerisation, e.g.
[OMA,][SbCle], (OMA = 1,2,3,4,5,6,7,8-0ctamethylanthracence)*’
and [TMDMA;][SbClg), (TMDMA = 2,3,6,7-tetramethoxy-9,10-
dimethylantharacene).>* Nowadays, it is understood that the
multicentre n-bonding in radical dimers is mostly due to the

12754 | New J Chem. 2019, 43, 12754-12766  This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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Fig.1 Known structures of [TA,** and [TAs]** dications.

SOMO-SOMO stabilization, which is commonly referred to as
pancake bonding (PB).>> However, unpaired electrons are not even
required for the oligomerisation. For example, partly protonated
phenazine (PA) gives rise to a double-decker structure [H-PA;}-
[03SCF3]» and a triple-decker structure [(H-PA,)(PA)][OsSCFs],.**
In the presence of anthracene (AC) a triple-decker structure
[(H-PA,)(AC)][0;3SCF;], with different polycylic aromatic hydro-
carbons was even formed.>* For these examples a SOMO-SOMO
stabilization can be clearly ruled out and London dispersion®®
might be exclusively responsible for the n-bonding. Sophisticated
ab initio calculations of the dimers [TA,]** and [SeA,J** as well as the
parallel and crossed trimers [TA;]*" suggest that both (multicentre)
o- and n-bonding are operative. In all calculated structures, the
ground states are singlets and, in the parallel stacks, intermolecular
two-electron/three- or four-center (2e3c or 2e4c) bonds are formed
between the S and Se atoms.*®

In 1926, Drew discovered a facile route for the synthesis to
phenoxatellurin(e) (PT).”” He noticed that upon contact with
conc. sulfuric acid or nitric acid, intensely colored species evolve
some of which he was able to isolate. While these compounds
were characterized only by combustion analyses at the time, no
reference was made to either the parallel behavior of TA nor to
radicals in general. However, in 1929 Witzinger recognized the
link between these dibenzodioxin type heterocycles and suggested
that the intensely colored species are radical cations [PT]**,?®
a view that was later reinforced by Gioabi and Gioaba.”

(parallel triple-decker)

sertrry 2

[TA;P

[TAs]”

(crossed triple-decker)

However, all attempts to structurally characterize these intensely
colored species were deemed unsuccessful and provided only the
tellurium(iv) species [PT](NO;), and [PT],O(NO;),** Rotated-disk
voltammetry (RDE) studies on PT by Cauquis and Maurey-Mey in
1973°" and cyclic-voltammetry (CV) on related alkoxylated deri-
vatives by Engman et al in 1988°” confirmed single-electron
oxidation processes, but EPR characterization of the radical
cations was not achieved. Cauquis and Maurey-Mey concluded
not only that dimerisation occurred very rapidly but also that the
equilibrium constant, unlike for [TA]*", must be very large. The
same authors also succeeded in the isolation of the salt [PT;][ClO,),,
which was, however, never structurally characterized.

We have now reinvestigated the oxidation of PT using the
reagents AlICl;/CH,Cl,, [NOJ[BF,] and [NO][SbFs] which were
previously employed to prepare salts of [TA]"" and similar
species. These reactions provided the salts [(PT)CH,CIJAICL, (1),
[PT,][SbFs],-3.5MeCN  (2-3.5MeCN) and [PT;][BF,],-3MeCN
(3-3MeCN), which have been fully characterized by X-ray crystallo-
graphy and feature [PT,]** and [PT;J** dications deriving from
dimerisation of the elusive radical cation [PT]*" (along with an
additional molecule of PT in the latter case). The bonding situation
of phenoxatellurin(e) based species PT, [PT]**, [PT,*" and [PT;*"
has been computationally analyzed by a set of real-space bonding
indicators (RSBIs), which complement orbital-based studies in
comparison with the thianthrene based species TA, [TA]*", [TA;*"
and [T A3]2+.17’25

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019 New J. Chem., 2019, 43, 12754-12766 | 12755
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Table 1 Voltammetric data for PT in solution

Experiment Ep/V Epu/V AE"*fmv Ipa/nA Ipa/nA e EMYVVIV BV B3IV
GC, CH,Cl,, 0.50 mM +0.561 +0.409 152 13 —13 1.00 +0.60% +1.65%

GC, CH,Cl,, 4.0 mM +0.567 +0.192 375 +115 —99 0.86

GC, CH,Cl,, 5.0 mM +0.623 +0.101 522 +148 —60 0.41

GC, CH;CN, 1.0 mM +0.409 +0.327 82 +33 —-13 0.39 +0.38 +1.93 —2.68"
GC, CH;CN, 2.0 mM +0.415 +0.307 108 +68 —18 0.26 +0.36 +1.97 —2.68"
Pt, CH,Cl,, 0.50 mM +0.590 +0.299 291 +5 -3 0.6 +0.46 +1.61

Pt, CH;CN, 1.0 mM +0.441 +0.267 175 +9 -3 0.33 +0.41 +1.87

Pt, CH;CN, 3.0 mM +0.543 +0.069 474 +28 -7 0.25 +0.41 +1.87

“1.00 mM, in a separate experiment. b Process only observed at this electrode in this solvent.

Results and discussion
Electrochemical studies

The electrochemical oxidation of PT and, for comparison,
TA was studied by CV at a platinum (Pt) electrode using
["Bu,N][PF] as electrolyte in CH,Cl,, at concentrations relevant
to the chemical oxidation reactions. Under these conditions,
both PT and TA show irreversible oxidations with anodic peak
potentials £}, = 0.52 V and 0.81 V vs. F¢"® (Fc = ferrocene),
respectively (Fig. S2, ESIT). The magnitude of the oxidation
peak potentials suggests that all oxidizing reagents suitable for
TA can be also used for PT.*® A thorough investigation of the
voltammetric behaviour of PT at analytical concentrations was
then undertaken in both CH,Cl,/["BuyN][PF¢] and CH;CN/
["Bu,N][PFe] using square-wave voltammetry (SWV) and CV at
both glassy carbon (GC) and Pt electrodes (Table 1). The
experiments in CH,Cl, are referenced to internal cobaltocenium
hexafluorophosphate (Cc), which is known to appear at —1.35 +
0.01 V vs. Fc"™.** The experiments in CH;CN are referenced to
internal Fc. A typical SWV is presented in Fig. 2.

At the GC electrode, first and second oxidations are observed
within the accessible window for CH,Cl,/["Bu,N]|PFs] at
E™Y = +0.60 and E5"Y = +1.65 V. In CH,CN, two oxidations are
also observed at +0.38 and +1.93 V, but this medium also allows
observation of a single reduction peak, ESWY, at —2.68 V.

120
pPT™

e
o
S

@
o

PT™

| Delta (uA)
[=2]
o

CCLW
40 f|@
20 ¢
0
2 -1 0 1 2

Potential (V)

Fig.2 SWV of PT (1.0 mM) at a GC electrode in CH,Clo/["BusNIPFg]
(0.4 M) at RT vs. Fc'/®. (a) Background scans showing the accessible
solvent/electrolyte window. (b) Anedic scan on the PT solution.

Surprisingly on the Pt electrode, E3"" = +0.46 in CH,Cly/
[*"Bu,N][PF], i.e. almost the same value as in CH;CN (+0.41 V)
whereas at GC ;" = +0.22 V. To further probe this difference in
behaviour, a detailed concentration- and scan rate-dependent CV
study was undertaken. Insight into the voltammetric behaviour
is provided by the concentration dependence, illustrated for
example at a GC electrode in CH,Cl, (Fig. 3).

At sub-analytical concentrations, as in trace (a) at 0.50 mM,
the CV response appears quasi-reversible (QR) with I/I* = 1.0
but AE* = 152 mV. The QR nature of the response is con-
firmed by the increase of AE*® with increasing scan rate
(Fig. 5S4, ESI{). In the case of PT, a straightforward explanation
for QR behaviour is a slowed heterogeneous electron transfer
rate associated with the large structural changes attending the
one-electron oxidation (bent PT vs. planar PT*, see below); this
corresponds to a large activation energy for the forward
and reverse electron transfer due to flattening or bending,
respectively. However, increasing the concentrations to as little
as 1.0 and up to 5.0 mM induces a significant change to an
irreversible CV response (Fig. 3b and c¢), resulting in a strong
offset of especially the cathodic peak potentials £p; and an I/I*
ratio significantly less than 1.0. Chemical and spectroelectro-
chemical evidence (see below) confirms that the cation radical
[PT]*" is not destroyed by oxidation, but rather that it associates
to dimers [PT,]*" and trimers [PT;]*". Hence, the CV behaviour

160

1204

/ (3)0.50 mM

-120

02 00 02 04 06 08 10 12
Potential (V)
Fig. 3 Ancdic scan CVs (0.2 Vs, starting and ending at —0.18 V vs. Fc*/%)
of PT in CH,CLy/["BugNIIPFg] (0.4 M) at RT on a GC electrode showing the
changes with increasing concentration. Referenced using added internal
Cc*’® (not shown).
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Scheme 2 Reaction of PT with one-electron oxidizing agents.

at higher (and synthetically relevant) concentrations is fully
consistent with an electrochemically irreversible but chemically
reversible (EiCye,) mechanism. The cathodic peak therefore
increasingly reflects reduction of the oligomeric species as their
equilibrium concentrations increase. However, in view of the
complexity of the isolated oligomers (dimer and trimer dica-
tions isolated; implying that the existence of the dimeric radical
cation [PT,]*" as an undetected intermediate cannot be
excluded), no attempt has been made in this work to analyze
the mechanism in detail. We note that a similar mechanistic
proposal was put forward by Cauquis and Maurey-Mey to
explain their rotated-disk voltammetry and bulk electrolysis
experiments.®” There is a strong electrode material influence
on the CV behaviour so that at a Pt electrode the electrochemical
irreversibility is already observed at 0.50 mM and the scan-rate
dependent experiments display almost double the values for
AE* for the same scan-rate range (Fig. S5, ESI{). In view of the
somewhat complex E;,Cyey behaviour, direct comparison of the
peak potentials between electrodes is of limited value. However,
the data in Table 1 generally indicate that oxidation in CH3;CN
should be about 200 mV more facile than in CH,Cl,.

Spectroelectrochemistry

UV-vis spectroelectrochemical measurements of PT and TA
reveal new absorptions in the visible spectrum upon oxidation
at Amax = 380 and 570 nm for PT and at Apya = 545 nm for TA,
which disappear again upon reduction (Fig. $6, ESIt). This
confirms the voltammetric evidence for an E;;,C,., mechanism
for the 1 e oxidation process. All attempts to generate the [PT]*"
radical cation via in situ spectroelectrochemistry and detect it by
EPR spectroscopy failed. A high association constant for the [PT,J*"
diamagnetic dimer has been used to rationalize these results.*

Synthetic aspects

The reaction of PT with AICl;/CH,Cl,, a known single-electron

oxidizer with an estimated E* = +1.1 V vs. F¢™°,"*** proceeded via

a two-electron oxidative addition providing the telluronium(iv)
ion in [(PT)CH,CIJJAICL,] (1), a compound isolated as a brown
crystalline solid in yields of 56% (Scheme 2). Nitrosyl ions, [NO'],
are also common single-electron oxidizers with an E* = +1.00 V
vs. Fc'® in CH,CL.>? The reaction of PT with NO(SbF) and
NO(BF,) gave intensely violet-blue solutions, from which [PT,]-
[SbF¢],-3.5MeCN (2-3.5MeCN) and [PT;][BF,],-3MeCN (3-3MeCN)
were isolated as crystalline materials in yields of 35% and 31%,
respectively (Scheme 2). Compounds 2-3.5MeCN and 3-3MeCN
are pleochromic. They are violet with an orange luster and dark-blue
in reflective light, whereas smaller fragments are red in transmitted
light. All compounds are essentially ionic. The molecular structures
of the [(PT)CH,CI]" cation present in 1 and the [PT,]*" and [PT,[*"
dications present in 2 and 3, respectively, are shown in Fig. 4-6.
In the first coordination sphere, the Te atom of the [[PT)CH,CI]"
cation present in 1 is coordinated by 3 C atoms. The exocyclic Te-C
bond length of 1 (2.171(2) A) is longer than the endocyelic Te-C
bond lengths (2.077(2), 2.083(2) A), which are slightly shorter than
those of the parent PT (2.095(2), 2.099(2) A). The endocyclic C-Te-C
angle of 1 (91.90(8)°) is slightly increased compared to the
parent PT (88.98(6)°). In the crystal lattice, the [(PT)CH,CI]"
cations and [AICl,]” anions of 1 are associated by secondary
Te- - -Cl interactions (3.385(2), 3.401(2), 3.449(1) A). Considering

Fig. 4 Molecular structure of the [(PT)CH,Cl* cation present in 1 drawn
with 50% probability ellipsoids ([AlCl,]~ omitted).

This jounal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019 New J. Chem., 2019, 43, 12754-12766 | 12757
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Fig. 5 Molecular structure of the [PT,)?" dication present in 2 drawn with
50% probability ellipsoids ([SbFe]~ omitted)

12+

Fig. 6 Molecular structure of the [PT5]“" dication present in 3 drawn with
50% probability ellipsoids ([BF4]~ omitted).

the first and second coordination spheres, the spatial arrange-
ment at the Te atom is distorted octahedral. The structures of 2
and 3 feature the [PT,)** and [PT;]*" dications, respectively,
possessing stacks of parallel PT moieties, similar to those
reported for [TA,]*" '*® and [TA;]** "7 (Fig. 1).

The interlayer Te-Te bond lengths of [PT,]**, containing two
crystallographically independent, albeit similar, conformers
(2.897(1), 2.903(1) A) and [PT;]*" (3.1034(7), 3.1381(7) A), are
substantially longer than the Te-Te single bond length in
PhTeTePh (2.712(2) A) and point to bond orders smaller than
1.% This situation is typical for PB in radical dimers.>® The
Te-C bond lengths and the C-Te-C angles of the [PT,]*" and
[PT5]*" dications fall within the range observed for the structures
of parent PT and the [(PT)CH,CI]" cation (see above). In the
crystal lattice, the Te atoms of the [PT,** and [PT;]*" dications are
associated with F atoms of the [SbF,] and [BF,]” counterions, as
well as N atoms of CH3CN solvate molecules. The secondary
Te---N and Te- - -F contacts range from 2.882(8) to 3.278(7) A and
from 2.996(9) to 3.257(7) A, respectively, in 2 and from 2.951(8) to
3.593(9) A and from 2.983(8) to 3.483(6) A, respectively, in 3. In all
structures the PT moieties are significantly flatter than the parent

View Article Online
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PT, which adopts a butterfly conformation. The extent of folding
within the butterfly structure can be quantitatively expressed by
the fold angle « of the two planes defined by phenyl rings plus the
Te and O atoms (for coplanar rings, « is zero). For the parent PT?’
and 1 the fold angles « are 37.5° and 17.8°, respectively. The
fold angles « of the two independent [PT,]*" conformers of 2 (Tel:
10.8°, Te2: 15.1° and Te3: 3.4°, Ted: 20.8°) and [PT;]*" of 3 (Tel:
1.1°, Te2: 22.2°, Te3: 33.6°) spread over a larger range, which
points to a flat bending potential,

Compounds 1-3 are only sparingly soluble in non-polar
solvents. The highest solubility was observed in acetonitrile, from
which the NMR data were acquired. The '*Te NMR spectra
(MeCN-D;) of 1-3 display only one signal each at § = 562.8,
1896.4 and 1697.1 ppm, respectively, which are shifted to lower
frequency compared to the parent PT (6 = 420.0 ppm). The
observation that 3 gives rise to only one "**Te resonance points
to a dynamic exchange process in solution that occurs fast on the
NMR time scale. This is also supported by the '*C NMR spectrum
(CH3CN-D;) of 3 that shows only one set of signals suggesting
that the PT moieties are equivalent in solution. We hypothesize
that this dynamic exchange process involves the reversible dis-
sociation of [PT;]*" into [PT;)*" and neutral PT. This hypothesis is
supported by the fact that no EPR signals could be detected from
solutions of 2 and 3 in CH;CN. In order to predict what such
spectra could look like, simulations of EPR spectra were made for
[TA]** and [PT]** based on DFT calculated hyperfine splitting
(HFS) values (Tables S2 and S3, ESIt). The predicted '**Te HFS is
extremely small despite a high spin-density at this nucleus,
possibly due to an inadequacy of the basis set. Nevertheless,
the low natural abundance (7%) of '2°Te could produce only weak
‘satellites’ of the main signal. For both radicals, the splitting of
the high-abundance signals are to aromatic H atoms and thus are
very small, The expected strong spin-orbit coupling to Te with its
large spin density (SD) is likely to cause extensive line-broadening
and potentially to weaken the signal intensity much more than
the simple prediction shown in Table $3 (ESI}). In contrast to the
materials isolated by Drew,* 2 and 3 are extremely sensitive to air
exposure, both in solution and in the solid-state. Upon contact
with air, the violet and blue colors fade within seconds. Even
when the crystals were covered by perfluorinated oil, fading of the
colour was observed after a few minutes.

Computational analysis

PT, TA and their radical cations [PT]*" and [TA]** were fully
optimized in the gas phase. As anticipated, the neutral parent
molecules PT and TA display butterfly structures, whereas the
radical cations [PT]*" and [TA]*" possess planar structures. Results
of the atoms-in-molecules (AIM) analysis,”® Electron-Localizability-
Indicator (ELI-D)* iso-surfaces as well as electrostatic potentials
(ESPs) are shown in Fig. 7 and 8. Topological bond descriptors
derived from AIM theory are listed in Table 2. Basin integration
provided atomic and fragmental AIM charges, which are collected
in Table 3. The SD of the radical cations [PT]** and [TAJ' " is shown
in Fig. 9.

The vertical and adiabatic ionization energies of PT (703.13
and 674.02 KJ mol ) and TA (731.69 and 684.67 KJ mol ') are
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Fig. 7 (a and d) AIM-topology, (b and e) ELI-D iso-surface (Y = 1.3), and (c and f) ESP (in a.u.) mapped on the 0.001 a.u. ED surface for compounds PT

(left) and [PT]** (right). For the ESP, solid and transparent modes are shown.

Fig. 8 (aand d) AIM-topology, (b and e) ELI-D iso-surface (Y = 1.3), and (c and f) ESP (in a.u.) mapped on the 0.001 a.u. ED surface for compounds TA (left
column) and [TAI** (right column). For the ESP, solid and transparent modes are shown.

surprisingly similar, but overall confirm the trend established
by voltammetry that PT can be oxidized more easily than TA.
During the change from a butterfly to a planar structure upon
oxidation, the C-E (E = O, S, Te) bonds become shorter by 0.02
to 0.04 A, The ELI-D iso-surfaces display regions of increased
electron localizability, e.g. bonding electrons or lone-pairs. The
parent PT and TA monomers show two spatially separated lone
pairs at each chalcogen atom, which shrink and almost fuse
together upon one-electron oxidation to form [TA]** and [PT]**.
The electron population within these basins decreases by 0.2 e (S),

0.5 e (0) and 0.7 e (Te), which is counter balanced by increased
electron population of ca. 0.2 e in each E-C bonding basin
(E =0, S, Te).

AIM provides a complementary picture. The basin integration
shows that each CoH,fragment has lost ca. 0.4 ¢ in [TA]*" and
0.3 e in [PT]*", whereas quite different values of 0.2 e (S), 0.0 e (O),
and 0.4 e (Te) are obtained for the chalcogen atoms (Table 3). The
electrostatic potential (ESP) shows negative areas (in red) at the
central ring of neutral PT and TA close to the chalcogen atoms,
which after one-electron oxidation turns into the most positive
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Table 2 Topological bond descriptors derived from AIM theory?

ﬂ(l')bn le(l:]bcp G/ﬂ(r)bnp H/ﬂ(l']hcp
=) [a.u]

Model Contact d[A] [e A7% [eA [au]

(PT)”  Te-C 2.070 0.90 —0.6 0.16 0.52 —0.56
(PT)” O-C 1.361 1.94 9.2 0.04 1.21 —1.54
(TA?  S-C 1.735 1.41  —9.0 0.18 0.31 —0.76
PT,]*" Te--Te 3.000 0.30 0.2 0.04 0.25 —0.19
PT,]>" Te--Te 3.203 025 0.4 0.04 0.27 —0.15
PT,*" Te--Te 3.239 023 0.5 0.05 0.28 —0.14
PT,]’" 0 -0 3.101 0.04 0.6 0.79 0.87 0.14
PT;*" O---0 3.173 0.04 0.6 4.34 0.91 0.17
TA]”" S-S 2,982 0.19 1.0 0.05 0.45 —0.07
TA; " S-S 3103 0.15 1.0 0.06 0.47 —0.04
PT;*" 04--.C20 3.095 0.05 0.6 1.50 0.75 0.15
PT,]”" C5---C17 3.321 0.05 0.6 2.64 0.57 0.14
PT;*" €9 --C22 3.464 0.04 0.4 4.25 0.55 0.14
TA,”" C3---C25 3.255 0.05 0.5 2.52 0.59 0.16
TA;" C€9--C31 3.316 0.05 0.5 431 0.58 0.15

“ d is the bond distance, p(r)yp is the ED at the bep, V2 p(r)pep is the
Laplacian of the ED, & is the bond ellipticity, G/p(r)bcp and H/p(r) bep are the
respective kinetic and total energy density over p(r)y, ratios. ” Averaged
values for all compounds of this group including PT, [PT,]*", and [PT,[**,
or TA, [TA,]*", and [TA;]*". For atom labels, see ESI.

area (in purple) for [PT]*" and [TAJ]"* (Fig. 7¢, f and 8, f). This is
reflected by the SD distribution, which is also mostly localized at
the central ring (Fig. 9). The double decker structures of [PT,]**
and [TA,]*" as well as the triple decker structures [PT;]*" and [TA;]*"
were fully characterized in the gas phase, with and without an
empirical dispersion correction, which revealed the importance of
London dispersion for the stabilization of the n-stacked structures.

Results of the AIM analysis, ELI-D iso-surfaces as well as the
non-covalent interaction (NCI)*® iso-surface analysis are shown

Table 3 AIM atomic and fragmental charges (in e)
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in Fig. 10 and 11. Stacking of [PT]*" and [TA]** radical cations
and related compounds is governed by chalcogen—chalcogen
interactions as well as by C,-C,-contacts. The importance of the
latter becomes especially apparent in simple gas-phase calculations
of dimers and trimers, which are not restricted by crystal field of
solvation effects. The inclusion of an empirical dispersion correction
in the computations afforded the desired stacked clusters, whereas
the organic C¢H,fragments try to avoid each other if such a
dispersion correction is lacking. For [TA,J*" and [TA,*", this leads
to increased intermolecular S-S distances and increased fold angles
o within each molecule (Fig. 11a and b).

The two S-S contacts connecting each pair of molecules prevent
rotation along the stacking axis so that the molecules nevertheless
remain on top of each other. The individual molecules in [PT,**
and [PT;]*", however, are rotated along the Te-Te axis by ca. 90°
and 1807, respectively, since the O-O contacts are too weak to
prevent rotation (Fig. 10a and b). Taking into account the
dispersion correction, the optimized structures of [PT,]*',
[PT3]*", [TA,]*" and [TA;]*" resemble the parallel stacking also
found by X-ray diffraction (Fig. 10c, d and 11c, d). [TA,]*" and
[TA;]*" are observed to be centrosymmetric, whereas asym-
metric stacking is observed for [PT,]*" and [PT5)*".

For [TA,]*', this leads to the formation of two identical
fragments, each of which exhibit a fold angle o of 10.8°, which
is between values observed for TA in the gas-phase (o = 46.1°)
and the corresponding radical cation [TA]** (z = 0%). For [TA;]**
the outer molecules are similarly tilted (o = 14.5°), whereas the
central molecule is flat. By contrast, the existence of two
different chalcogen atoms, Te and O, in TA reduces the sym-
metry of its monomers (e.g. from C,, in TA to C, in PT), dimers
and trimers. For [PT]*" the fold angle « is 39.7°. In [PT,]*", fold
angles & of 21.5” and 4.2° are observed. Corresponding angles o

PT [PT]" [PT,]” [T TA [TA] [TA )" [TAJ

ph(1) 0.30 0.59 0.60 0.47 ph(1) -0.413 0.22 0.13 0.07
Te 0.56 0.97 1.00 0.78 s 0.11 0.27 0.37 0.22
o -1.17 -1.16 -1.17 -1.18

ph(2) 0.57 0.51 ph(2) 0.13 0.09
Te 0.98 0.94 S 0.37 0.32
0 -1.17 ~1.18

ph(3) 0.50 ph(3) 0.07
Te 0.84 S 0.24
o -1.17

Fragl 0.00 0.99 1.04 0.54 Fragl —0.03 0.97 1.00 0.59
Frag2 0.95 0.78 Frag2 1.00 0.82
Frag3 0.67 Frag3 0.62
Tot 0.00 0.99 2.00 2.00 Tot —0.03 0.97 2.01 2.04

Fig. 9 SD of the radical cations [PT]*" (left) and [TA]*" (right).
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Fig. 10 AIM-topology of [PT2]2+ and [PT3]2* without (a and e) and with (b and f) empirical dispersion correction, (c and g) ELI-D iso-surface (Y = 1.3), and
(d and h) NCI iso-surface (s(r) = 0.5) for compounds [PT,]* (left column) and [PT3?* (right column).

for [PT,)*" are 36.8°, 23.4°, and 7.9°. These trends are reflected
in the electronic bond descriptors (see below). Interestingly, the
basis-set superposition error (BSSE) corrected complexation
energies (Ecomp1) are found to be larger for the dimers [PT)*"
(—201 kJ mol™") and [TA,]** (—232 k] mol ") than for the
trimers [PT;]*" (—94 kJ mol™") and [TA3)** (—161 kJ mol™").
Bond path analyses according to the topological AIM approach
reveal S-S, O-O, or Te-Te interactions in compounds [TAZ]2+,
[TA;]*, [PT,)** and [PT;*" (Fig. 10c, d and 11c, d). Additional
intermolecular C-C bond paths reflect t-n-contacts. Electronic
bonding parameters at the bond critical points (bcp) for
relevant bonds are collected in Table 2. They include polar-
covalent E-C contacts (E = Te, S, O), which are characterized by
significant concentration of electron density at the bep (ED or
p(Dbep = 0.9-1.9 e A%), a negative Laplacian (V>p()pep = —9.2 to

—0.6 e A%), and a largely negative total energy density over ED
ratio (H/p(t)bep = —0.6 to —1.5 a.u.). With increasing difference
of the electronegativity, bond polarization increases, which is
reflected in the kinetic energy density over ED ratio (G/p(r)sep =
0.3 (S-C)-1.2 (0O-C) a.u.). Since all E-C bonds are involved in the
n-system, bond ellipticities (¢) are larger than 0.1 for Te-C and
S-C bonds. As the E-C bonds are almost unaffected by the
stacking, values have been averaged. Long-ranging E-E contacts
(@ > 3 A) are characterized by significantly lower ED values
(p(E)bep = 0.1-0.3 e A%), a positive Laplacian (VZp(t)pep = 0.2-
1.0 e A%), and a small negative or even positive H/p(t)pep = —0.1-
0.2 a.u. Whereas some degree of covalency remains in the
S-S and Te-Te contacts, the bond characteristics of the 0O-O
contacts already resemble those of the weak C~C; contacts, which
are dominated by non-covalent bonding aspects. The C,-C, contacts
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Fig. 11  AIM-topology of [TAZ]?" and [TA3]?* without (a and e) and with (b and f) empirical dispersion correction, (c and g) ELI-D iso-surface (Y = 1.3), and
(d and h) NCl iso-surface (s(r) = 0.5) for compounds [TA,]** (left column) and [TA3]2* (right column).

are visible in NCI iso-surfaces as flat and long-ranging light-green
and blue regions between the molecules (Fig. 10g, h and 11g, h).
Small NCI basins are also obtained for S-S and O-O contacts,
whereas large, convex and red-colored basins are visible along
the Te-Te axis, suggesting attractive non-covalent Te-Te-bond
contributions.

Conclusion

The oxidation of PT using AlCl;/CH,Cl,, [NO][SbF;] and [NO][BF,]
afforded the diamagnetic salts [(PT)CH,CIJ[AICL,] (1), [PT,][SbFs).
(2) and [PT;][BF,), (3), which have been fully characterized.
The dications [PT,]*" and [PT;]*" of 2 and 3 can be regarded as
the dimer of the elusive radical cation [PT]*" or as an adduct

between this dimer and neutral PT, respectively. The dications
crystallize with parallel stacks of PT moieties that are significantly
more planar than their neutral parent PT. These stacks are held
together by SOMO-SOMO interactions and non-covalent Te-Te
interactions (PB) as well as London dispersion interactions.

Experimental section
General aspects

Reagents were obtained commercially (Sigma-Aldrich, Germany)
and were used as received. Dry solvents were collected from a
SPS800 mBraun solvent system. PT was prepared in two steps
according to slightly modified literature procedures (see ESIT for
details).”” 'H-, '*C- and '>°Te-NMR spectra were recorded at RT
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(unless otherwise stated) using a Bruker Avance-360 spectro-
meter and are referenced to tetramethylsilane (‘H, *C) and
telluric acid (***Te). Chemical shifts are reported in parts per
million (ppm) and coupling constants () are given in Hertz (Hz).
Electron impact mass spectrometry (EI-MS) was carried out
using a Finnigan MAT 95. The spectra were collected for one
minute and averaged. The electrospray ionization mass spectro-
metry (ESI-MS) spectrum was also obtained on the Bruker
Impact II. Acetonitrile solutions were injected directly into the
spectrometer at a flow rate of 3 pl min~". Nitrogen was used both
as a drying gas and for nebulization with flow rates of approxi-
mately 4 L min™" and a pressure of 0.4 bar. The spectrum was
collected for one minute and averaged. UV/vis spectra were
recorded on a JASCO V-570 spectrometer.

Electrochemistry and spectroelectrochemistry

CV and UV-vis spectroelectrochemical experiments in Bremen
were undertaken in a TSC 1600 ‘‘Sealable Measuring Cell”
provided by rhd instruments GmbH & Co (Darmstadt, Germany)
at glass-sealed Pt wire working and auxiliary electrodes and a
silver wire pseudo reference electrode with added internal Fe for
determining the zero of potential. Experiments were controlled
with an Autolab PGSTAT101 supported by Nova 2.1 software
(Metrohm AG, Herisau, Switzerland). In a glovebox under Ar
atmosphere, 5.5 mg of PT or 5.7 mg of TA were dissolved in
1.0 ml of 0.1 M ["Bu,N][PF] solutions in CH,Cl, and transferred
to the measuring cell. The cell was sealed and connected to the
potentiostat. The measurements were realized with a scan rate
of 0.2 V s7'. CV and SWV experiments in Lethbridge used a
three-electrode cell with 1.6 mm diameter Pt or 3.0 mm dia-
meter GC working electrodes (BASi, West Lafayette IN, USA) and
Pt wires for both the auxiliary and pseudo reference electrodes in a
nitrogen-filled glove box loaded with the indicated concentrations
of PT in either CH,Cl,/["Bu;N][PF4] (0.4 M) or CH;CN/["Bu,N][PF]
(0.1 M). CV and SWV experiments were performed using a
PARSTAT 2273 potentiostat via PowerSuite 2.58 software (AMETEK
Scientific Instruments, USA). CVs were performed using scan rates
of 0.20-10.0 V s, with all potentials being reported versus the Fc'’°
redox couple. The electrodes were polished with 0.05 pm alumina,
rinsed with distilled water and dried with a tissue before use. In situ
EPR spectroelectrochemical experiments were carried out using a
miniature quartz flat cell (Wilmad WG-808) with a Pt foil working
electrode, and Pt wires as the reference and auxiliary electrodes.*!
The measurements were obtained on a Bruker EMXplus spectro-
meter operating at X-band frequencies (9.8 GHz). Electrolysis was
controlled using a BAS CV50 potentiostat (BASi).

Synthesis of [(PT)CH,CI][AICL,] (1)

A 100 ml Schlenk flask was charged with AIC; (140 mg, 1.01 mmol)
and a solution of PT (300 mg, 1.01 mmol) in dichloromethane
(20 ml) was slowly added. Immediately, the yellow solution
turned brown. The solution was stirred for 30 min and was
then left standing overnight. The brown crystals that formed
were collected by filtration to give 1 (290 mg, 0.56 mmol, 56%).

'H-NMR (360 MHz, d;-MeCN): § = 7.40-7.93 (m, 12H, Cp,-H),
4.74 (s, 2H, Te-CH,-Cl) ppm. *C-NMR (90 MHz, d;-MeCN):
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8 = 154.8 (Co~CH-0), 121.1, 126.9, 136.0, 137.2 (Cy), 103.7
(CarCH-Te), 41.1 (Te-GH,-Cl) ppm. '**Te-NMR (110 MHz, d;-MeCN):
8 =562.8 ppm. ESI-MS (CH;CN, positive mode): m/z (rel. int.) = 347
(100) [M]', 298 (98) [C1,HgOTe]". ESFMS (CH5CN, negative mode):
mjz (rel. int.) = 169 (100) [AICL,]". UV/VIS (CH,CL): Amax = 279 nm,
323 nm.

Sythesis of [PT,][SbFs], (2)

A 100 ml Schlenk flask was charged with [NO][SbF] (900 mg,
3.38 mmol) and a solution of PT (1.00 g, 3.38 mmol) in diethyl
ether (20 ml) was slowly added. Immediately, the yellow
solution turned dark violet-blue. The solution was stirred for
30 min and was then left standing overnight. The dark violet
single crystals (orange lustre) that formed were collected by
filtration to give 2:3.5NCMe (1.42 g, 0.591 mmol, 35%).

1H-NMR (360 MHz, d3-MeCN): & = 7.06-7.91 (m, 12H, Ca-H),
1.94 (s, 3H, CH5-CN) ppm.

C-NMR (90 MHz, d;-MeCN): 6 = 120.7, 126.4, 135.6, 136.7
(Cad)y 102.4 (Car-CH-Te), 152.7 (Cp-CH-0), 1.3 (CH4CN), 117.9
(CH3CN) ppm. **Te-NMR (110 MHz, d;-MeCN): § = 1896.4 ppm.
ESI-MS (CH;CN/CHZOH 1:10, positive mode): m/z (rel. int.) =
329 (100) [(C;,HgOTe) “H'(CH30H)]", 315 (18) [C;,HgOTeOH]",
298 (73) [C1,HgOTe]". ESI-MS (CH;CN/CH;OH 1:10, negative
mode): m/z (rel. int.) = 495 (95) [Na(SbFe),] ", 235 (100) [SbFe] .
UV/VIS (CH,CLy): Amax = 286 nm.

Synthesis of [PT;][BF,4], (3)

A 100 ml Schlenk flask was charged with [NO]|[BF,] (120 mg,
1.01 mmol) and a solution of PT (300 mg, 1.01 mmol) in diethyl
ether (20 ml) was slowly added. Immediately, the yellow
solution turned dark violet blue. The solution was stirred for
30 min and was then left standing overnight. The dark blue
crystals that formed were collected by filtration to give 2:3NCMe
(370 mg, 0.104 mmol, 31%).

'H-NMR (360 MHz, d;-MeCN): 8 = 7.40-8.05 (m, 12H, Ca,-H),
1.94 (s, 3H, CH;-CN) ppm. “C-NMR (90 MHz, d;-MeCN):
§ = 120.2, 124.1, 131.5, 132.1 (Cp,), 118.4 (C-CH-Te), 151.2
(CarCH-0), 1.3 (CH;CN), 118.2 (CH;CN) ppm. '*°Te-NMR
(110 MHz, d;-MeCN): 6 = 1697.1 ppm. ESI-MS (CH;CN, positive
mode): mjz (rel. int.) = 627 (100) [M + (C;,HgOTeOH)" +
CH,O0H[", 329 (66) [M** + CH;07]", 315 (100) [M** + OH T,
298 (23) [M"]. ESI-MS (CH;CN, negative mode): m/z (rel. int.) =
436 (16) [(C1,HzOTeOH) + BF, + CI|™, 87 (100) [BF,]". UV/VIS
(CH,CL): Amax = 283 nm.

Crystallography

Intensity data of 1, 2-3.5NCMe, and 2-:3NCMe were collected on
a Bruker Venture D8 diffractometer at 100 K with graphite-
monochromated Mo-Ka (0.7107 A) radiation. All structures
were solved by direct methods and refined based on F* using
the SHELX program package as implemented in WinGX.** All
non-hydrogen atoms were refined using anisotropic displacement
parameters. Hydrogen atoms attached to carbon were included
in geometrically calculated positions using a riding model.
Crystal and refinement data are collected in Table 4. Figures
were created using DIAMOND.**
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Table 4 Crystal data and structure refinement of 1, 2.3.5NCMe and 3-3NCMe
1 2-3.5NCMe 3-3NCMe

Formula C13H,0AIC1;0Te Ce2H53F24N-0,8b,Te, C.5H33BoFgN;05Te;

Formula weight, g mol ™’ 514.04 2413.51 1184.13

Crystal system Monoclinic Triclinic Triclinic

Crystal size, mm 0.15 x 0.05 x 0.03 0.07 x 0.06 x 0.05 0.09 x 0.09 x 0.07

Space group P2,/c P1 P1

a, A 10.4998(5) 7.8579(4) 11.2438(6)

b, A 13.2979(7) 13.2378(7) 13.7621(8)

¢, A 13.2281(7) 36.414(2) 14.1152(7)

 ° 90 87.470(2) 92.195(3)

B, 107.021(2) 89.732(2) 104.598(3)

P, ° 90 84.874(2) 101.316(3)

Vv, A 1766.1(2) 3769.0(3) 2063.7(2)

V4 4 2 2

Pealed, Mg m 1.933 2.127 1.906

4 (Mo Ko), mm™" 2.484 3.044 2.187

F(000) 984 2268 1136

0 range, deg 2.22 to 28.37 2.33 to 27.61 2.42 to 30.10

Index ranges —-14 < h < 14 -10 < h < 10 -15<h <15
-17 <k <17 -16 < k <17 -19 <k <19
-17<1<17 —47 <1< 47 -19<I1<19

No. of reflns collected 46773 83412 76825

Completeness to Opax 99.5% 98.2% 99.5%

No. indep. reflns 4398 17186 10990

No. obsd reflns with (I > 24(1)) 3918 13959 7531

No. refined params 190 948 553

GooF (F7) 1.044 1.097 1.285

R, (F) (I > 24(I) 0.0214 0.0550 0.0644

WR, (F) (all data) 0.0519 0.1210 0.1102

Largest diff peak/hole, e A3 1.022/-0.457 2.105/-1.615 1.545/-1.013

CCDC number 1895454 1895455 1895456

Crystallographic data for the structural analyses have been
deposited with the Cambridge Crystallographic Data Centre.

Computational methodology

Starting from XRD atomic coordinates, geometry optimizations
of PT, [PT]*", [PT,]*" and [PT;]*" as well as TA, [TA]*", [TA,]*’
and [TA;]*', in the gas phase were performed at the B3PW91/
6-311+G(2df,p)** level of theory using Gaussian09.** For the Te
atoms, effective core potentials (ECP28MDF) and a corresponding
cc-pVTZ basis set were applied.* The resulting wavefunction files
were used for topological analysis of the electron density (ED)
according to the Atoms-In-Molecules*® space-partitioning scheme
using AIM2000," whereas DGRID*® was used to generate and
analyze the ELI-D related real-space bonding descriptors applying
a grid step size of 0.05 au. NCI grids were computed with
NCIplot.*” Bond paths are displayed with AIM2000,** ELI-D, ESP,
and NCI figures are displayed with Mollso.** AIM affords atomic
basins which can be integrated to give volumes and charges. In
addition, a bond paths motif is provided, which resembles the
molecular structure and uncovers all kind of atom-atom inter-
actions, from very weak to strong.*> Other RSBI derived from the
ED include spin densities (SDs), the electrostatic potential (ESP),
and the reduced density gradient, s(r) = [1/2(3n%)"*]|Vp|/p"?,
following to the Non-Covalent Interactions (NCI) index™ method.
The latter is especially useful to uncover non-covalent bonding
regions. Mapping the ED times the sign of the second eigenvalue
of the Hessian (sign(/.)p) on iso-surfaces of s(r) facilitates
the assignment of different contact types including non-
bonding/repulsive (1 > 0), van der Waals like (4, =~ 0), and

attractive (1, < 0). A proper tool for the investigation of
covalent (including dative) bonds is given by the topological
dissection of the pair-density according to ELI-D*® approach,
which provides core, bonding and lone-pair basins. Notably,
ELI-D and NCI iso-surfaces often show complementary spatial
distribution suggesting spatial separation of covalent and non-
covalent bonding aspects.®* The combination of all RSBI allows to
monitor electronic rearrangements due to structural changes,
which is highly relevant e.g. for strained systems, ligand variation,
or unusual bonds.*
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2.3. Trimorphism of the Dicationic Phenoxatellurine Triple Decker Tri-
flate Salt

2.3.1. Introduction & Results
The reaction of phenoxatellurine (PT) with triflic acid has been examined. Phenoxatellurine
(PT) undergoes a single-electron oxidation with triflic acid resulting in the oligomerization of

the PT units leading to relatively air stable triple-decker structures.

1Tel

Te2

Te3

Figure 8. Molecular structure of the one [PT3]?* dication of monoclinic [PT3](O3SCF3)2 showing 50 %
probability ellipsoids ([CF3SOs]- omitted).

The characteristics of this reaction is that three different colors (violet, red and golden) and
thus modifications of the crystal structure, monoclinic, triclinic and orthorhombic were ob-
served. However, any efforts in synthesizing only one modification failed.

Scheme 14 depicts the reaction of phenoxatellurine (PT) in diethyl ether with triflic acid and

gaseous oxygen.

Te Te
2 CF4SO4H / O,
3 > (CF3S03),
Et,0
(0) O
3
4

Scheme 14. Reaction of phenoxatellurine (PT) with triflic acid and gaseous oxygen.

Upon oxidation with triflic acid in the presence of gaseous oxygen passing through the solution
an immediate colorchange from colorless to dark violet occurs, signalling the presence of ra-
dical bonding situations. Evaporation of the solvent and recrystalization from dry acetonitrile

gave rise to the different modifications.
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The following table (Table 1) presents the tellurium bond parameters of the [PT3]?* dications.

Table 1. Selected bond parameters of the [PT3]?* dications within the three modifications.

Triclinic 1 Triclinic 2 Monoclinic Orthorhombic  BF4 salt
a(Tel)/° \ 30.1 32.2 30.5 32.0 33.6
a(Te2)/° \ 20.5 21.6 20.9 22.4 22.2
a(Te3)/° |12 47 4.4 4.7 1.1
Te1-Te2/A | 3.122(8) 3.152(8) 3.132(2) 3.177(1) 3.138(1)
Te2-Te3/A | 3.051(8) 3.045(7) 3.056(2) 3.096(1) 3.103(1)

The fold angles o of all modifications are smaller than the parent PT of 37.5°(''* and spread
over a large range. The same behavior was already reported for the [PT]3(BF4). structure.!''®
The Te-Te bond lengths of 3.122(8) — 3.177(1) A for Te1-Te2 and 3.045(7) — 3.096(1) A for
Te2-Te3 are also comparable to the ones of [PT]3(BF4)2 (3.138(1), 3.103(1) A).

The crystallization of a molecular compound in different polymorphs containing different con-
formers is called conformational polymorphism!''¢1171 where the relative orientation of the mol-
ecules in the crystal structure is determined by the type and strength of the intermolecular non-
covalent forces.['"8-121 With missing hydrogen or any strong non-covalent interactions, London
dispersion may be considered as an explanation for the packing of the molecules. The phe-
noxatellurine triflate salt [PT3](OsSCF3). reveals three modifications with four independent con-
formers (triclinic 1 and 2, monoclinic and orthorhombic). Other conformational polymorphisms
in organotellurium chemistry have been reported earlier.'?>-261 The packing diagrams of all

three modifications are given in Figure 9.
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Figure 9. 2D-packing motifs of the [PTs]?* dication in triclinic (top left), monoclinic (bottom) and ortho-
rhombic (top right).

For the calculation of intermolecular non-covalent forces, a Hirshfeld surface analysis was car-
ried out with Crystal Explorer.['2"-13% Here the red spots on the Hirshfeld Surface (HS) that are
color coded with the property dnom!'"! describing close atom—atom contacts.

The percentage contributions of all atom-atom interactions are displayed in Table 2.
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Table 2. Percentage contributions of atom—atom interactions between a central [PT3]?* dication with
adjacent [PTs]?* dications and triflate ions in the crystal lattice for all three modifications (2conformer 1,
bconformer 2).

triclinic (%) monoclinic (%) orthorhombic (%)

C-All 12.12 12.2 12.0
11.40

H-E 74.02 73.6 74.3
74.1°

O-E 3.02 3.1 1.9
3.1b

Te-E 10.92 11.0 11.8
11.40

Te-O 8.72 8.7 8.8
9.2b

All three compounds are dominated by H - - - E interactions with approximately 74 % and
show similar interactions with small differences. The triclinic conformer 2 reveals slightly
higher Te - - - O contact contributions than the others by about 0.4 % and in the orthorhom-

bic conformer the O - - - E interactions are the smallest with 1.9 %.
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monoclinic orthorhombic

Figure 10. Hirshfeld Surfaces of the conformer in the triclinic, conformer 1 and 2, the monoclinic and
the orthorhombic crystal structure. Significant interaction partners are shown if existent, dnorm mapped.

The fingerprint plots (Figure 11) depict the HS-mediated close contacts in a 2D picture showing
the interactions of every surface point of the closest interior atom (d;) to the closest exterior

atom (de)'?'2%1 and confirm the small differences in the crystal packings of all three polymorph

conformers.
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2.4
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2.0

di ' di
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triclinic1 triclinic2

de
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2.0

di di

06 08 TO 1.2 19 106 T8 20 22 24 26 728 06 08 TUO 1.2 T4 186 T8 20 272 294 26 728

monoclinic orthorhombic

Figure 11. Hirshfeld surface fingerprint plots of [PT3]?*.

The monoclinic conformer, compared to the triclinic and orthorhombic species, has the highest
density of 2.047 mg m= (Table 5) and indicates thus the thermodynamic stability at low tem-
peratures according to the density rule, which correlates the highest density with a maximum
of van-der-Waals interactions. At absolute zero where the entropy is negligible the monoclinic
conformer is consequently the most stable form.[132.133]

The trend in crystal densities coincides to the crystal voids, where the modification with the
lowest density (orthorhombic conformer) has the highest percentage of voids and the mono-

clinic form has the lowest percentage of voids.

Exposure to air for several weeks results in an oxo-bridged dimer [PT].O(O3sSCF3). (5a) or
trimer [PT]302(03SCF3). (5b) with the loss of the intense color (Scheme 15).
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(O3SCF3);
/Te
(0] Te—O
Te
5a
H,0 / O,
. +
O
3 (0] (0]
(O3SCF3),
Te\ /Te
O\ /O
Te
(O3SCF3)2
O
5b

Scheme 15. Reaction of [PT]3(OsSCFs)2 with moist air.

This reaction is rather slow, since there are still violet crystals in the mixture. The molecular

structures of both oxo-bridged species are shown in Figure 12.

Figure 12. Crystal structures of [PT]20(O3SCF3): (left) and [PT]302(0OsSCF3)2 (right) showing 50 %

probability ellipsoids and the essential numbering scheme.

Selected bond parameters of [PT].O(OsSCF3)2and [PT]302(03sSCF3), are listed in Table 3. The

interactions to the triflic anions can be seen in Table 4.
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Table 3. Selected bond parameters for the oxo-bridged species ([PT]20(O3SCF3)2and

[PT]502(03SCF3)z).
[PT]20 [PT]30:
(OsSCF3), (OsSCF3):
« (Te1-03-Te2) /° | 56.5 a (Te1-04-Te2) / ° | 60.3
\ o (Te2-05-Te3)/° | 60.2
Te1-03/A ' 1.951(6) Te1-04/A 1.900(5)
Te2-03/A ' 1.978(5) Te2-04/A 2.157(6)
\ Te2-05/A 2.084(6)
\ Te3-05/A 1.912(6)

The oxo-bridged dimer [PT].O(O3SCF3)2 has nearly identical intramolecular Te-O bond lengths
and an Te-O-Te angle of 56.5°. The molecular structure of [PT]302(0O3sSCF3). reveals an angle
of 60.2 and 60.3 with slightly shorter Te-O bond lengths between the “outer” PT units.

Table 4. Te-~O bond lenghts of the PT units towards the triflic anions.

Te3--O11b /A 3.250(5
Te3 --09/A 2.823(6

[PT].0 [PT]50:
(O3SCF3): (O3SCF3):
Te1---05/A | 2.970(0) Te1:--010b/A 2.997(9)
Te1---07/A | 3.001(8) Te2:--010b /A 3.319(8
Te2:--07/A | 3.140(6) Te2:--O6a/A 3.171(4
Te2---O4a/A } 2.532(9)
|

)
)
Te3--08a/A 3.027(0)
)
)

2.3.2. Experimental

Reagents were obtained commercially (Sigma-Aldrich, Germany) and used as received. Dry
solvents were collected from a SPS800 mBraun solvent system. Diethyl ether was dried over
potassium hydroxide and distilled of sodium/benzophenone. PT was prepared in two steps
according to slightly modified literature procedures.'*+'38 TH- 13C- and '>Te-NMR spectra
were recorded at RT (unless otherwise stated) using a Bruker Avance-360 spectrometer and
are referenced to tetramethylsilane ('H, '*C) and telluric acid ('*°Te). Chemical shifts are re-
ported in parts per million (ppm) and coupling constants (J) are given in Hertz (Hz). Air sensitive
substances were handled in gloveboxes “Labmaster” by M. Braun. The electrospray ionization
mass spectrometry (ESI-MS) spectrum was obtained on the Bruker Impact Il. Acetonitrile so-
lutions were injected directly into the spectrometer at a flow rate of 3 yl min~'. Nitrogen was
used both as a drying gas and for nebulization with flow rates of approximately 4 L min~" and
a pressure of 0.4 bar. The spectrum was collected for one minute and averaged. UV/vis spectra
were recorded on a JASCO V-570 spectrometer. Crystal Explorer!'*® was used for the calcu-

lation and visualization of Hirshfeld surfaces and fingerprint plots.['?
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2.3.2.1 Synthesis of [PT]3(O3SCF3)2

In a dried schlenk-tube under argon atmosphere phenoxatellurine (1.00 g (3.38 mmol) was
dissolved in 20 ml of dry diethyl ether and treated with gaseous oxygen. 0.3 ml (3.38 mmol)
trifluormethanesulphonic acid was added slowly and the solution was stirred for 30 minutes.
The resulting solid was filtered off and the residue dried in vacuum, leaving 0.96 g (2.16 mmol,
64 %) of the crude product. Recrystallization from acetonitrile gave crystals in three different

modifications. m.p. > 230 °C

"H-NMR (360 MHz, CD3;CN): & = 6.97 — 7.57 (m, 12H, Ca-H) ppm. *C-{"H}-NMR (90 MHz,
CD:CN): 5=120.9, 126.5, 137.0, 136.7 (Car), 118.1 (Ca-CH-Te), 150.9 (Ca~CH-O) ppm. '?°Te-
NMR (110 MHz, CDsCN): 6 = 1611.8 ppm. MS (ESI, CHs;CN, positive mode): m/z (rel. Int.) =
447 (9) [(C12HsOTe™)(CF3S03)]*, 315 (100) [C12HsOTe-OHJ*, 298 (100) [C12HsOTe]", 168 (13)
[C12HsO]". MS (ESI, CH;CN, negative mode): m/z (rel. Int.) = 825 (100) [(C12HsOTe*)
(CF3S0O37)2(CH3CN),]-, 487 (64) [(C12HsOTe™)(CF3SO37)-H*(CH3CN)]~, 149 (95) [CF3SOs].
UVIVIS (CH2CI2): Amax = 276 nm, 338 nm und 455 nm. Molar Conductivity (CH3sCN, ¢ = 5 x
10" mol L-'): A =480 Q' cm? mol.

X-ray crystallography. Intensity data of [PT]3(O3SCFs3),, [PT].0(OsSCF3), and
[PT]302(0OsSCF3), were collected on a Bruker Venture D8 diffractometer with graphite-mono-
chromated Mo-Ka. (0.7107 A) radiation. The structures were solved by direct methods and
difference Fourier synthesis with subsequent Full-matrix least-squares refinements on F?, us-
ing all data.l"% All non-hydrogen atoms were refined using anisotropic displacement parame-
ters. Hydrogen atoms were included in geometrically calculated positions using a riding model.
Crystal and refinement data are collected in Table 5 and 6. Figures were created using DIA-
MOND.['41]
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Table 5. Crystal data and structure refinement of [PT]3(O3SCF3)2 (three modifications).

Formula CssH24F609S2Tes C3sH24F609S2Tes CssH24F609S2Tes

Formula weight, g moF? 1185.49 1185.49 1185.49

Crystal system triclinic monoclinic orthorhombic

Crystal size, mm 0.07 x 0.07 x 0.05  0.10 x 0.05 x 0.05 0.08 x 0.05 x 0.05

Space group P-1 C2/c Cmca

a A 14.032(1) 24.072(1) 22.900(1)

b, A 14.294(1) 14.355(7) 20.4206(8)

c, A 20.207(2) 22.309(1) 16.7235(7)

a, ° 85.227(5) 90 90

B° 86.118(4) 93.735(2) 90

7 ° 73.007(5) 90 90

Vv, A3 3858.6(6) 7692.8(6) 7820.5(6)

z 4 8 8

Poalca, Mg m3 2.041 2.047 2.014

Void volume, A3 498.92 944 .92 1095.32

Percentage of voids 12.9% 12.2% 14.0%

u (Mo Ka), mm-1 2.446 2.454 2.414

F(000) 2264 4528 4528

6 range, deg 2.43 to 25.71 2.41 to 27.55 4.43 to 26.03

Index ranges -16<h<9 —-31<h<31 —29<h<29
-17<k<17 -18<k<18 -26<k<26
—24<1<24 -28<1<27 -21<1<19

No. of refins collected 85616 71136 22143

Completeness to 0 max 97.6% 99.8% 99.8%

No. indep. Reflns 14011 8873 4607

No. obsd refins with (1>20(1)) 11485 7258 3901

No. refined params 811 523 271

GooF (F?) 1.162 1.117 1.211

R+ (F) (1> 20(1)) 0.0604 0.0540 0.0498

WR; (F?) (all data) 0.1371 0.1275 0.1148

Largest diff peak/hole, e A3 2.561/-2.470 2.959/-1.150 2.301/-1.964
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Table 6. Crystal data and structure refinement of [PT]20(O3SCF3)3 and [PT]302(03SCF3)s.

Formula Ca6H16F609S2Te2 C38H24F6011S2Tes

Formula weight, g moF? 905.71 1217.49

Crystal system triclinic monoclinic

Crystal size, mm 0.05 x 0.05 x 0.05 0.21 x 0.11 x 0.05

Space group P-1 P24/c

a A 10.2882(4) 14.797(3)

b, A 12.5699(5) 21.598(4)

c, A 13.4601(5) 12.977(2)

a, ° 63.7570(10) 90

B ° 74.9890(10) 101.347(5)

7, ° 66.0680(10) 90

Vv, A3 1420.29(9) 4066.3(13)

z 2 4

Pealcd, Mg m3 2.118 1.989

Void volume, A3 868 2328

F(000) 2.295 2.328

6 range, deg 2.37t042.48 2.62 to 27.50

Index ranges -19<h<18 17 <h <17
-23<k<23 -25<k<19
-25<1<25 -15 <1<15

No. of refins collected 96357 33258

Completeness to 0 max 99.1% 99.5%

No. indep. Reflns 20378 7190

No. obsd refins with (I>201(1)) 16023 4073

No. refined params 406 541

GooF (F?) 1.085 0.974

R+ (F) (I > 25(1)) 0.0367 0.0428

WR; (F?) (all data) 0.0683 0.1204

Largest diff peak/hole, e A-3 2.798/-1.714 0.967 / -0.801
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2.4. New insights into the oxidation of phenoxatellurine with sul-
phuric acid

2.4.1. Synopsis

Comparable to the reaction of thianthrene (TA) in conc. sulphuric acid, phenoxatellurine (PT)
forms intensely colored species. Drew was able to isolate some of those intense red crystals
and suggested that diphenoxtellurylium dibisulphate disulphuric acid trihydrate
(PT)2(SO4H)2(H2S04)2(H20)s evolved.['* Furthermore he noticed that the exposure to moist
air on a porous tile causes the loss of, what he called, “attached free” sulphuric acid, resulting
in an intensely violet species, the diphenoxtellurylium dibissulphate di- or trihydrate
(PT)2(SO4H)2(H20)2.3.

The aim of this project was to reinvestigate the synthesis and characterization of the intensely
red and the resulting violet species from phenoxatellurine (PT). The molecular structure was
determined via X-ray analysis and, due to their poor solubility. The characterization has been

done only by elemental analysis.

2.4.2. Experimental Contributions

In this study, | carried out the synthesis of the compounds and their characterization. Moreover
| wrote the experimental section. The manuscript was written by Prof. Dr. Jens Beckmann. X-
ray analysis and structure refinements have been made by Dr. Enno Lork. The article was

published in the following journal:
Mostaghimi, F.; Bolsinger, J.; Lork, E.; Beckmann, J. New insights into the oxidation of phe-

noxatellurine with sulphuric acid. Main Group Metal Chemistry 2019, 42, 150-152. DOI:
10.1515/mgmc-2019-0017.
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of phenoxatellurine with sulfuric acid
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Abstract: The oxidation of phenoxatellurine (PT) with
conc. H,S0, was reinvestigated. Two crystalline products,
namely [PT,][H,0](SO,H), (1) and [PT](SO,) (2) were isola-
ted and fully characterized by X-ray crystallography. The
structure of 1 features [PT2]Z* dications giving rise to dou-
ble-decker structures with two parallel PT layers that arise
from dimerisation of two radical cations [PT]"*. The [PT,|*
dications and the hydrogensulfate ions are associated via
secondary Te--O interations. The oxonium ion and the
hydrogensulfate ions are involved in hydrogen bonding.
The structure of 2 comprises ion pairs consisting of [PT]*
dications and sulfate ions, which form a 2D coordination
polymer. In addition, adjacent sulfate ions in the crystal
lattice bind to tellurium atoms via secondary secondary
Te---0 interations.

Keywords: tellurium; pancake bonding; radical dimer

Phenoxatellurine (PT) is a well-defined dibenzodioxine-
type heterocylce (Scheme 1, in which one oxygen atom
has been formally replaced by tellurium (Drew, 1926a).
Unlike planar dibenzodioxine, PT comprises a butterfly-
type structure in the solid-state (Smith et al., 1973).
Upon contact with mineral acids, such as sulfuric acid
and nitric acids, PT forms intensely colored substances,
which remained a curiosity for a long time (Drew, 1926h).
There was early suspicion that the color arose from
single-electron oxidation of PT (Witzinger, 1929), which

* Corresponding author: Jens Beckmann, Institut fiir Anorganische
Chemie und Kristallographie, Universitdt Bremen, Leobener Strafie 7,
28359 Bremen, Germany; Institut fiir Chemie und Biochemie Freie
Universitédt Berlin, Fabeckstrafie 34-36, 14195 Berlin, Germany,
e-mail: j.beckmann@uni-bremen.de.

Farzin Mostaghimi and Enno Lork, Institut fiir Anorganische Chemie
und Kristallographie, Universitdt Bremen, Leobener Strale 7, 28359
Bremen, Germany

Jens Bolsinger, Institut fiir Chemie und Biochemie Freie Universitat
Berlin, Fabeckstrafe 34-36, 14195 Berlin, Germany

was later confirmed by cyclovoltammetry (Cauquis
and Maurey-Mey, 1973). However, the exact nature of
the colored substances still remained unclear at the
time. Very recently, we investigated the single-electron
oxidation of PT using nitrosonium salts, [NO][SbF,] and
[NOI[BF,], which produced the well-defined products
[PT][SbF,], and [PT,][BF,], respectively, possessing
so-called double-decker and triple-decker structures
(Mostaghimi et al., 2019). Indeed, the aggregation within
these layered structures stemmed from SOMO-SOMO
interaction between two radical cations [PT]*, commonly
referred to as pancake bonding (Kertesz, 2019), but also
from significant London dispersion interactions and non-
covalent multi-centre bonding between the tellurium
atoms.

In this work we reinvestigated the reaction of PT with
sulfuric acid. We were now able to isolate and structurally
characterize two compounds, namely, [PT,][H,0][SO,H],
(1) and [PT][SO,] (2), that are closely related to Drew’s
original work (Drew, 1926b). Following the described
procedure, PT was dissolved in concentrated sulfuric acid
to give a deep red solution, from which sulfur dioxide
evolved. The solution was carefully diluted with water
and allowed to stand. After three days, bright red single
crystals (1) had formed, which were characterized by X-ray
crystallography. Accordingly, the composition of the red
crystals is [PT,][H,0][SO H], (1). Drew’s original report
suggests that in his case the red crystals were composed
of [PT,][H,0L,[SO H],(H,0) (denoted III in his work). Upon
exposure to moist air on porous tile, he also obtained
products “free” of sulfuric acid, namely, [PT,][SO,H],(H,0),
(denoted IV in his work) and [PT,][SO,H](H,0), (denoted
V in his work), which were intensely blue-violet in colour
(Drew, 1926h). We were able to confirm his observation.

O GO

benzodioxine phenoxatellurine

Scheme 1: Lewis formulas of benzodioxine and phenoxatellurine.

8 Open Access. © 2019 Mostaghimi et al., published by De Gruyter. [EIm | This work is licensed under the Creative Commons

Attribution alone 4.0 License.
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However, no single crystals were obtained from any of these
intensely blue-violet products. The crystal structure of 1
is shown in Figure 1. Like [PT][SbF ], (Mostaghimi et al.,
2019), 1 contains [PT,}* dications with a layered double-
decker structure, The Te-Te bond length of 1 (2.928(1) A)
are slightly larger than those of [PT,][SbF,], (2.897(1),
2.903(1) A) having two conformers in the asymmetric
unit. The degree of folding of the butterfly-structure can
be quantified using the fold angle a between the planes
defined by the two phenyl rings and the Te and O atoms.
The fold angles a of 1 (3.5°, 21.9°) closely resembles values
of one conformer of [PT,|[SbF], (3.4°, 20.8°). These very
similar structural features strongly suggest that the
pancake bonding situation including London dispersion
and non-covalent Te:Te interactions are also similar
(Mostaghimi et al., 2019).

The [PT,}* dication is associated with six [SO,H]" ions
via a total of eight Te--O contacts (2.910(1)3.465(1) A,
dashed blue lines in Figure 1) that are significantly shorter
than the primary Te-O bonds in [(4-MeOCH,),TeO]

Figure 1: Crystal structure of 1 (from two perspectives) showing
30% probability ellipsoids and the atomic numbering. The dashed
black and blue lines show secondary Te::-0 contacts and hydrogen
bonds, respectively.

F. Mostaghimi et al.: New insights into the oxidation of phenoxatellurine with sulfuric acid === 151

(2.025(2) and 2.100(2) A) (Beckmann et al., 2003). The
[H,0]" ion and the [SO,H]" ions give rise to rather strong
hydrogen bonds, as evidenced by the short O---O donor-
acceptor distances (2.535(1)-2.644(1) A, dashed black
lines).

Recrystallization of the red crystals (1) from hot water
at the air, furnished colorless crystals (2), which were also
investigated by X-ray crystallography. The composition of
the colorless crystals is [PT][SO,] (2), which is apparently
the same material Drew obtained by recrystallisation from
glacial acid (denoted VIIin his work). The crystal structure
of 2 is shown in Figure 2.

The structure consists of ion pairs alternating [PT]*
dications and sulfate ions that build a 1D coordination
polymer. The [PT]* dication of 2 is almost planar (fold a =
7.7°). The spatial arrangement of the Te atom is defined
by two slightly elongated primary Te---O bonds (2.153(4),
2.249(5) A; dashed black lines in Figure 2) and three
secondary Te--O bonds (2.940(4), 2.989(5), 3.099(5) A;
dashed blue lines in Figure 2).

Almost 100 vyears after the discovery that
phenoxatellurine (PT) dissolves in conc. sulfuric acid
to give intensively colorful solutions (Drew, 1926b), the
nature of one species, namely [PT,|[H,0][SO,H], (1), which
is responsible for the red color has been unraveled. A
related colorless species, namely [PT][SO,] (2), was also
obtained and fully characterized.

X-ray crystallography. Intensity data were
collected using a STOE IPDS 2T diffractometer (1) and
a Bruker Venture D8 diffractometer (2) with graphite-
monochromated Mo-Ka (0.7107 A) radiation. The
structures were solved by direct methods and difference
Fourier synthesis using SHELXS-97 implemented in

Figure 2: Crystal structure of 2 showing 30% probability ellipsoids
and the atomic numbering. The dashed black and blue lines show
slightly elongated primary Te--0 bonds and secondary Te:--0
contacts, respectively.

Unauthenticated
Download Date | 10/2/19 2:46 AM

53



152 = F. Mostaghimi et al.: New insights into the oxidation of phenoxatellurine with sulfuric acid

Table 1: Crystal data and structure refinement of 1and 2.

1 2
Formula C,H,,0,,5.Te, C,,H0,5Te
Formula weight, g mol™* 901.80 391.84
Crystal system triclinic monoclinic
Crystal size, mm 0.5x0.5x% 0.5 0.08 x 0.07 x 0.04
Space group PT P2,/n
a, A 10.997(2) 8.414(2)
b, A 12.523(2) 6.224(1)
A 12.689(2) 22.629(6)
a° 66.41(1) 90
B,° 78.10(1) 96.175(9)
v, © 65.83(1) 90
v, & 1459.1(4) 1178.18(5)
z 2 4
Py Mg m 2.053 2.715
(Mo Ka), mm™* 2.288 2.209
F(000) 876 752
Orange, deg 1.75t029.26 2.50t0 27.50
Index ranges -15=2h <15 -10sh<10
-17sks15 -7<k=8
-17=<1<17 -29<1<29
No. of reflns collected 16726 28767
Completenessto 6, 97.9% 97.3%
No. indep. Reflns 7776 2640
No. obsd reflns with 4479 1816
(I>20(1))
No. refined params 406 127
GooF () 0.943 1.048
R, (F) (1> 20(1) 0.0608 0.0535
WR, (F) (all data) 0.1759 0.0788
Largest diff peak/ 1.007 / -3.305 1.631/-1.398
hole, e A
CCDC number 1915290 1915291

the program WinGX 2002 (Farrugia, 1999). Full-matrix
least-squares refinements on F?, using all data. All
non-hydrogen atoms were refined using anisotropic
displacement parameters. Hydrogen atoms attached to
carbon atoms were included in geometrically calculated
positions using a riding model and were refined
isotropically. The hydrogen atoms attached to the oxygen
atoms (expect 015) of 1 were located during the last

DE GRUYTER

refinement cycle and refined isotropically. Crystal and
refinement data are collected in Table 1. Figures were
created using DIAMOND (Brandenburg and Putz, 2006).
Crystallographic data for the structural analyses have
been deposited with the Cambridge Crystallographic
Data Centre. Copies of this information may be obtained
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).

Acknowledgements: The Deutsche Forschungsgemein-
schaft (DFG) is gratefully acknowledged for financial
support.
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2.5. fac-Bis(Phenoxatellurine) Tricarbonyl Manganese(l) Bromide

2.5.1. Synopsis

The reaction of phenoxatellurine (PT) with manganese pentacarbonyl chloride leads to bis-
(phenoxatellurin)-tricarbonyl-manganese(l)-chloride (Mn(PT)2(CO)sCl).'*?! Due to the charac-
terization via infrared absorption the position of the phenoxatellurine (PT) units could only be

assumed as presented in Figure 13.

Figure 13. Suggested orientation of the substituents in the bis-(phenoxatellurin)-tricarbonyl-manga-
nese(l)-bromide (Mn(PT)2(CO)sCl) structure.['42

The aim of this work was to report the spartial arrangement of the substituents within the struc-
ture using the closely related (CO)sMnBr. Via X-ray analysis, the crystal structure was deter-

mined showing the arrangement predicted by Hieber and Kuck.

2.5.2. Experimental Contributions

In this study, | carried out the synthesis of the compounds and their characterization. Moreover
| wrote the experimental section and the manuscript with Prof. Dr. Jens Beckmann. X-ray anal-
ysis and structure refinements have been made by Dr. Enno Lork. The article was published

in the following journal:

Mostaghimi, F.; Lork, E.; Beckmann, J. fac-Bis(phenoxatellurine) tricarbonyl manganese(l)
bromide. Main Group Metal Chemistry 2020, 43, 181-183. DOI: 10.1515/mgmc-2020-0022.
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Abstract: The reaction of (CO)SMnBr with phenoxatellurine
(PT) provided the octahedral complex fac-(CO),(PT) MnBr
in which the two PT ligands are situated in cis-position.

Keywords: manganese; tellurium; metal carbonyl complex;
phenoxatellurine

Hieber’s pioneering work on metal carbonyls laid the
foundation for the field of organometallic chemistry
(Hieber, 1970). Whilst researching the substitution of CO
by alternative ligands, his group also studied the reaction
of (CO),MnCl with phenoxatellurine (PT), which provided
(CO),(PT), MnCl (1) as octahedral complex with an unknown
constitution (Scheme 1) (Hieber and Kruck, 1962).

Recently, we (re-)investigated the single-electron
oxidation of PT (Mostaghimi et al., 2019a, 2019b) and
the preparation of charge-transfer complexes with
PT (Chulanova et al., 2017), which prompted us study
the closely related reaction of (CO),MnBr with PT that
afforded an analogous complex fac-(CO),(PT)MnBr (2)
as colourless, low-melting solid (Scheme 1). Although
2 was reasonably soluble in many solvents including
chloroform and dichloromethane, no reasonable NMR
spectra were acquired, which was tentatively attributed
to the paramagnetic nature of the sample. The molecular
structure of 2 is shown in Figure 1 and selected bond
parameters are collected in the caption of the figure.
Crystal and refinement data are listed in Table 1.

The spatial arrangement of the manganese atom
is octahedral and defined by a C,Te,Br donor set. The
three CO ligands are arranged in a facial manner, which
is consistent with the observation of three intense CO
stretching vibrations at ¥ = 2007, 1943 and 1905 cm™.
For the starting material (CO),MnBr, the IR spectrum

*Corresponding author: Jens Beckmann, Institut fiir Anorganische
Chemie, Universitat Bremen, Leobener StraRe 7, 28359 Bremen,
Germany; e-mail: j.beckmann@uni-bremen.de

3 Open Access. © 2020 Mostaghimi et al., published by De Gruyter.

Attribution alone 4.0 License.

shows two intense CO stretching vibrations at t ¥ = 2055
and 1999 cm™ and in addition six minor intense CO
stretching vibrations (Kaesz, et al., 1967). The two PT
ligands adopt butterfly conformations and are situated
in cis-position to each other. The degree of folding
within the butterfly conformation may be quantified
by the fold angle a between the planes defined by the
two phenyl rings and the Te and O atoms. The fold
angles a of 2 (Tel: 34.4°, Te2: 37.8°) are very similar to
than in the free PT (37.5°) (Mostaghimi et al, 2019a).
The Te-Mn bond lengths of 2 (2.612(8) and 2.650(6) A)
are substantially longer than those of peri-substituted
acenaphthyl (Ace)-based complexes fac-(6-PhP-Ace-5-),
TeMn(CO),Br (2.599(1) A) and (6-Ph,P-Ace-5-) Mn(CO) Br
(2.546(1) A) (Do et al., 2018).

Experimental

Synthesis of fac-(C0),(PT),MnBr (2)

In a 25 mL J. Young tube, a solution of PT (470 mg,
1.6 mmol) in absolute ethanol (20 mL) was added to
(CO),MnBr (200 mg, 0.7 mmol). The mixture was heated
to 50°C. After the (CO).MnBr had entirely dissolved, the
solvent was evaporated to dryness. The solid residue was
dissolved in the minimum amount of dry dichloromethane.
This solution was carefully layered by the same volume
of hexane. Slow diffusion of the solvents induced
crystallization of the product, which was obtained as
orange needles (450 mg, 79% yield; Mp.: 75°C dec.).

MS (ESI, positive, CH,CL/CH,CN 1:10, 3uL/min): m/z
(rel. Int) = 537 (100%) [M-PT+Nal, 521 (56%) [M-PT+Li],
437 (55%) [Mn(CO),PT].

X-ray crystallography
Intensity data of 2 was collected on a Bruker Venture

D8 diffractometer with graphite-monochromated
Mo-Ka (0.7107 A) radiation. The structure was solved by

This work is licensed under the Creative Commons
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X Te
oc,,, | .Co oc,, | WPT
Mn + 2 B —— ‘Mn’
oc” | “Yco -2¢c0 oc” | b1
co o co
PT

1, X = Cl, (Hieber and Kruck, 1962)

2, X = Br, this work

Scheme 1: Reaction of (CO),MnX (X = Cl, Br) with phenoxatellurine (PT).

(CH

128

OTe)I(CO)BMnBr.

Table 1: Crystal data and structure refinement of

Formula
Formula weight, g mol™
Crystal system

Crystal size, mm

C,,H,,BrMnO,Te,
810.45
orthorhombic

0.60 x 0.60 x 0.50

Space group Pna2,

a, A 19.208(5)

b,A 20.513(5)

¢, A 6.428(5)

v, b 2533(2)

z 4

Poacr Mg M~ 2,125

TK 100

C13 c12 c22 # (Mo Ka), mm™ 4,394

F000) 1528
Figure 1: Molecular structure of fac-(CO),(PT) MnBr 6range, deg 2.25 10 30.08
(2) showing 50% probability ellipsoids and the Index ranges 27<he27
crystallographic numbering scheme. Selected bond o8 k<28
parameters [A]: Mn1-Tel 2.650(6), Mn1-Te2 2.612(8), 9cies
Mn1-C1 1.814(4), Mn1-C2 1.811(1), Mn1-C3 1.774(4), Mn1-Br1 S
2.524(2), Tel Mn1-Te2 89.01(6), Tel- Mn1-Br1 86.19(0), Tel- ~ o- of reflns collected 229503
Mn1-Cl1 87.61(4), Tel-Mn1-C2 175.32(5), Tel-Mn1-C3 95.18(0), ~ ComPletenessto6, 99.9%
Te2-Mn1-Brl 83.52(7), Te2-Mn1-C1 175.64(3), Te2-Mn1-C2 No. indep. Refins 7419
91.26(5), Te2-Mn1-C3 92.91(9). No. obsd reflns with (>2a(1)) 7227

No. refined params 130

GooF (FP) 1.047
direct methods and difference Fourier synthesis with R, (B 0> 2000 0.0119
subsequent Full-matrix least-squares refinements on Wk (F)(@lldata) 0.0252
F?, using all data (Dolomanov, 2009). All non-hydrogen Flack parameter 0.008(2)
atoms were refined using anisotropic displacement (4/9),,, <0.001
parameters. Hydrogen atoms were included in  Largestdiff peak/hole, e A~ 0.261/-0.492

geometrically calculated positions using a riding model.
Crystal and refinement data are collected in Table 1.

Figure 1 was created using DIAMOND (Brandenburg
and Putz, 2006). Crystallographic data for the structural
analysis has been deposited with the Cambridge
Crystallographic Data Centre, CCDC numbers 2017546.

Copies of this information may be obtained 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).
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2.6. Synthesis and Structure of 2,8-Dimethyl-10,10-dichlorophen-
oxatellurine

2.6.1. Synopsis
The synthesis and characterization of 2,8-dimethyl-10,10-dichlorophenoxatellurine is de-
scribed in this work. Unlike phenoxatellurine and 10,10-dichlorophenoxatellurine, 2,8-dimethyl-

10,10-dichlorophenoxatellurine reveals a planar ring structure.

Cl1
P

W’

Te1l

)@CIZ

Figure 14. Molecular structure of 2,8-Dimethyl-10,10-dichlorophenoxatellurine.

2.6.2. Experimental Contributions

In this study, | carried out the synthesis of the compounds. The characterization was carried
out with the help of Daniel Duvinage. Moreover | wrote the experimental section and the man-
uscript with Prof. Dr. Jens Beckmann. X-ray analysis and structure refinements have been

made by Dr. Enno Lork. The article was published in the following journal:
Mostaghimi, F.; Duvinage, D; Lork, E.; Beckmann, J. Synthesis and structure of 2,8-dimethyl-

10, 10-dichlorophenoxatellurine. Main Group Metal Chemistry 2020, 44, 9-11. DOIL:
https://doi.org/10.1515/mgmc-2021-0002.
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Abstract: The condensation of 4,4 -dimethyldiphenylether
with tellurium tetrachloride yielded 2,8-dimethyl-10,10-di-
chlorophenoxatellurine (3), which was characterized by
X-ray diffraction. Unlike the parent phenoxatellurine (1)
and the 10,10,-dichlorophenoxatellurine (2) showing but-
terfly conformations, 3 reveals a planar ring structure.

Keywords: tellurium, phenoxatellurine, diaryltellurium
dichloride, secondary bonding

The chemistry of phenoxatellurine (1, Scheme 1), a
heterocycle formally derived from dibenzodioxine in
which one the two oxygen atoms was replaced by a
tellurium atom, has a long history that was covered in a
review until 1995 (Gioaba and Gioaba, 1995).

It is assessable by reduction of 10,10-
dichlorophenoxatellurine (2, Scheme 1)), which can
be easily obtained by condensation of diphenylether
with tellurium tetrachloride (Drew, 1926). With
2-phenoxyphenyltellurum trichloride an intermediate of
this condensation reaction was recently isolated and fully
characterized (Toma, et. al., 2016). We recently studied the
electronic properties of a charge transfer complex hetween
1and [1,2,5]thiadiazolo[3,4-c][1,2,5]thiadiazole (Chulanova
et al., 2017) and (re-)investigated the single-electron
oxidation of 1 giving rise to the formation dicationic
double- and triple-decker complexes (Mostaghimi et al.,
2019a, 2019b). In context of this work, we also studied
the condensation reaction of 4,4 -dimethyldiphenylether
with tellurium tetrachloride, which afforded 2,8-dimethyl-
10,10-dichlorophencxatellurine (2) as slightly yellow
crystalline product in 93% yield (Scheme 2).

* Corresponding author: Jens Beckmann, Institut fiir Anorganische
Chemie, Universitat Bremen, Leobener StraRe 7, 28359 Bremen,
Germany, e-mail: j.beckmann@uni-bremen.de

Farzin Mostaghimi, Daniel Duvinage, Enno Lork: Institut fiir
Anorganische Chemie, Universitdt Bremen, Leobener Strafie 7,
28359 Bremen, Germany

The »Te NMR chemical shift of 3 (8 = 596.4 ppm)
is nearly identical with that of 2 (§ = 594.4 ppm). The
crystal and molecular structure of 3 is shown in Figure 1.
The key feature is the crystallographically imposed
planarity of the 2,8-dimethylphenoxatellurine scaffold,
which is in sharp contrast to the butterfly structures
of the unsubstituted phenoxatellurine scaffolds of 1
(Smith et al., 1973), 2 (Korp et. al., 1980), and 2:1/2 NCMe
(Mostaghimi, 2019b).

Like 2 (Korp et al., 1980) and other diaryltellurium
dichlorides (Zukerman-Schpector and Haiduc, 2001),
the spatial arrangement of the Te atom of 3 is trigonal
bipyramidal when bearing in mind the stereochemically
active lone pair. In this arrangement, the two
crystallographically equivalent Cl atoms occupy the
axial positions, whereas the two C atoms and the lone
pair are situated in the equatorial positions. Without the
lone pair, the structure can be also described as ‘see-
saw’ arrangement. The primary Te-Cl bond length of 3
(2.537(1) A) is consistent with those of 2 (2.478(3)-2.576(3)
A, Korp et al., 1980) and other diaryltellurium dichlorides
(Zukerman-Schpector and Haiduc, 2001). In the crystal
lattice, 3 forms a 2D coordination polymer defined by
secondary Te-+:Cl interactions, unlike 2, which give rise
to discrete tetramers with ‘cubane’ like structures (Korp
et al., 1980). The equivalent secondary Tel---Clb contacts
of 3 (3.558(1) A) are again comparable with those of 2
(3.368(4)-2.576(3) A) and other diaryltellurium dichlorides
(Zukerman-Schpector and Haiduc, 2001).

Experimental

Synthesis of 3

In a dried two necked flask equipped with a condenser
and a moist guard 5.55 g (20.6 mmol, 1.00 eq.) tellurium
tetrachloride and 4.08 g (20.6 mmol, 1.00 eq.) p-tolyl ether
are heated slowly over the course of 4 h to 200°C under
reflux. After cooling to room temperature the reddish
brown solid is mortared into a fine powder and stirred

3 Open Access. © 2021 Farzin Mostaghimi et al., published by De Gruyter. This work is licensed under the Creative Commons

Attribution 4.0 International License.
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Scheme 1: Phenoxatellurine (1) and 10,10-dichlorophenoxatellurine
().

(0] 0.
TeCl,
-2 HCl
Te
CI/ \C\
3
Scheme 2: Condensation reaction of 4,4’-dimethyldiphenyl

ether with tellurium tetrachloride providing 2,8-dimethyl-10,10,-
dichlorophenoxatellurine (3).

Figure 1: Crystal and molecular structure of 3 showing 30%
probability ellipsoid and the essential atomic numbering. Symmetry
codes: a = 1-x, y, 0.5-z; b =X, 1-y, -0.5+2; ¢ = 1-X, 1-y, 1-z. Selected
bond parameters [, °]: Tel-Cl1 2.536(8), Tel---Clb 3.558(1),

Tel-C10 2.078(3), Cl1-Tel-Cl1a 178.37(4), C10-Tel-C10a 92.68(2).

in diethyl ether to dissolve unreacted p-tolyl ether. The
solid is filtered off and the remaining product with traces
of elemental tellurium is stirred in acetone and filtered
again. Evaporation of the solvent gives 7.53 g (19.1 mmol,
93%) of 3 as a deep red crystalline solid.

'H NMR (600 MHz, CDCL): § = 7.67 (s, 2H, C,-H), 7:49
(d, 7], = 845 Hz, 2H, C, -H), 7,39 (dd, 7., = 8.45 Hz, /], =
2.00 Hz, 2H, C,-H), 2,41 (s, 6H, CH,) ppm. "C{'H} NMR (151
MHz, CDCL): § = 148.65 (s, C,-0), 135.55 (s, C,), 135.23
(s, C,). 135.23 (5. C,), 132.28 (s, C,), 119.87 (s, C, ), 115.72
(s, C,Te), 20.53 (s, CH,) ppm. **Te NMR (190 MHz, CD Cl,):
& = 596.40 (s) ppm. EI-MS (70 eV, 200°C, direct injection)
m/z (rel. Int.) = 367 (7) [M]*, 361 (17) [M-Cl]*, 326 (57)

DE GRUYTER
Table1: Crystal data and structure refinement of 3
Formula C,H,,CL0Te
Formula weight, g mol™? 394.74
Crystal system monoclinic
Crystal size, mm 0.08 x 0.06 x 0.04
Space group C2/c
a, A 18.6738(7)
b,A 10.0086(3)
¢ A 7.7964(3)
a,°© 90.00
B,° 97.676(1)
Y. °© 90.00
v, A 1444.08(9)
z 4
Pty Mg M2 1.816
T, K 100
p (Mo Ka), mm-~! 1.966
F(000) 760
B range, deg 2.31t0 35.03
Index ranges -30=<h=30
-16=<k=<16
-12<1<12
No. of reflns collected 22659
Completenessto ® 98.4%
No. indep. Reflns 3181
No. obsd reflns with (/>20(1)) 2788
No. refined params 84
GooF (P) 1.113
R (F)(>20() 0.0267
wR, (F) (all data) 0.0808
/), <0.001
Largest diff peak/hole, e A= 0.898/-1.479

[M-2Cl1]*, 196 (100) [M-Tel*. UV/Vis (CH,CL): A_) 275 nm,
305 nm, 386 nm, 518 nm.

HRMS ESI (CH,Cl,/MeCN 1:10 + 1% water): [M-2Cl+OH]*
calculated for C H OTe, m/z = 34299723; found,
342.99711. No signal was found without the addition of
water.

Decomp. point: 263°C

X-ray crystallography

Intensity data of 3 was collected on a Bruker Venture D8
diffractometer with graphite-monochromated Mo-Ka
(0.7107 A) radiation. The structure was solved by direct
methods and difference Fourier synthesis with subsequent
Full-matrix least-squares refinements on F?, using all data
(Farrugia,1999). Allnon-hydrogenatomswererefined using
anisotropic displacement parameters. Hydrogen atoms
attached to carbon atoms were included in geometrically
calculated positions using a riding model. Crystal and
refinement data are collected in Table 1. Figures were
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created using DIAMOND (Brandenburg and Putz, 2006).
Crystallographic data for the structural analysis has
been deposited with the Cambridge Crystallographic
Data Centre, CCDC number 1976524. Copies of this
information may be obtained free of charge from The
Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(Fax: +44-1223336033; e-mail: deposit@ccdc.cam.ac.uk
or http://www.ccdc.cam.ac.uk).

Conflict of interest: One of the authors (Jens Beckmann)
is a member of the Editorial Board of Main Group Metal
Chemistry.
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2.7. Synthesis and Crystal Structure of Phenoxaiodonium Tosylate

2.7.1. Introduction & Results

The synthesis and structure of the title compound, dibenzo[b,e][1,4]liodaoxin-5-ium 4-
methylbenzenesulphonate [C12HsOI][O3S(p-CsHsMe)], was reported. The phenoxaiodonium
cation [C12HsOl]" [6] was compared to the isoelectronic neutral phenoxatellurine C12HgOTe.
In recent years diaryliodonium salts received considerable attention as building blocks in or-
ganic synthesis and pharmacology.'*®! The phenoxaiodonium ion, [C12HsOI]* [6]*, a potent in-
hibitor of flavin-containing enzymes!'*, was first prepared 55 years ago but never fully char-
acterized.'* The phenoxaiodonium ion is isoelectronic with the neutral phenoxatellurine,
C12HsOTe, possessing a butterfly structure.['™ Upon single electron oxidation, phenoxatel-
lurine gives rise to the planar radical cation, [C12HsOTe]*, which rapidly undergoes aggregation

to form double-decker and triple-decker structures.['15146]

L0 ¢

Figure 15. Phenoxaiodonium cation (left) and isoelectronic neutral phenoxatellurine (right).

In this work, the phenoxaiodonium ion [6]* was obtained by oxidation of o-iodophenyl phenyl
ether with m-chlorobenzoic peracid in the presence of p-toluene sulphonic acid and isolated
as colourless crystalline tosylate salt [6][OsS(p-CsHsMe)] in nearly quantitative yield (Scheme
16).

o
m- ClCGH4CO3H
pP- MeCsH4SO3
|
[61[03S(p-CeHsMe)]

Scheme 16. Synthesis of phenoxaiodonium tosylate.

The crystal structure of [6][03S(p-CsHsMe)] is displayed in Figure 16. Selected bond parame-
ters are collected in the caption of the figure. The phenoxaiodonium ion [6]" adopts a butterfly
conformation (fold angle a. = 54.0°), which is more pronounced than in phenoxatellurine (fold

angle a = 37.5°).1""% The mean I-C bond length (2.096(2) A) is identical within the experimental
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error with the Te-C bond length (2.096(2) A) and the C-I-C angle 87.66(7)° is only marginally
smaller than the C-Te-C angle (88.98(6)°). In the crystal lattice, two phenoxaiodonium ions [6]*
and two tosylate ions are associated by secondary | - - - O contacts (2.726(2), 2.667(2) A) via

a crystallographic centre of inversion.

Figure 16. Crystal structure of [6][03S(p-CsHsMe)]. Selected bond parameters [°, A]: 11-C10 2.098(2),
[1-C20 2.093(2), C10-11-C20 87.66(7), I1---0O2 2.726(2), 11---03a 2.667(2).

2.7.2. Experimental

Reagents were obtained commercially (Sigma-Aldrich, Germany) and were used as received.
Dry solvents were collected from a SPS800 mBraun solvent system. Diethyl ether was dried
over potassium hydroxide and distilled of sodium/benzophenone. The electrospray ionization
mass spectrometry (ESI-MS) spectrum was obtained on the Bruker Impact Il. Acetonitrile so-
lutions were injected directly into the spectrometer at a flow rate of 3 yl min~'. Nitrogen was
used both as a drying gas and for nebulization with flow rates of approximately 4 L min~" and
a pressure of 0.4 bar. The spectrum was collected for one minute and averaged. UV/vis spectra

were recorded on a JASCO V-570 spectrometer.

2.7.2.1 Synthesis of [6][0:S(p-CcHsMe)]

O-iodophenyl phenyl ether was prepared by the lithiation of diphenyl ether with n-buthyllithium
in THF at 0 °C for 4h and the subsequent addition of iodine in THF at —78 °C.['*"] O-iodophenyl
phenyl ether was oxidized similar to examples in the literature by meta-chlorperoxybenzoic

acid in the presence of p-toluene sulphonic acid to form the cyclic aryliodonium tosylate!®!:
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O-iodophenyl phenyl ether (200 mg, 0.68 mmol, 1.00 eq.) and p-toluenesulphonic acid (161
mg, 0.84 mmol, 1.25 eq.) were suspended in dry CH2Cl» (20 ml) and stirred for 1 h, while the
suspension turns yellow. Afterwards the suspension was cooled to 0°C and m-chloroperoxy-
benzoic acid (146 mg, 0.84, 1.25 eq) was added, which turns the reaction mixture to dark violet
and a white precipitate forms. After stirring overnight the solvent was removed under reduced
pressure. The residue was washed with cold dry diethyl ether (3 x 10 ml) to remove remaining
acids, dissolved again in a mixture of dry CH2>Cl, and dry n-hexane (1:1) and decanted off of
possible remaining solids. Upon cooling the solution to —78 °C, [6][O3S(p-CsHsMe)] (300 mg,

0.64 mmol, 94 %) was obtained as colourless crystals.

X-ray crystallography. Intensity data of [6][Os:S(p-CeHsMe)] was collected on a Bruker Ven-
ture D8 diffractometer with graphite-monochromated Mo-Ko. (0.7107 A) radiation. The struc-
ture was solved by direct methods and difference Fourier synthesis with subsequent Full-ma-
trix least-squares refinements on F?, using all data.'*® All non-hydrogen atoms were refined
using anisotropic displacement parameters. Hydrogen atoms were included in geometrically
calculated positions using a riding model. Crystal and refinement data are collected in Table

7. Figures were created using DIAMOND.['41]
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Table 7. Crystal data and structure refinement of [6][O3S(p-CsHsMe)].

Formula C19H15104S

Formula weight, g mot? 466.29

Crystal system triclinic

Crystal size, mm 0.08 x 0.07 x 0.06

Space group P1

a A 7.457(2)

b, A 10.197(0)

c, A 12.388(9)

a, ° 100.423(1)

B, © 104.868(1)

y, ° 97.276(1)

Vv, A3 880.5(3)

4 2

Poalca, Mg m—3 1.759

T, K 100

u (Mo Ka), mm-' 1.958

F(000) 460

0 range, deg 2.39 to 32.61

Index ranges -11<h<M
-15<k<15
-18<1<18

No. of refins collected 32469

Completeness to 0 max 99.9%

No. indep. Reflns 6418

No. obsd refins with (1>2c(1)) 5609

No. refined params 227

GooF (F?) 1.050

R1 (F) (1> 20(1)) 0.0279

wR; (F?) (all data) 0.0583

(A/G) max < 0.001

Largest diff peak/hole, e A= 0.930/-1.300
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2.8. Synthesis and halogenation of bis(8-methoxynaphthyl)ditel-
luride

2.8.1. Synopsis

The utilization of diaryltellurides as starting materials in various organometallic reactions are
well known. Bis(naphthyl)ditelluride and naphthytellurides with intramolecular coordinated N-
donor substituents in peri-position to the tellurium atoms has been already described through-
outIy.“49'15°]

This work reports naphthylbased telluriumorganyles with intramolecular O-donor substituents

in peri-position, starting from 8-methoxynaphthyl lithium.

2.8.2. Experimental Contributions

In this work, | carried out part of the synthesis and characterization of the compounds and
wrote the experimental section with Wiebke Wohltmann and Jens Bolsinger. Prof. Dr. Jens
Beckmann was the principal investigator, designed the concept and wrote the manuscript. Sin-
gle crystal X-ray diffraction measurements and structure refinements have been made by Dr.
Enno Lork. Stefan Mebs did the DFT-calculations. The article was published in the following

journal:
Wohltmann, W.; Mostaghimi, F.; Bolsinger, J.; Lork, E.; Mebs, S.; Beckmann, J. Synthesis and

halogenation of bis(8-methoxynaphthyl)ditelluride. Inorganica Chimica Acta 2018, 475, 73-82.
DOI: 10.1016/j.ica.2017.08.011.
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ARTICLE INFO ABSTRACT

Article history: The intramolecularly coordinated 8-methoxytellurium compounds (8-MeOC;oHg),Tex (3), 8-
Received 29 June 2017 MeOC;oHgTeCls (7a), 8-MeOC,oHgTeBrs (7b) and 5-Br-8-MeOC;oHeTeBrs (7¢) were prepared and fully
Received in revised form 1 August 2017 characterized by multinuclear NMR spectroscopy, MS spectrometry and X-ray crystallography. The
:5:1?;2 iﬁi‘:iuf;?:;ust 2017 intramolecular Te-O coordination of 7a and the related 6-diphenylphosphinoxy-acenaphtyl-5-tellurium

trichloride (6a) as well as the related Te-N coordination of the 8-(dimethylamino)-naphthyltellurium
trichloride (5a) were analyzed using a set of real-space bond indicators derived from DFT calculations
and the electron density-based theories AIM, ELI-D and NCI. Similar electronic parameters were obtained
for the weak Te-N and Te-0 interactions in 5a and 7a, which are governed by c-hole bonding. Additional
electrostatic interactions between the terminal O atom and the Te atom in 6a result in a significantly
shorter and stronger Te-O contact compared to that in 7a. This, in turn, leads to an elongation of the

1Dedicated to Professor lonel Haiduc on the
occasion of his 80th birthday.

Te-Cl bond opposite to the Te-O bond.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Diarylditellurides are versatile starting materials in
organotellurium chemistry [1]. Well-known naphthyl-based
examples include bis(naphthyl)ditelluride (1) [2] and
bis(8-dimethylaminonaphthyl)ditelluride (2) [3], which contains
intramolecularly  coordinating  N-donor  substituents in
peri-position to the Te atoms (Scheme 1). In this work, we describe
the related bis(8-methoxynaphthyl)ditelluride (3), having
intramolecularly coordinating O-donor substituents to compare
the effect of the different donor atoms (Scheme 1).

The exhaustive halogenation of diarylditellurides usually gives
rise to aryltellurium trihalides, which due to the enhanced Lewis
acidity are often aggregated and as a result show a low solubility
in most organic solvents [1]. Intramolecularly coordinating donor
substituents reduce the Lewis acidity in aryltellurium trihalides
by formation of intramolecular donor acceptor bonds and by block-
ing off potential coordination sites at the Te atom [4]. From the set
of available intramolecularly coordinating donor substituents,
those comprising peri-substituted (ace)-naphthyl scaffolds are con-
sidered very rigid, which permanently prevents dissociation of the
intramolecular donor acceptor bonds [5]. Well-known (ace)naph-

# Corresponding authors at: Institut fiir Anorganische Chemie und
Kristallographie, Universitdt Bremen, Leobener StraRe 7, 28359 Bremen, Germany
(J. Beckmann).

E-mail addresses:  stebs@chemie.fu-berlin.de (S.
uni-bremen.de (J. Beckmann).

Mebs), j.beckmann@

http:/fdx.doi.org/10.1016/j.ica.2017.08.011
0020-1693/@ 2017 Elsevier B.V. All rights reserved.

thyl-based examples include naphthyltellurium trichloride (4a)
[6] and tribromide (4b) [7], 8-dimethylamino-naphthyltellurium
trichloride (5a) (8] and tribromide (5b) [3]| as well as the 6-
diphenylphosphinoxy-acenaphthyl-5-tellurium trichloride (6a)
and tribromide (6b) [9], which to the best of our knowledge have
not yet been compared to examine the effect of the intramolecular
coordination (Scheme 2). In this work, we extend this series by
chlorination and bromation of the 3, which provided 8-methoxy-
naphthyltellurium trichloride (7a) and tribromide (7b) and the
related 8-methoxy-4-bromo-naphthyltellurium tribromide (7c),
in which the bromination took place also at the aromatic ring
(Scheme 2). The intramolecular donor-acceptor interactions of
5a-7a are investigated with density functional theory (DFT) com-
putations and subsequent analysis of a set of real-space bonding
indicators (RSBI). Topological dissection of the calculated electron
density (ED) according to the Atoms-In-Molecules (AIM) [10]
space-partitioning scheme provides a bond paths motif, which
resembles the molecular structure, as well as atomic/fragmental
charges and volumes. The electronic properties at the bond critical
points (bcps) connecting two adjacent atoms are used to
characterize all types of chemical bonds [11]. Non-covalent inter-
actions can be determined and visualized by the reduced electron
density gradient, s(r)=[1/2(3n?)'?]|Vpl/p*?, according to the
Non-Covalent interactions Indicator (NCI) [12] approach. Mapping
the second eigenvalue of the electron density Hessian, %, on the
NCI surface discriminates steric/repulsive (% > 0), van-der-Waals
like (hp =~ 0), and attractive (A, <0) interactions from each other.
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Scheme 1. Naphthyl-based diaryl ditellurides 1-3.
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Scheme 2. (Ace-)Naphthyl-based aryltellurium trihalides 4-7.

Topological dissection of the pair density according to the Electron
Localizability Indicator (ELI-D) [13] method provides core, bond-
ing, and lone-pair basins, which can be integrated to give electron
populations and volumes, ELI-D thus is especially useful for the
analysis of covalent (including dative) bonds. Notably, ELI-D and
NCI show complementary spatial distribution [14] suggesting spa-
tial separation of covalent and non-covalent bonding aspects [15].
Dissecting ELI-D basins into contributions of AIM atoms forming
this basin gives information about bond polarization and is called
Raub-Jansen-Index (RJI) [16]. Homopolar contacts have values of
50%, which can become larger than 90-95% for dative bonds and
larger than 99% for weak ionic and non-bonding contacts. Typical
polar-covalent interactions are in the range between 70 and 90%.
Mapping the electrostatic potential (ESP) on ED surfaces of the
molecules under consideration or proper fragments helps to iden-
tify regions with increased Lewis acidity or basicity. Combining the
mentioned RSBI facilitates monitoring (minute) electronic effects
induced by small local changes in the geometry or electronic envi-
ronment such as those induced by the intramolecular coordinating
donor groups in peri-position.

2. Results and discussion
2.1. Experimental aspects and characterization

The reaction of the well-known 8-methoxynaphthyl! lithium
[17] with Te powder and the subsequent oxidation of the lithium
tellurolate intermediate by molecular oxygen afforded bis(8-
methoxynaphthyl)ditelluride (4) as orange-red crystalline solid in
51% yield (Scheme 3). It is characterized by a '**Te chemical shift
of 6 =415 ppm, which compares well with that of bis(8-dimethy-
laminonaphthyl)ditelluride (5, é =433 ppm) [18]. The molecular
structure of 3 is shown in Fig. 1 and selected bond parameters of
1-3 are collected in Table 1 [3]. The C-Te-Te-C torsion angles of

3(100.55(5)°) is larger than 90°,which points to transoid conforma-
tion, whereas, the C-Te-Te-C torsion angles of the parent 1 (86.96
(1)°)[2] and 2 (81.2(2)°) is smaller than 90°, which is indicative for
a cisoid conformation [19]. The average Te-O coordination of 3
(2.725(2) A) and the average Te-N coordination of 2 (2.721(5))
are equal within the experimental error. The Te-Te bond length
of the parent 1 (2.711(1) A) [2] is the shortest of all three ditel-
lurides, but that of 3 (2.713(1)A) is nearly identical. However,
the Te-Te bond length of 2 (2.765(1)A) is significantly longer,
which is tentatively attributed to the fact that the N atom of 2 is
a better donor than the O atom of 3.

The chlorination of 3 to give 8-methoxy-naphthyltellurium
trichloride (7a) was achieved with the rather unusual reagent thio-
nyl chloride SOCI; (Scheme 2). In this way, 7a was obtained as yel-
low crystalline solid in 91% yield. Neither the mechanism of the
chlorination nor the by-products are known. The chlorination of
3 with the more rational reagent sulfuryl chloride SO,Cl, gave mix-
tures of products, which contained 7a and similar species that
were chlorinated also at the aromatic ring. Attempts to separate
these mixtures by fractional crystallization failed. The stoichiome-
try controlled bromination of 3 produced two products, namely, 8-
methoxy-naphthyltellurium tribromide (7b) and 5-bromo-8-
methoxy-naphthyltellurium tribromide (7¢), which were isolated
as yellow and orange crystals in yields of 33% and 82%, respectively
(Scheme 3). The trichloride 7a shows a '2°Te NMR chemical shift of
§=1370 ppm that is strongly reminiscent to those of 4a
(1373 ppm) and 5a (1355 ppm). However, the tribromides 7b
and 7c gave rise to '>°Te NMR chemical shifts of 6=822 and
733 ppm that differ substantially to those of 4b (1348 ppm) and
5b (1373 ppm) without any obvious reason. The molecular struc-
tures of 7a-7c are shown in Fig. 2. In addition, the molecular struc-
ture of the previously known 5b is presented in the ESI. Selected
bond parameters of 4a-7a, 4b-7b and 7c are collected in Table 2
[3]. Taking into account the CX5 donor set (X = Cl, Br) and the lone
pair, the spatial arrangement of the Te atoms can be described as
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Scheme 3. Synthesis and halogenation of bis(8-methoxynaphthyl)ditelluride (3).

c23
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Fig. 1. Molecular structures of 3 (top left), 7a (top right), 7b (bottom left) and 7c (bottom right). The probability ellipsoids are set to 30% (7a) and 50% (3, 7b, 7c).

trigonal bipyramidal. Consistent with Bent's rule the equatorial Te- <da (2.334(3) A) < 5a (2.442(2) A) < 6a (2.466(1) A). The Te-Breq
Xeq bond lengths are shorter than the axial Te-X.x bond lengths. bond length follows the same trend and increases in the order 7¢
The Te-Cleq bond length increases in the order 7a (2.331(3) A) (2.4913(4)A)<7b (2.4976(2)A)<4b (2.554(1)A)<5b (2.607
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Table 1
Selected bond parameters [A, °| of diaryl ditellurides 1-3.
Te-Te Te-C Te-E Te-Te-C C-Te-Te-C
1 (E=null) [2] 2.711(1) 2.135(3) - 97.96(9) 86.96(1)
2(E=N)[3] 2.765(1) 2.126(5), 2.699(5), 99.5(1), 81.2(2)
2.130(5) 2.743(5) 100.9(1)
3(E=N) 2.713(1) 2.159(1), 2.718(1), 100.85(4), 100.55(5)
2.153(1) 2.731(2) 100.92(4)

Fig. 2. (a) AIM-topology, (b) NCI iso-surface (s(r) = 0.5), (c) ELI-D iso-surface (Y = 1.3), and (d) ELI-D distribution mapped on relevant ELI-D basins for 5a. (e) and (f) display the
electrostatic potential in both transparent and solid mode mapped on 0.001 a.u. iso-surfaces of the electron density for compound fragments of 5a lacking the donor or
acceptor group. (e) Fragment is naphthyldimethylamine NapMe;N (see Table 4) (f) Fragment is naphthyltellurium trichloride 4a. Color-scheme: carbon - dark grey, hydrogen
- light grey, tellurium - purple, chlorine - green, nitrogen - blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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Table 2
Selected bond parameters [A, °] of the aryltellurium trihalides 4a-7a, 4b-7b and 7c.
Te-C Te-E Te-Xeq Te-Xax E-Te-Xeq Xax—Te-Xax

4a (E=null, X=C1) [6] 2.115(5) - 2.334(1) 2.382(1), - 171.93(5)
2.673(1)

5a(E=N,X=0l)[8] 2.105(3) 2.420(3) 2.442(2) 2.488(2), 171.29(6) 172.17(3)
2.529(2)

6a(E=N,X=dl)[9] 2.137(2) 2.188(1) 2.466(1) 2.472(1), 178.55(4) 174.73(2)
2.532(1)

7a(E=0,X=Cl) 2.114(6) 2.466(6) 2.331(3) 2.446(2), 2.539(2) 169.41(13) 177.09(6)

4b (E=null, X = Br) [7] 2.130(1) - 2.554(1) 2517(1), - 173.11(5)
2.953(2)

5b (E=N, X=Br) 3] 2.112(5) 2.434(5) 2.607(2) 2.646(2), 172.6(1) 172.70(3)
2.701(2)

6b (E=0, X=Br) [9] 2.143(2) 2,195(1) 2.626(1) 2,641(1), 178.37(4) 177.143(8)
2.701(1)

7b (E=0, X=Br) 2.124(2) 2.474(1) 2.4976(2) 2.6751(2), 171.70(3) 174.373(7)
2.6838(2)

7c (E=0, X =Br) 2.121(3) 2.519(2) 2.4913(4) 2.6713(4), 169.45(5) 174.847(13)
2.6806(4)

(2)A)<6b (2.626(1) A). In the parent aryltellurium trihalides, the
difference between the axial Te-X,, bond lengths is more pro-
nounced than in the intramolecularly coordinated aryltellurium
trihalides. The shortest intramolecular donor acceptor coordina-
tion is observed in the 6-diphenylphosphinoxy-acenaphtyl-5-tel-
lurium trihalides 6a and 6b. The intramolecular Te-O contacts of
2.1881(1) and 2.195(1) A nearly approach the ‘standard’ Te-O sin-
gle bond lengths of [(p-MeOCgH,4),Te0], (2.025(2) and 2.100(2) A)
[20]. Compared to these values, the intramolecular Te-O contacts
of 7a (2.466(6) A), 7b (2.474(1) A) and 7¢ (2.519(2) A) are substan-
tially longer. They are also slightly longer than the intramolecular
Te-N contacts of 5a (2.420(3)A) and 5b (2.434(5)A), which
reflects the better donor capability of the latter. In the solid state,
two molecules of 7a-7c are associated giving rise to the formation
of centrosymmetric dimers via Te-..Cl and Te. . -Br interactions of
3.557(2), 3.575(2) and 3.636(4) A, respectively. Taking into account
the CX3E donor set of the first coordination sphere and the inter-
molecular X contact, the spatial arrangement of the Te atoms can
also be described as distorted octahedral.

2.2. DFT caleulations

The AIM bond topologies, NCI surfaces, ELI-D distributions, and
ESPs mapped on the ED of fragments lacking the donor or acceptor
group for DFT models 5a-7a are displayed in Fig. 2-4. Topological
and integrated AIM and ELI-D properties of all Te-X bonds (X=C,
Cl) and Te-E contacts (E=0, N) are given in Table 3 and atomic
or fragmental AIM charges are listed in Table 4. The Te-O and
Te-N donor-acceptor interactions in 5a-7a are dominated by
non-covalent bonding aspects, which is reflected in low p(r) values
of 0.26-0.45 e A%, positive signs of the Laplacian (1.7-3.9 e A%),
strongly positive G/p(r) values of 0.51-0.80 a.u., low negative H/
p(r) values of —0.05 to —0.19 a.u,, and RJI values above 99%
(Table 3). This is further supported by the formation of NCI basins
between Te and O/N (Figs. 2b-4b) and the formation of O and N
lone-pair basins instead of Te-O and Te-N bonding basins
(Figs. 2d-4d). Mapping the ESP on ED isosurfaces of molecular frag-
ments lacking the intramolecularly coordinating donor group
uncovers a Lewis acidic area opposite to the central chlorine atom
(Figs. 2f-4f), suggesting c-hole bonding to be present in all three
compounds. Moreover, our DFT study shows that the electronic sit-
uation of the Te atom is similar in compound 7a and 5a despite the
different donor atoms - O in 7a and N in 5a, and different from that
in compound 6a with a O atom. For 7a and 5a a disc-shaped Te-0/
N NCI basin is observed, the red color of which indicates attractive
non-covalent interactions, whereas a ring-shaped NCI basin is

observed for the ca. 0.3 A shorter Te-O contact of 6a, which indi-
cates the onset of covalent bonding contributions. The ELI-D O
and N lone-pair basin in 7a and 5a are flat in direction of the Te
atom (Figs. 2d and 4d), but for 6a a small deformation of the O
atom lone-pair basin surface is visible (Fig. 3d). The reason for
these differences is becoming evident by inspection of the ESP of
the donor fragments, which only in the case of 6a show a region
of pronounced Lewis basicity at the terminal O atom, compare
Fig. 3e with Figs. 2e and 4e. This leads to an enhanced polarization
between donor and acceptor, which is also reflected in the AIM
atomic charges of 7a: Qam(0)=1.16 e, Qam(Te)=1.69 e and 6a:
Qam(0)=—1.46 e, Qam(Te) = 1.76 e, see Table 4. The Te-Cl bonds
are also dominated by non-covalent contributions, as only for the
Te-Cl bond opposite to the O-Te contact in 7a a small Te-Cl ELI-
D bonding basin is formed carrying 0.64 e, whereas for all other
Te-Cl bonds the Cl atoms valence shells are denoted as lone-pair
basins, see Table 3. Nevertheless, comparatively higher p(r) values
of 0.48-0.66 e A3, smaller G/p(r) values of 0.54-0.59 a.u., more
negative H/p(r) values of —0.32 to —0.45 a.u., RJI values between
95% and 98% and ring-shaped NCI basins are indicative for non-
negligible covalent Te-Cl bond contributions. In all three cases
the Te—Cl bond, which is located in the plane of the nap/ace-back-
bone is slightly shorter compared to the two Te-Cl bond perpen-
dicular to the plane. On the contrary, the Te-C bonds are
dominated by covalent contributions, which is characterized by
high p(r) values of 0.83-0.87 e A3, negative signs of the Laplacian
(1.8 to —1.9 e A%), even smaller G/p(r) values of 0.39-0.41 a.u.,
even more negative H/p(r) values of —0.54 to —0.55 a.u., and RJI
values of 56-57% see Table 3. Accordingly, Te-C basins are formed
in the ELI-D with electron populations of 2.2-2.3 e, but no T-C
basins are observed in the NCL In an overall picture both Te-Cl
and Te-C bonds are hardly affected by the Te-O/N interaction. Tiny
electron redistributions due to Te-O/N bond formation become
apparent by comparing atomic and fragmental AIM charges of
compounds 5a-7a with the respective charges obtained for the
fragments lacking the donor or acceptor group (Table 4). At first
glance, the atomic charge of the donor atom (O or N) is little
affected by the Te-O/N interaction (difference: 0.02-0.03 e).
Whereas the P atom in 6a gains 0.06 e, each Me or Ph group in
5a-7a looses ca. 0.05 e, which results in an overall electron loss
of 0.10e (5a), 0.11 e (6a), and 0.02 e (7a) for the donor part. On
the acceptor side the Te atoms are by 0.04-0.14 e more positive,
whereas the central Cl atom (along the O/N-Te-Cl plane) gains
ca. 0.15 e. The Cl atoms located perpendicular to the plane gain
up to 0.04 e, resulting in an overall electron gain of 0.13 e (5a),
0.07 e (6a), and 0.07 e (7a) for the acceptor moiety. Notably, the
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Fig. 3. (a) AIM-topology, (b) NCI iso-surface (s(r) = 0.5), (¢) ELI-D iso-surface (Y = 1.3), and (d) ELI-D distribution mapped on relevant ELI-D basins for 6a. (e) and (f) display the
electrostatic potential in both transparent and solid mode mapped on 0.001 a.u. iso-surfaces of the electron density for compound fragments of 6a lacking the donor or
acceptor group. (e) Fragment is acenaphthyldiphenylphosphine oxide AcePh,PO (see Table 4) (f) Fragment is acenaphthyltellurium trichloride 4a'. Color-scheme: carbon -
dark grey, hydrogen - light grey, tellurium - purple, chlorine - green, oxygen - red. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

AIM charges of the (ace)naphthyl backbones of models 5a-7a can
be estimated by adding the charges of the respective donor and
acceptor fragments, e.g. for naphthyl in 5a: 0.31e (donor frag-
ment) + —0.09 e (acceptor fragment) = 0.22 e (5a). Apparently, the
electronic effect of donor and acceptor groups to the backbone
parts simply add up to give the final charges (Table 4).

3. Conclusions

The first 8-methoxynaphthyltellurium compounds have been
prepared, which add further examples to the rapidly growing com-

pound class of peri-substituted (ace)naphthyl species [21]. Due to
the higher Lewis acidity of the Te atoms, the intramolecular Te-
O coordination is shorter in the aryltellurium trihalides 7a-7c than
the diaryl ditelluride 3. The calculated electrostatic potential of a
fragment of 7a lacking the OMe donor group shows that the Te-
O interaction is determined by c-hole bonding, which is induced
by the coaxial Te-Cl bond. Corresponding computations of frag-
ments 4a and 4a’ lacking the TeCl; acceptor group proves the ter-
minal O atom in the Ph,PO group of 6a to be a much stronger Lewis
base compared to the methoxy atom in 7a, which explains the sig-
nificantly shorter Te-O contact in the former.
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Fig. 4. (a) AIM-topology, (b) NCI iso-surface (s(r) = 0.5), (c) ELI-D iso-surface (Y = 1.3), and (d) ELI-D distribution mapped on relevant ELI-D basins for 7a. (e) and (f) display the
electrostatic potential in both transparent and solid mode mapped on 0.001 a.u. iso-surfaces of the electron density for compound fragments of 7a lacking the donor or
acceptor group. (e) Fragment is naphthylmethylether MeONap (see Table 4) (f) Fragment is naphthyltellurium trichloride 4a. Color-scheme: carbon - dark grey, hydrogen -
light grey, tellurium - purple, chlorine - green, oxygen - red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
4. Experimental section
4.1. General

Reagents were obtained commercially and used as received. Dry
Solvents were collected from a SPS800 mBraun solvent system.
Manipulation of air-sensitive compounds was carried out under
an argon atmosphere using standard Schlenk and glove-box tech-
niques. 'H-, 13C- and '?°Te-NMR spectra were recorded at r.t. using
a Bruker Avance-360 spectrometer and are referenced to tetram-

ethylsilane ('H, '*C) and dimethyl telluride ('2Te). Chemical shifts
are reported in parts per million (ppm) and coupling constants (J)
are given in Hertz (Hz). Electron impact mass spectroscopy (EIMS)
was carried out using a Finnigan MAT 95.

4.2. Synthesis of bis(8-methoxy-naphthyl)ditellurid (3)

A solution of tert-butyl lithium (3.75 mL, 6.37 mmol) in hexane
was slowly added to a solution of methoxynaphthalene (1.00 g,
6.37 mmol) in hexane (10 mL). Stirring for 36 h at room tempera-
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Table 3

Electronic bond parameters of Te-X bonds (X = C, Cl) and Te-E contacts (E = O, N) of 5a-7a.

Contact d[A] p(r) [eA~] V2p(r) [eA”] € G/p(r) [a.u] H/p(r) [a.u.] N [e] Ve [A%] YEu RJ1 [%]
6a Te-0 2270 045 3.9 0.07 0.80 -0.19 6.13 15.9 1.63 99.5
5a Te-N 2.565 033 1.7 0.09 0.51 -0.17 1.99 4.2 1.83 99.0
7a Te-0 2.556 0.26 24 0.03 0.71 -0.05 4.70 5.1 1.70 99.9
6a Te-CI2 2.424 0.58 14 0.05 0.57 -0.40 7.78 17.6 1.69 949
5a Te-Cl2 2.399 0.61 13 0.06 0.56 -0.41 7.78 17.4 1.67 94.6
7a Te-CI2 2351 0.66 14 0.06 0.59 -045 7.13 16.5 1.68 98.1
0.64 1.0 1.40 502

6a Te-CI3 2.504 0.50 14 0.06 0.54 -0.34 7.76 18.7 1.65 95.8
6a Te-Cl4 2.528 0.48 1.5 0.06 0.54 -0.32 7.75 182 1.64 96.2
5a Te-CI3 2.508 0.50 1.5 0.04 0.55 -0.34 7.73 18.2° 1.64 96.3
5a Te-Cl4 2.508 0.50 1.5 0.04 0.55 -0.34 7.73 18.2 1.64 96.3
7a Te-CI3 2.493 0.51 1.5 0.04 0.55 -0.35 7.72 186 1.64 96.2
7a Te-Cl4 2.493 0.51 15 0.04 0.55 -035 7.72 18.6 1.64 96.1
6a Te-C 2153 0.83 -1.8 0.06 0.39 -0.54 2.30 6.3 1.71 571
5a Te-C 2123 0.87 -1.8 0.05 041 -0.55 2.24 5.9 1.69 56.7
7a Te-C 2131 0.86 -19 0.05 0.40 -0.55 2.23 59 1.68 55.7

For all models: d is the atom-atom distance, p(r) is the electron density (ED) at the bond critical point, V2p(r) is the corresponding Laplacian, ¢ is the bond ellipticity, G/p(r)
and H/p(r) are the kinetic and total energy density over ED ratios, Ny and Vg, are electron populations and volumes of related ELI-D basins, YELI is the ELI-D value at the

attractor position, RJI is the Raub-Jansen Index.
" Cl Lone-pair basins added to one number.

Table 4

Atomic and fragmental AIM charges (in e) of 5a-7a.
Compound backbone NapMe;N nap AcePh;PO ace MeONap nap 4a nap 43" ace 5a nap 6 ace 7a nap
Te 1.61 1.62 1.65 1.76 1.69
a -0.41 -0.38 -0.54 -0.52 —-0.55
c2 —0.54 —0.55 —0.57 —0.55 —0.56
s —0.56 -0.57 -0.57 —0.59 —-0.56
Acceptor 0.10 0.12 -0.03 0.05 0.03
napface 0.31 -0.49 0.55 -0.09 -0.13 0.22 -0.64 0.46
N/O -1.01 -1.49 -1.14 -0.99 —-1.46 -1.16
P 3.01 2.95
Me/Ph 0.35 -0.50 0.58 0.39 —0.45 0.62
Me/Ph 0.35 -0.51 0.39 -0.44
Donor —-0.31 0.50 -0.56 -0.21 0.61 -0.54
Sum 0.00 0.01 0.00 0.01 -0.01 —0.02 0.02 —0.06

ture turned the solution into dark-yellow suspension. All volatile
materials were removed under reduced pressure to leave a yellow
solid, which was dissolved in THF (10 mL) before tellurium powder
(810 mg, 6.37 mmol) was added. The resulting dark-red solution
was stirred overnight before dried air was bubbled through for
30 min. The solvent was removed under reduced pressure and
the crude product extracted with THF (40 mL). The solvent was
removed nearly to dryness (about 3 mL). Addition of MeCN
(3mL) induced precipitation of an orange-red solid (Yield:
920 mg, 1.62 mmol, 51%; M.p. 142 °C).

TH NMR (CDCl5): 6=7.96 (d, 3y =7.3 Hz, 2H; H5), 7.60 (d,
3Jun=8.0Hz, 2H; H7), 7.44 (d, *Jyy=8.3 Hz, 2H; H4), 7.40 (t,
3Jun=8.1Hz, 2H; H6), 7.12 (t, 3Jyy=7.8 Hz, 2H; H3), 6.89 (d,
3Jun = 7.2 Hz, 2H; H2),4.10 ppm (s, 6H; CHs). '*C-{"H}-NMR (CDCl5):
6=154.3, 136.5, 135.7, 133.7, 127.9, 1274, 126.8, 125.6, 121.5,
104.7, 54.4 ppm. '**Te-{"H}-NMR (CDCls): é = 415 ppm. EI-MS: m/
Z (%) =570 (69) [M]*, 444 (10 0) [M—Te]", 315 (87) [M—2 Te]".

4.3. Synthesis of 8-methoxy-naphthyltellurium trichloride (7a)

At 0 °C, thionyl chloride (25 pL, 0.348 mmol) was slowly added
to a stirred solution of 3 (200 mg, 0.348 mmol) in THF (10 mL).
After the addition was finished the slightly yellow solution was
stirred for 1 h at room temperature and the solvent was removed
under reduced pressure, The solid residue was crystallized from
CH,Cl,/hexane by slow evaporation to give yellow crystals of 7a
(250 mg, 0.318 mmol, 91%; Dec. 151 °C).

'H NMR (CDCl3): 6=8.66 (d, *Juy=7.4Hz, 1H; H5), 8.08 (d,
3Juu=7.9 Hz, 1H; H7), 7.86 (t, *Jyy=7.4Hz, 1H; H6), 7.67 (d,

*Jur=8.1Hz, 1H; H4), 7.58 (t, *Juy=7.9Hz, 1H; H3), 6.14 (d,
}Juyw=7.5Hz, 1H; H2), 439 ppm (s, 3H; CHs). "*C-{"H)}-NMR
(CDCls): 6=151.6, 139.4, 135.2, 131.7, 128.1, 127.0, 126.8, 123.4,
121.8, 108.3, 57.5 ppm. '**Te-("H}-NMR (CDCl3): & =1370 ppm.
EI-MS: m/z (%) =357 (25) [M—CI]*, 192.2 (1 0 0) [M—TeCl,]".

4.4. Synthesis of 8-methoxynaphthyltellurium tribromide (7b)

At 0 °C, bromine (65 mg, 4.05 mmol) dissolved in CHCl5 (15 mL)
was slowly added to a stirred solution of 3 (920 mg, 1.62 mmol) in
CDCl; (40 mL). After the addition was finished the suspension was
stirred for 1 h at room temperature before the solid was collected
by filtration and washed with CH,Cl; (5 mL). The solid product was
crystallized by diffusion of hexane into a solution of acetone to give
yellow crystals of 7b (Yield: 290 mg, 0.53 mmol, 33% M.p. 161 °C).

'H NMR (CDCl5): 6=8.68 (d, *Juy=7.6 Hz, 1H; H5), 8.08 (d,
*Jur=83Hz, 1H; H7), 7.82 (t, *Juy=7.9Hz, 1H; H6), 7.66 (d,
}Jun=8.4Hz, 1H; H4), 7.60 (t, *lyy=7.3Hz, 1H; H3), 7.19 (d,
}uy=7.2Hz, 1H; H2), 440ppm (s, 3H; CH;). "*C-{'H}-NMR
(CDCl3): 6=151.2, 135.3, 132.3, 131.7, 129.6, 129.0, 1284, 122.7,
1216, 1083, 57.6ppm. '*Te-{'"H}-NMR ((Dg-acetone):
6 =822 ppm.

4.5, Synthesis of 5-bromo-8-methoxy-naphthyltellurium tribromide
(7c)

At 0 °C, bromine (27 pL, 1.05 mmol) was slowly added to a stir-
red solution of 3 (200 mg, 0.348 mmol) in CDCls (15 mL). After the
addition was finished the orange solution was stirred for 1h at
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Table 5
Crystal data and structure refinement of 3 and 7a-7c.
3 7a 7b 7c
Formula Cy2H150,Te; C11HgCl30Te C;1HgBr;0Te Cy1HgBrsOTe
Formula weight, g mol ' 569.56 391.13 524.51 603.41
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Crystal size, mm 0.08 x 0.07 x 0.05 0.22 % 0.20 x 0.12 0.09 x 0.08 x 0.05 0.20 x 0.18 x 0.04
Space group P2,y/n P2,/c P2,/ P2,/c
a A 12.0030(3) 11.5074(7) 7.6050(2) 15.0437(7)
b, A 10.1347(2) 14.666(1) 15.3970(5) 12.0681(5)
oA 16.0911(4) 7.8816(7) 11.7728(4) 8.0954(4)
,° 90 90 90 90
. 106.469(1) 96.922(2) 104.021(1) 102.725(2)
. ° 90 90 90 90
v, A3 1877.12(8) 13204 (2) 1337.46(7) 1433.6(1)
V4 4 4 4 4
caleds Mg m 3 2015 1.968 2.605 2.796
(Mo Ka), mm ™! 3122 2.835 11.163 13.204
F000) 1080 744 960 1096
range, deg 2.40-30.05 2.78-27.54 222-2835 2.78-30.05
Index ranges -16<h<16 -14<h<14 -10<h<10 -17<h<17
-14<k<14 -19<k<19 -20<k<20 -17<k<17
-22<1<22 -10<1<9 -15<1<15 -19<1<20
No. of reflns collected 116089 16311 208249 57245
Completeness to max 99.9% 99.7% 99.9% 98.6%
No. indep. Reflns 5493 3027 3341 4152
No. obsd reflns with (I > 2(I)) 5049 2426 3137 3487
No. refined params 237 146 146 155
GooF (F?) 1.098 1.152 1.089 1.052
Ry (F) (1> 2(I)) 0.0152 0.0599 0.0129 0.0262
WR; (F?) (all data) 0.0350 0.1439 0.0275 0.0595
Largest diff peak/hole, e A3 0.974/-0.642 0.684/-1.636 0.517/-0.306 1.052/-0.965
CCDC number 1558299 1558300 1558301 1558302

room temperature and the solvent was removed under reduced
pressure. The solid residue was crystallized from CH,Cl;/hexane
by slow evaporation to give orange crystals of 7c¢ (300 mg,
0.286 mmol, 82%; Dec. 183 °C).

'H NMR (CDCl3): =878 (d, *Juu=7.4 Hz, 1H; H5), 8.50 (d,
3Jun=8.1Hz, 1H; H7), 7.95-7.89 (m, 2H; H3+H6), 7.08 (d,
*Jlumw=7.3Hz, 1H; H2), 4.41ppm (s, 3H; CHs). "C-{"H}-NMR
(CDCl3): 6=150.9, 133.4, 132.7, 131.4, 130.6, 130.3, 129.7, 1226,
116.7, 1089, 57.9ppm. '*Te-{'H}-NMR ((Dg-acetone):
6=773 ppm.

4.6. Crystallography

Intensity data of 3 and 7a-7¢ was collected on a Bruker Venture
D8 diffractometer at 100 K with graphite-monochromated Mo-Kot
(0.7107 A) radiation. All structures were solved by direct methods
and refined based on F? by use of the SHELX program package as
implemented in WinGX [22]. All non-hydrogen atoms were refined
using anisotropic displacement parameters. Hydrogen atoms
attached to carbon atoms were included in geometrically calcu-
lated positions using a riding model. Crystal and refinement data
are collected in Table 5. Figures were created using DIAMOND
[23]. Crystallographic data (excluding structure factors) for the
structural analyses have been deposited with the Cambridge Crys-
tallographic Data Centre. Copies of this information may be
obtained 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).

4,7. Computational methodology

The atomic coordinates of compounds 5a-7a were used as
input for gas-phase calculations at the B3PW91/6-311+G(2df,p)
[24] level of theory using Gaussian09 [25]. For the Te atoms effec-
tive core potentials (ECP28MDF) and a corresponding cc-pVTZ

basis set were applied [24]. The resulting wavefunction files were
used for topological analysis of the electron density (ED) according
to the Atoms-In-Molecules space-partitioning scheme using
AIM2000 [26], whereas DGRID [27] was used to generate and ana-
lyze the Electron-Localizability-Indicator (ELI-D) related real-space
bonding descriptors applying a grid step size of 0.05 a.u.. The NCI
grids were computed with NCIplot [28]. Bond paths are displayed
with AIM2000 [26], ELI-D and NCI figures are displayed with
Mollso [29].
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2.9. Synthesis and characterization of 5-Diphenyphosphino-6-
phenylchalcogenacenaphthenes
2.9.1. Introduction & Results

For the study of element-element interactions peri-substituted (ace)naphthene compounds are
well known in literature.l'>"-'%] Due to its rigid scaffold the elements in peri-position are forced

to interact with each other and hence can be used as a precursor for obtaining stabilized radical
cations.

|
fﬁﬁl

Naphthalene Acenaphthene

Figure 17. Naphthalene and acenaphthene scaffold.

The first ever reported naphthalene derivative with peri-subtituted interactions was in 1966.['%8
Various peri-substituted naphthalene and acenaphthene aggregations were presented since
then.

Woollins reported among numerous sterically crowded tin acenaphthenes!'*®'%% some phos-
phorus substituted acenaphthenes with sulphur as can be seen in Figure 18 with intramolecu-
lar P---P distances of approx. 4.05 A, which are among the longest ever reported peri-dis-
tances.['¢"]

&N S\\/‘F’T ANV Vs

Ph—P P—iPr Ph—P P

Figure 18. Phosphorus substituted acenaphthene with sulphur.l'61]
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The study on tin acenaphthenes has also been enhanced to tin-chalcogene compounds cre-
ating some interesting bonding situations.['®” In addition the first di- and mixsubstituted chal-
cogen acenaphthenes were introduced!'®21%% including a 1,2-ditelluraacenaphthene-1,2-dica-
tion.[151

Although there are many peri-substituted (ace)naphthenes, no chalcogene radical cation has
been reported. This work we focused on the 5-diphenylphosphino-6-chalcogeneacenaphthene
scaffold.

For the synthesis acenaphthenes with peri-substituted halogens are commonly used. Starting
from 5,6-dibromoacenaphthene the diphenylphosphino group is initially introduced by the re-

action with n-buthyllithium and chlorodiphenylphosphine.!'64.165]

Ph

7,
7,
7,
4

N

Br Br Br P~ Ph

n-BulLi

Ph,PCl

Scheme 17. Synthesis of 5-bromo-6-diphenylphosphinoacenaphthene.

The 5-bromo-6-diphenylphosphinoacenaphthene was then treated with n-buthyllithium again
and the respective diphenyldichalcogene was added to receive the 5-chalcogenephenyl-6-di-
phenylphosphinoacenaphthene, as can be seen in Scheme 18. To obtain the oxgen-analogon,
the phenoxygroup was first introduced in the the peri-position['®* followed by a reaction with n-

buthyllithium and chlorodiphenylphosphine.
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Ph Ph D
~o Br o P—=mph
n-BulLi
—>
Ph,PCl
7a
e Ph_ N
Br P Ph E p—=apPh
n-BulLi
—_——
E,>Ph,
7b,E =S,
7c, E = Se,
7d,E =Te

Scheme 18. Synthesis of 5-diphenylphosphino-6-chalcogenacenaphthene.

All obtained compounds were recrystallized from dichloromethane and hexane to give single

crystals, which were measured by X-ray crystallography. The structures are shown below.
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C5 c¢7

Figure 19. Molecular structure of 5-diphenyphosphino-6-phenylchalcogenacenaphthene
(Ph2P)Ace(EPh) (7a, E=0O; 7b, E = S; 7c, E = Se) showing 50 % probability ellipsoids and essen-
tial atom numbering. Selected bond parameters [A] of 7a: P1-C5 1.837(7), 01-C7 1.389(1), P1-O1

2.871(5). Selected bond parameters [A] of 7b: P1-C5 1.846(5), S1-C7 1.776(4), P1-S1 3.061(8).

Selected bond parameters [A] of 7¢: P1-C5 1.846(7), Se1-C7 1.919(9), P1-Se1 3.140(5).

The (Ph2P)Ace(EPh) (E = O, S, Se) compounds are all in the same spatial arrangement with
phosphorus-chalcogen bond lengths of 2.87 - 3.14 A, with longer bond length for heavier chal-
cogen atoms.

Attempts of oxidizing the acenaphthenchalcogenes with nitrosonium salts to the respective

radical cation led to no success, but the oxidation of the phosphorus atom to a phosphorus-
oxygen bond.
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Ph [ Ph |
Ph S Ph HOL &
g P —=mpPh s Opieapn
[NOI[SbF¢]
— [SbFe]
[H20]
8

Scheme 19. Reaction of 5-diphenyphosphino-6-phenylsulphideacenaphthene with nitrosonium hexa-
fluoroantimonate.

The crystal structure of the product of the reaction with (Ph,P)Ace(SPh) is shown in Figure

20.
NS,
P1
%

Figure 20. Molecular structure of the oxidation of C3oH24SPOSbFs with nitrosonium hexafluoroantimo-
nate showing 50 % probability ellipsoids and essential atom numbering. Selected bond parameters
[A]: P1-O1 1.520(1), P1-S1 3.239(1).

The sulphur phosphorus bond length of 3.24 A is quite longer than the one of the educt with
3.06 A.
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2.9.2. Experimental

Reagents were obtained commercially (Sigma-Aldrich, Germany) and were used as received.
Dry solvents were collected from a SPS800 mBraun solvent system. 'H-, *C-, 3'P-, 7’Se- and
125Te-NMR spectra were recorded at RT (unless otherwise stated) using a Bruker Avance-360
spectrometer and are referenced to tetramethylsilane ('H, '*C), phosphoric acid (85% in water)
(®'P), diphenyldiselenide ("’Se) and telluric acid ('*°Te). Chemical shifts are reported in parts
per million (ppm) and coupling constants (J) are given in Hertz (Hz). Air sensitive substances

were handled in gloveboxes “Labmaster” by M. Braun.

2.9.2.1 Synthesis of 5-diphenyphosphino-6-phenoxyacenaphthene (7a)

The synthesis of 5-bromo-6-phenoxyacenaphthene was carried our according to Kordts et
al.“G“]

0.73 g (2.23 mmol) of 5-bromo-6-phenoxyacenaphthene were dissolved in 10 ml of dry THF
and cooled to —80 °C. 0.98 ml (2.45 mmol, 2.5-M in n-hexane) n-buthyllithium was added and
allowed to warm to room temperature. After stirring for one hour, the mixture was cooled to
—80 °C again and 0.48 g (2.68 mmol) chlorodiphenylphosphine was added, while the solution
turns brighter. The mixture was stirred for 30 minutes at —80 °C and warmed to room temper-
ature. Aqueous workup and drying with magnesium sulphate resulted in an orange-yellow
solid. Recrystallization from dichloromethane/hexane resulted in yellow crystals, yield 99 %
(0.95 g).

H-NMR (360 MHz, CDCls): 5 = 7.33 (m, 10H), 7.21 (m, 4H), 7.06 (t, 3Jun = 7.4 Hz 1H), 6.94
(dd, 1H), 6.85 (d, 3Jun = 7.6 Hz 1H), 6.71 (d, 3Jun = 7.8 Hz 2H), 3.44 (d, 3Jup = 5.6 Hz 4H)
ppm. BC-{'H}-NMR (90 MHz, CDCl;): 5 = 157.0, 152.0, 151.9, 147.2, 141.0, 134.5, 134 .4,
134.1, 129.4, 128.6, 128.4, 128.3, 122.9, 120.1, 119.6, 119.2, 116.0 (Ca/), 30.7, 30.0 (CH>)
ppm. *'P-NMR (81 MHz, CDCl;): 5 = 1.9 ppm.

2.9.2.2 Synthesis of 5-diphenyphosphino-6-phenylthioacenaphthene (7b)

0.50 g (1 eq, 0.12 mmol) of 5-bromo-6-diphenyphosphinoacenaphthene was dissolved in 10
ml of dry toluene and dropwise treated with 0.53 ml (1.1 eq, 0.13 mmol, 2.5-M in n-hexane) n-
butyllithium. After stirring for 10 minutes 0.29 g (1.1 eq, 0.13 mmol) of diphenyl disulphate was
added and the mixture was stirred overnight. Aqueous workup and evaporation of the solvent
resulted in a yellow precipitate, which was then recrystallized from dichloromethane/n-hexane

giving yellow crystals in 55 % (0.29 g) yield.
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TH-NMR (360 MHz, CDCls): & = 7.72 (d, 3Jun = 7.2 Hz, 1H), 7.73 (d, 3Jun = 7.2 Hz, 1H), 7.26
(d, ®Jun = 3.8 Hz, 12H), 7.21 (d, 3up = 7.2 Hz, 1H), 7.08 (t, 3Jun = 7.5 Hz, 1H), 7.03 (t, 3Jupn =
7.3 Hz, 1H), 6.83 (d, 3Jun = 7.5 Hz, 2H), 7.08 (s, 4H) ppm. 13C-{'"H}-NMR (90 MHz, CDCl;): 5
= 148.9, 148.7, 141.2, 141.1, 140.9, 140.8, 139.6, 139.0, 138.9, 137.8, 135.9, 135.8, 134 .1,
134.0, 128.5, 128.4, 128.3, 128.2, 127.5, 126.3, 125.0, 120.5, 120.1 (Car), 30.3, 30.2 (CHy)
ppm. ¥'P-NMR (240 MHz, CDCls): 5 = 8.76 ppm.

2.9.2.2 Synthesis of 5-diphenyphosphino-6-phenylselenideacenaphthene (7¢)

0.50 g (1 eq, 0.12 mmol) of 5-bromo-6-diphenyphosphinoacenaphthene was dissolved in 10
ml of dry toluene and dropwise treated with 0.53 ml (1.1 eq, 0.13 mmol, 2.5-M in n-hexane) n-
butyllithium. After stirring for 10 minutes 0.41 g (1.1 eq, 0.13 mmol) of diphenyl diselenide was
added and the mixture was stirred overnight. Aqueous workup and evaporation of the solvent
resulted in an orange precipitate, which was then recrystallized from dichloromethane/ n-hex-

ane giving orange crystals in 42 % (0.25 g).

H-NMR (360 MHz, CDCls): & = 7.60 (d, 3Jun = 7.3 Hz, 1H), 7.33 (m, 14H), 7.27 (m, 2H), 7.23
(t, 3Jun = 7.4 Hz, 4H), 7.18 (m, 4H), 3.40 (s, 4H) ppm. *C-{'H}-NMR (90 MHz, CDCl3): & =
149.1, 147.0, 140.6, 140.5, 138.6, 138.5, 138.4, 137.1, 136.2, 136.0, 135.8, 133.9, 133.8,
131.9,129.0, 128.4, 128.3, 128.2, 126.9, 126.0, 120.6, 120.0 (Car), 30.3, 30.0 (CH>) ppm. ""Se-
NMR (69 MHz, CDCls): 5 = 418.0, 413.8 ppm. 3'P-NMR (240 MHz, CDCl;): 5 = - 100.6 ppm.

2.9.2.2 Synthesis of 5-diphenyphosphino-6-phenyltellurideacenaphthene (7d)

0.50 g (1 eq, 0.12 mmol) of 5-bromo-6-diphenyphosphinoacenaphthene was dissolved in 10
ml of dry toluene and dropwise treated with 0.53 ml (1.1 eq, 0.13 mmol, 2.5-M in n-hexane) n-
butyllithium. After stirring for 10 minutes 0.54 g (1.1 eq, 0.13 mmol) was added and the mixture
was stirred overnight. Aqueous workup and evaporation of the solvent resulted in an or-
ange/brown precipitate, which was then recrystallized from dichloromethane/ n-hexane giving

orange/brown crystals in 21 % (0.14 g).

H-NMR (360 MHz, CDCls): & = 7.92 (d, 3Jun = 7.8 Hz, 2H), 7.70 (dd, 3Jup = 12.0, 7.7 Hz, 2H),
7.40 (m, 30H), 7.18 (t, %Jup = 7.1 Hz, 1H), 7.08 (t, 3Jnp = 7.7 Hz, 1H), 7.01 (d, 3Jun = 7.4 Hz,
1H), 3.39 (s, 4 H), 3.36 (d, 3 = 7.5 Hz, 2 H) ppm. *C-{"H}-NMR (90 MHz, CDCl3): 5 = 150.0,
146.7, 145.6, 143.1, 140.0, 138.5, 138.4, 137.5, 137.4, 136.2, 133.4, 133.3, 132.4, 132.3,
131.6, 129.6, 129.5, 128.8, 128.5, 128.4, 128.3, 128.2, 128.1, 127.3, 127.0, 121.8, 121.1,
119.8, 112.3, 112.2 (Ca), 30.5, 29.6 (CH,) ppm. "Te-NMR (110 MHz, CDCls): & = 638.1,
627.4 ppm. *'P-NMR (240 MHz, CDCls): 5 = 48.7, -118.5 ppm.
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X-ray crystallography. Intensity data of 7a — 7¢ was collected on a Bruker Venture D8 dif-
fractometer with graphite-monochromated Mo-Ka. (0.7107 A) radiation. The structure was
solved by direct methods and difference Fourier synthesis with subsequent Full-matrix least-
squares refinements on F2, using all data.['*®! All non-hydrogen atoms were refined using an-
isotropic displacement parameters. Hydrogen atoms were included in geometrically calculated
positions using a riding model. Crystal and refinement data are collected in Table 8. Figures
were created using DIAMOND. 41
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Table 8. Crystal data and structure refinement of (Ph2P)Ace(EPh) (7a, E=0O; 7b, E = S; 7c, E = Se).

Formula CsoH230P CsoH23SP CsoH23SeP
Formula weight, g mol- 7 | 430.49 446.55 493.46
Crystal system monoclinic monoclinic monoclinic
Crystal size, mm 0.2x0.15%x 0.15 0.09 x 0.08 x 0.06 0.07 x 0.07 x 0.06
Space group P121/n1(14) P121/n1(14) P121/n1(14)
a A 15.4697(5) 12.8899(5) 12.8373(2)
b, A 9.2211(4) 9.6505(4) 9.6347(2)
c, A 16.5627(5) 18.1240(7) 18.4277(3)
a, ° 90 90 90
B ° 112.282(12) 101.008(1) 100.768(1)
7, ° 90 90 90
Vv, A3 2186.21(140) 2213.03(15) 2239.07(7)
z 4 4 4
Pealca, Mg m=3 1.308 1.340 1.464
F(000) 904 936 1008
6 range, deg 2.49 to 27.58 2.29 to 30.07 2.25 10 28.35
Index ranges -20<h <20 -17<h<18 -17<h <17
-11<k<12 -13<k<13 -12<k<12
-21<1<20 -25<1<25 —24<1<24
No. of refins collected 47173 105948 135469
Completeness to 6 max 99,9% 99,6% 99,9%
No. indep. Reflns 5038 6486 5594
No. obsd reflns with | 3883 5308 4752
(I>201(1))
No. refined params 289 289 289
GOOF (F2) 1.03 1.05 1.06
R (F) (I > 25(l)) 0.049 0.037 0.030
WR; (F2) (all data) 0.131 0.092 0.071
0.65 0.55 0.50

Largest diff peak/hole, e
A-3
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Table 9. Crystal data and structure refinement of (Ph2PO)Ace(SPh)[SbFe] (8).

Formula C30H24SPOSbF¢

Formula weight, g mol? 2323.70

Crystal system triclinic

Crystal size, mm 0.35x%0.25 x 0.10

Space group P1

a A 11.354(14)

b, A 12.688(16)

c, A 18.97(2)

a, ° 81.09(5)

B, ° 88.56(3)

Y, ° 66.34(4)

Vv, A3 2471(5)

4 2

Poalcd, Mg m™3 1.561

T, K 293

u (Mo Ka), mm-' 0.777

F(000) 1180

0 range, deg 2.17 t0 30.15

Index ranges -15<h<15
17 <k <17
-26<1<26

No. of refins collected 39412

Completeness to 0 max 98.7%

No. indep. Reflns 14406

No. obsd refins with (1>25(1)) 11527

No. refined params 662

GooF (F?) 0.991

R1 (F) (1> 20(1)) 0.047

wR; (F?) (all data) 0.124

Largest diff peak/hole, e A3 2.84/-1.68

87



2.10. Synthesis and Single-Electron Oxidation of Bulky Bis(m-ter-
phenyl)chalcogenes

2.10.1. Introduction & Results

For the stabilization of labile diorganochalcogene radical cations, bulky substituents are nec-
essary. In this work we present the synthesis and characterization of 2,6-dimesitylphenylchal-
cogenes (bis(m-terphenyl)chalcogenes) and its oxidation with known oxidation reagents.['66-
169]

The synthesis of the bulky substituent 2,6-dimesitylphenyl (m-terphenyl) was carried out ac-
cording to a modified method of Saednya and Hart, described by M. Hesse. The lithiation of
1,3-dichlorobenzene and reaction with the Grignard-reagent of 2-bromomesitylene leads to m-
terphenylmagnesiumbromide, which can be converted to the respective 2,6-dimesitylphenyl-

iodine with elemental iodine (Scheme 20).[67:168.170]

Li MgBr
Cl Cl n-BuLl Cl Cl MesMgBr Mes Mes
—_— _—
THF THF
b | THF

\ ]

|
Mes Mes

Scheme 20. Synthesis of 2,6-dimesithylphenyliodide.

After lithiation with n-butyllithium the received 2,6-dimesitylphenyllithium (mTerLi) can be re-
acted with the respective EF4 (E = S, Se, Te) to the targeted 2,6-dimesitylphenylchalcogene
(Scheme 21).
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Li

Mes Mes
EF4, (E =S, Se, Te)
3 es
- 3 LiF, - RF
Mes Mes
9a,E =S,
9b, E = Se,
9¢c,E=Te

Scheme 21. Synthesis of 2,6-dimesitylphenylchalcogene from 2,6-dimesitylphenyllithium and EF4 (E =
S, Se, Te).

In the first step the organolithium and chalcogene tetrafluoride react to the 2,6-dimesitylphenyl-
chalcogenetrifluoride, which reacts subsequently to the difluoride with an additional equivalent
of mTerLi. The third equivalent reduces the difluoride to the 2,6-dimesitylphenylchalcogene
(mTerzE).

Se1
s1 C10a
- c10
C40
M

Figure 21. Molecular structure of (2,6-Mes2CsHs)2E (9a, E = S; 9b, E = Se; 9¢, E = Te) showing 50 %
probability ellipsoids and the essent|al atom numbering. Selected bond parameters [A, °] of 9a: C10-
S11.778(3), C40-S1 1.779(3), C10-S1-C40 109.2(1). Selected bond parameters [A, °] of 9b: Se1-C10
1.941(2), C10-Se1-C10a 116.3(1). Selected bond parameters [A, °] of 9¢: Te1-C10 2.150(1), C10-
Te1-C10a 116.16(5).
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The bond length of 1.778(3) and 1.779(3) A between the sulphur and carbon atoms C10 and
C40 are nearly identical and are close to the sum of the covalent radii reported by Cordero et
al. of 1.78 A.l'""l The molecular structures of the heavier homologues (mTer.Se and mTer.Te)
are similar to the structure of 2,6-dimesitylphenylsulphide. With a bond length of 1.941(2) A
(Se1-C10) for 2,6-dimesitylphenylselenide the sum of the covalent radii are also identical to
the ones reported in literature (1.93 A).I'"" The tellurium-carbon-distance of 2.150(1) A in 2,6-

dimesitylphenyltelluride is slightly higher than the sum of the covalent radii of 2.11 A.['71]

2.10.1.1 Electrochemical Oxidation

For the evaluation of the oxidative behaviour the 2,6-dimesitylphenylchalcogenes were inves-
tigated via cyclic voltammetric measurements. This method gives good information about the
convenient choice of oxidation reagents and reveals the reversibility or quasi reversibility of
the mTer.E cations and radical cations (E = S, Se, Te).

The cyclic voltammetry measurements were carried out in a 0.1 M solution of tetrabutylam-
monium hexafluorophosphate in dichloromethane, with a scan rate of 0.1 volts per second.
The received data was calculated with help of ferrocene as a calibrating reference and is
shown in Figure 22.

Current (pA)
=
S

0 0,2 0,4 0,6 0,8 1
E vs Ferrocene (V)

------- mTer2S ==-== mTer2sSe mTer2Te

Figure 22. Cyclic Voltammetry measurements of mTer2S, mTer.Se and mTer2Te at 0.1 V -s~' in di-
chloromethane, ¢ =5 - 102 mol - L.
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The measured voltages and currents are listed in the table below.

Table 10. Results of the cyclic voltammetric measurements of mTer2S, mTer.Se and mTerzTe.

E°x [V] ERed [V] AE [V] 1% [uA] IRed [UA] JRed/[Ox
mTerz:S ‘ 0.931 0.806 0.125 0.23 0.17 0.74
mTerz:Se ‘ 0.793 0.657 0.136 0.75 0.72 0.96
mTer:Te ‘ 0.462 0.348 0.114 1.04 1.01 0.97

The cyclic voltammetry measurements reveal the reversibility or quasi-reversibility of the 2,6-
dimesitylphenylchalcogenes, with IRe9/19¢= 0.7 — 1.0.

As described before by the workgroup of Jens Beckmann on the 2,6-dimesitylphenyldichalco-
genes the 2,6-dimesitylphenylsulphide has the highest oxidation potential of + 0.93 V. With
increasing period the oxidation potential decreases (E®*(mTer.Se) = + 0.79 V and
ECX(mTer,Te) = + 0.46 V), which is also comparable to thianthrene and selenanthrene with
oxidation potentials of + 0.69 and + 0.75 V.5

Therefore, a suitable oxidating reagent with an oxidation potential as high as + 0.93 V is

needed to oxidize all three 2,6-dimesitylphenylchalgogenes.

2.10.1.2 Oxidation of 2,6-dimesitylphenyltelluride

Among the well known single electron oxidation reagents are the nitrosonium salts, which are
described in numerous examples in literature.[55172-174]

The first attempt of oxidizing the mTer,Te with nitrosonium hexafluoroantimonate resulted in

[(2,6-Mes2CesH3).TeOH][SbF¢], which could be crystalized in dichloromethane/n-hexane as can

QM%
[NO][SbFg] /OH

» Mes SbFg”

Te Mes
es. i _Mes Mes Mes

Scheme 22. Reaction of 2,6-dimesitylphenyltelluride with nitrosonium hexafluoroantimonate.

be seen in Scheme 22.

91



The crystal structure of the product of the reaction with nitrosonium hexafluoroantimonate is

shown in Figure 23.

Figure 23. Molecular structure of [(2,6-Mes2CesH3)2TeOH][SbFe] (10) showing 50 % probability ellip-
soids and the essential atom numbering. Selected bond parameters [A, °]: Te1-C10 2.149(1), Te1-C40
2.118(1), C10-Te1-C40 108.1(5), Te1-O1 1.74(3), O1-F1 2.805(2).

In contrast to 2,6-dimesitylphenyldichalcogenides, which could be oxidized to the respective
radical cations with nitrosonium hexafluoroantimonate in dichloromethane!'®l, the oxidation of

2,6-dimesitylphenyltelluride led to no success.

2.10.2. Experimental

Reagents were obtained commercially (Sigma-Aldrich, Germany) and were used as received.
Dry solvents were collected from a SPS800 mBraun solvent system. Diethyl ether was dried
over potassium hydroxide and distilled of sodium/benzophenone. 'H-, *C-, 7’Se- and '*°Te-
NMR spectra were recorded at RT (unless otherwise stated) using a Bruker Avance-360 spec-
trometer and are referenced to tetramethylsilane ('H, "*C), diphenyldiselenide (""Se) and tellu-
ric acid ('?°Te). Chemical shifts are reported in parts per million (ppm) and coupling constants
(J) are given in Hertz (Hz). Air sensitive substances were handled in gloveboxes “Labmaster”
by M. Braun. The cyclic voltammetry measurements were carried out with a TSC 1600 Closed
“Sealable Measuring Cell” by RHD Instruments with glass-sealed platinum-wires and a silver
pseudo reference electrode. As potentiostat the Autolab PGSTAT101 by Metrohm was utilized,
supported by the software Nova 2.1 by Metrohm. Tetrabutylammoniumhexafluorophosphate
was used as conducting salt. The resulted cyclovoltragrams were referenced against the redox

couple of ferrocene (Fc/Fc*).
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2.10.2.1 Synthesis of 2,6-dimesitylphenylsulphide (9a)

In a dried three-necked-flask, connected to a dropping funnel and a gas inlet 0.50 g (1.6 mmol)
2,6-dimesitylphenyllithium were dissolved in 20 ml dry diethyl ether and cooled to —78 °C. Sul-
phur tetrafluoride was bubbled through the solution and the mixture was allowed to warm to
room temperature overnight. The solvent was evaporated and the remaining solid was dried
in vacuo, dissolved in 20 ml dry diethyl ether again and cooled to —78 °C. Again 2,6-dimesit-
ylphenyllithium, 1.5 g (4.7 mmol) dissolved in dry diethyl ether, was added dropwise. After
stirring for 1 h the mixture was allowed to warm to room temperature and the solvent was
evaporated. Unreacted 2,6-dimesitylphenyllithium was treated with dichloromethane. The sol-
vent was evaporated and the resulting yellow solid was washed with ethanol and n-hexane.

Recrystallization from tetrahydrofuran gave colourless crystals in 82 % (0.86 g) yield.

TH-NMR (360 MHz, CDCls): & = 7.03 (t, 3Jun = 7.6 Hz, 1H; p-CsH3), 6.77 (s, 4H; m-MesH), 6.75
(d, 3Jun = 7.8 Hz, 2H; m-CgHs), 2.37 (s, 6H; p-ArCHs), 1.66 (s, 12H; 0-ArCHz) ppm. *C-{'H}-
NMR (90 MHz, CDCIs): & = 145.4 (s; ipso-CgsH3), 138.8 (s; ipso-Mes),136.8 (s; p-Mes), 136.2
(s; 0-Mes), 134.9 (s; p-CeH3), 131.6 (s; m-Mes), 128,3 (s; m-CsHs), 126.5 (s; 0-CsH3), 21.4 (s;
0-ArCHs), 21.3 (s; p-ArCHs) ppm.

2.10.2.2 Synthesis of 2,6-dimesitylphenylselenide (9b)

In a dried three-necked-flask under argon atmosphere connected to a dropping funnel 0.5 g
(1.6 mmol) 2,6-dimesitylphenyllithium were dissolved in 20 ml dry diethyl ether and cooled to
—78 °C. To this solution 0.24 g (1.6 mmol) selenium tetrafluoride was added dropwise. The
mixture was allowed to warm to room temperature overnight and the solvent was evaporated.
The residue was dried in vacuo, dissolved in 20 ml dry diethyl ether and cooled to —78 °C.
Again 2,6-dimesitylphenyllithium 1.5 g (4.7 mmol) dissolved in dry diethyl ether was added
dropwise. The resulting solution was allowed to warm to room temperature and the solvent
was evaporated.

The unreacted 2,6-dimesitylphenyllithium was treated with 20 ml of dichloromethane and the
solvent was evaporated once more. The residue was washed with ethanol and n-hexane. Re-

crystallization from tetrahydrofuran gave colourless crystals in 79 % (0.89 g) yield.

H-NMR (360 MHz, CDCl5): & = 7.06 (t, *Jun = 7.5 Hz, 1H; p-CsHs), 6.75 (s, 4H; m-MesH), 6.74
(d, 3Jnn = 7.8 Hz, 2H; m-CeHs), 2.35 (s, 6H; p-ArCHs), 1.66 (s, 12H; 0-ArCHs) ppm. 3C-{'H}-
NMR (90 MHz, CDCIs): & = 146.0 (s; ipso-CeHa3), 139.9 (s; ipso-Mes),136.4 (s; p-Mes), 136.3
(s; 0-Mes), 132.5 (s; p-CsHs3), 130.8 (s; m-Mes), 128,2 (s; m-CeHzs), 126.9 (s; 0-CeHz3), 21.4 (s;
0-ArCHgz), 21.3 (s; p-ArCHs) ppm. 7Se-NMR (69 MHz, CDCl;): 3 = 423.9 ppm.
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2.10.2.3 Synthesis of 2,6-dimesitylphenyltelluride (9¢)

In a dried three-necked-flask under argon atmosphere connected to a dropping funnel 3.15 g
(9.8 mmol) 2,6-dimesitylphenyllithium were dissolved in 30 ml dry diethyl ether and cooled to
—78 °C. To this solution a suspension of 0.50 g (2.5 mmol) tellurium tetrafluoride in dry diethyl
ether was added dropwise, while the resulting solution turns dark red. The mixture was allowed
to warm to room temperature overnight and the solvent was evaporated. The remaining solid
was treated with 20 ml of dichloromethane to destroy the unreacted 2,6-dimesitylphenyllithium
and evaporated again. After washing with ethanol and n-hexane a yellow solid was obtained.

Recrystallization from dichloromethane gave bright yellow crystals in 89 % (0.89 g) yield.

"H-NMR (360 MHz, CDCls): & = 7.33 (t, Jun = 7.5 Hz, 1H; p-CeHs), 6.86 (d, 3Jnun = 7.6 Hz, 2H;
m-CsHs), 6.84 (s, 4H; m-MesH), 2.45 (s, 6H; p-ArCHs), 1.68 (s, 12H; 0-ArCHs) ppm. *C-{'H}-
NMR (90 MHz, CDCl3): & = 144.6 (s; ipso-CeHs), 138.4 (s; ipso-Mes), 137.8 (s: p-Mes), 136.7
(s; o-Mes), 131.1 (s; p-CeH3), 130.4 (s; m-Mes), 128,2 (s; m-CsHs), 128.1 (s; 0-CsH3), 21.4 (s;
0-ArCHj3), 20.7 (s; p-ArCHs) ppm. '2°Te-NMR (110 MHz, CDCls): & = 1291.3 ppm.

2.10.2.4 Synthesis of 2,6-dimesitylphenylhydroxyltelluronium hexafluoroantimonate

In a 100 ml schlenk tube 284 mg (0.38 mmol) 2,6-dimesitylphenyltelluride and 100 mg (0.38
mmol) nitrosonium hexafluoroantimonate were stirred with 10 ml of dry dichloromethane for 30
minutes at —78 °C. After warming to room temperature, the product was covered with dry n-

hexane to gain light green crystals in 93 % (356 mg) yield.

"H-NMR (360 MHz, CDCl3): 5 = 7.61 (t, 3Jun = 7.5 Hz, 1H; p-CeHs3), 7.09 (d, 3Jnn = 7.5 Hz, 2H;
m- CeHs), 6.91 (d, 3Jun = 4.9 Hz, 2H; m-MesH), 2.37 (s, 6H; p-ArCHs), 2.04 (s, 1H; TeOH),
1.75 (d, 3Jun = 18.5 Hz, 12H; 0-ArCH:) ppm. *C-{'H}-NMR (90 MHz, CDCls): & = 147.4 (s;
ipso-CsH3), 140.1 (s; ipso-Mes),137.5 (s; p-Mes), 136.8 (s; 0-Mes), 134.9 (s; p-CsH3), 133.9 (s;
m-Mes), 133,6 (s; m-CsH3), 129.7 (d, J = 21.0 Hz; 0-CsH3), 21.9 (d, J = 14.4 Hz; 0-ArCH3), 21.3
(s; p-ArCHs) ppm. '?Te-NMR (110 MHz, CDCl3): & = 1572.2 ppm.

X-ray crystallography. Intensity data of (2,6-Mes,CsHs):E (9a, E = S; 9b, E = Se; 9¢, E=Te)
and [(2,6-Mes2CsH3). TeOH][SbFe] (10) were collected on a Bruker Venture D8 diffractometer
with graphite-monochromated Mo-Ka (0.7107 A) radiation. The structure was solved by direct
methods and difference Fourier synthesis with subsequent Full-matrix least-squares refine-
ments on F?, using all data.l'* All non-hydrogen atoms were refined using anisotropic dis-
placement parameters. Hydrogen atoms were included in geometrically calculated positions
using a riding model. Crystal and refinement data are collected in Table 11. Figures were cre-
ated using DIAMOND.["41]
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Table 11. Crystal data and structure refinement of 1a — 1c and 2.

9a-CHCl> 9b 9c 10

Formula CasHs0S-CH2Cl2 CassHs0Se CasHsoTe C4sHs0TeOHSbFe

Formula weight, 743.87 705.84 754.48 1007.29

g mol’

Crystal system Triclinic Orthorhombic Orthorhombic Monoclinic

Crystal size, mm 0.06 x 0.06 x 0.05 0.07 x0.06 x0.04 0.07 x0.05 x 0.04

Space group P-1 Fdd2 Fdd2 P 2/c

a A 9.1237(3) 20.3777(4) 20.657(5) 16.706(5)

b, A 13.1914(6) 42.9059(8) 43.485(5) 13.988(5)

c, A 17.1003(8) 8.3558(2) 8.277(5) 21.144(5)

a, ° 92.204(2) 90 90 90

B, ° 102.208(2) 90 90 92.111(5)

Y, ° 91.970(2) 90 90 90

Vv, A3 2008.2(2) 7305.7(3) 7435(5) 4937.65(300)

Z 2 8 8 4

Pealcd, Mg m3 1.230 1.283 1.348 1.355

u (Mo Ka), mm-1 0.247 1.061 0.833 1.191

F(000) 792 2976 3120 2016

0 range, deg 2.29 to 30.03 2.68 to 29.87 2.18 to 37.57 2.15 to 28.36

Index ranges -12<h<16 -28<h<28 -35<h<35 -22<h 22
-18<k<19 —60 <k <60 —74<k<74 -18<k<18
—-24<|<28 -11<I<11 -14<1<14 -28<1<28

No. of refins 39968 206200 150801 390756

collected

Completeness to 99.2% 99.9% 99.9% 99.7%

0 max

No. indep. Reflns 11647 5367 9813 12310

No. obsd reflns | 9566 5144 9507 9805

with (1>25(1))

No. refined params | 481 228 228 600

GooF (F?) 1.107 1.030 1.123 1.047

Rs (F) (1 > 20(1)) 0.0595 0.0514 0.0156 0.0589

wR2 (F?) (all data) | 0.1600 0.1264 0.0404 0.1717

Largest diff 1.114 / -0.674 2.428 /-1.825 0.358 /-0.552 1.220/-1.029

peak/hole, e A3
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2.11. Synthesis and Characterization of Trimesityltelluronium hexa-
fluorophosphate

2.11.1. Introduction & Results
The synthesis of trimesityltelluronium iodide was reported by Wieber and Habersack in 1995
['781 which reacts with potassium hexafluorophosphate to trimesityltelluronium hexafluorophos-

phate in quantitative yield.

Li
TeCl Nal/H,0 KPF
7t e MessTe —T22 0 MesgTel — 6 5 [Mes,Te][PFg]
-4 LiCl - MesH -KI
1
MesLi

Scheme 23. Synthesis of trimesityltellurium hexafluorophosphate.

Starting from mesityllithium, which can be obtained by the reaction of 2-bromomesitylene with
n-butyllithium, a slightly smaller amount of tellurium tetrachloride is added. The resulting
tetramesityltellurium is treated with aqueous sodium iodide solution, leading to trimesityltelluro-
nium iodide. Potassium hexafluorophosphate is added, generating trimesityltellurium hexa-

fluorophosphate.

Figure 24. Molecular structure of [MessTe][PbFs] showing 50 % probability ellipsoids and the essential
atom numbering. Selected bond parameters [A, °]: Te1-C1 2.132(3), Te1-C10 2.125(3), Te1-C19
2.131(3), C1-Te1-C10 104.26(1), Te1-F1 3.583(3), Te1-F2 3.554(1), Te1-F3 3.563(2).

96



The Te-C distances of 2.13 A in all three mesityl groups are close to the sum of covalent radii
(2.11 A) ' and the distances to the three closest fluorides in hexafluorophosphate with 3.57

A are noticeably smaller than the sum of Van-der-Waals-radii of 3.76 A.['7¢]

2.11.2. Experimental

Reagents were obtained commercially (Sigma-Aldrich, Germany) and were used as received.
Dry solvents were collected from a SPS800 mBraun solvent system. Diethyl ether was dried
over potassium hydroxide and distilled of sodium/benzophenone. 'H-, 3C-, '°F-, 3'P- and '*°Te-
NMR spectra were recorded at RT (unless otherwise stated) using a Bruker Avance-360 spec-
trometer and are referenced to tetramethylsilane ('H, '*C), phosphoric acid (85% in water)
(3'P), trichlorofluoromethane ('°F) and telluric acid (*°Te). Chemical shifts are reported in parts
per million (ppm) and coupling constants (J) are given in Hertz (Hz). Air sensitive substances
were handled in gloveboxes “Labmaster” by M. Braun. The electrospray ionization mass spec-
trometry (ESI-MS) spectrum was obtained on the Bruker Impact Il. Acetonitrile solutions were
injected directly into the spectrometer at a flow rate of 3 yl min~'. Nitrogen was used both as a
drying gas and for nebulization with flow rates of approximately 4 L min~" and a pressure of

0.4 bar. The spectrum was collected for one minute and averaged.

2.11.2.1. Mesityllithium

In a dried schlenk tube 6.0 ml (39.8 mmol) 2-bromomesitylene was dissolved in 20 ml dry
hexane. To this solution 17.6 ml n-butyllithium (2.5-M in n-hexane) was added and the mixture
was stirred overnight. The resulting mesityllithium was filtrated and washed with dry n-hexane
to gain 3.21 g (64 %).

2.11.2.2. Trimesityltelluronium iodide

The synthesis of trimesityltelluriniumiodide was carried out according to Wieber and Haber-
sack.l'™ 1 g (7.9 mmol) mesityllithium was stirred in 10 ml dry diethyl ether and cooled down
to —78 °C. To this suspension 0.43 g (1.6 mmol) tellurium tetrachloride in 10 ml dry diethyl
ether was added dropwise. The solution was allowed to warm up to room temperature and
stirred for additional two hours. After treating with aqueous sodium iodide solution, the reaction
mixture was warmed to 40 °C, while the trimesityltelluroniumiodide precipitates. Extraction with
dichloromethane and washing with water gave trimesityltelluroniumiodide in 86 % (1.14 g)

yield.

2.11.2.3. Trimesityltelluronium hexafluorophosphate

Without further purification the trimesityltelluronium iodide was dissolved in dry toluene and

treated with potassium hexafluorophosphate. Potassium iodide was filtered off. The solvent
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was removed and the product was obtained in quantitative yield (1.19 g). Recrystallization from

dichloromethane/n-hexane gave yellow crystals in 89 % (1.05 g) yield.

"H-NMR (360 MHz, CDCls): 5 = 7.04 (t, 3Ju 1 = 7.6 Hz, 1H; p-CeH3), 6.77 (s, 4H; m-MesH), 6.74
(d, 3Jupn = 7.8 Hz, 2H; m-CeH3), 2.37 (s, 6H; p-ArCH3), 1.66 (s, 12H; 0-ArCH3) ppm. *C-{'H}-
NMR (90 MHz, CDCIs): 6 = 145.4 (s; ipso-CeH3), 138.8 (s; ipso-Mes),136.8 (s; p-Mes), 136.2
((s; 0-Mes), 134.9 (s; p-CeH3), 131.6 (s; m-Mes), 128,3 (s; m-CeHs), 126.5 (s; 0-CeH3), 21.38
(s; 0-ArCHs), 21.27 (s; p-ArCHz) ppm. "®F-NMR (188 MHz, CDCl3): 5=72.2-76.0(d, J=713.5
Hz, PFs) ppm. 3'P-NMR (240 MHz, CDCl;): & = - 143.1 (hept, 'Jpr = 704.2 Hz) ppm. '*Te-
NMR (110 MHz, CDCIs): 6 = 243.5 ppm. MS (ESI, methanol, positive mode): m/z (rel.Int.) =
487 (100) [MessTe*]. MS (ESI, methanol, negative mode): m/z (rel.Int.) = 145 (100) [PF¢].

X-ray crystallography. Intensity data of [MessTe][PbFs] was collected on a Bruker Venture
D8 diffractometer with graphite-monochromated Mo-Ka. (0.7107 A) radiation. The structure
was solved by direct methods and difference Fourier synthesis with subsequent Full-matrix
least-squares refinements on F?, using all data.[*% All non-hydrogen atoms were refined using
anisotropic displacement parameters. Hydrogen atoms were included in geometrically calcu-
lated positions using a riding model. Crystal and refinement data are collected in Table 1.

Figures were created using DIAMOND.['41]
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Formula

Table 12. Crystal data and structure refinement of [Mes3sTe][PFs] (11).

C27H33Te PFe

Formula weight, g mot?
Crystal system

Crystal size, mm
Space group

a A

b, A

c, A

a °©

B, °

7, ©

Vv, A3

V4

Pealcd, Mg m3
F(000)

0 range, deg
Index ranges

No. of refins collected
Completeness to 6 max

No. indep. Reflns

No. obsd refins with (I>20(1))
No. refined params

GooF (F?)

R1 (F) (1> 20(1))

wR> (F?) (all data)

Largest diff peak/hole, e A-3

630.13

orthorhombic

0.05 x 0.05 x 0.05

Pbca
15.722(3)
16.995(3)
19.721(4)
90

90

90
5269.36(170)
8

1.589

2528

2.40 t0 30.80
—22<h<22
—24<k<24
-28<1<28
520177
99,8%

8251

7500

8251

1.07

0.042

0.146
3.81/-1.53
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3. Conclusion

In the course of this work various new compounds were synthetized and characterized by
common methods. The well-defined dibenzodioxine type heterocycle phenoxatellurine (PT)
was investigated in its behaviour towards single electron oxidating reagents, such as nitro-
sonium salts, resulting in diamagnetic double decker respectively triple decker structures which

can be described as dimers of the elusive radical cation [PT]™*.

e S

R .’_:':ﬁ:m:»

o S i

Figure 25. Phenoxatellurine double decker and triple decker structures (respective anions omitted).

The stacking derives not just from London dispersion interactions and non-covalent multi-cen-
tre bonding between the tellurium atoms, but also from SOMO-SOMO interactions between
two radical cations [PT]™*, also known as “pancake” bonding,!"””! which can be realized due to
the change in the conformation of the PT units upon oxidation. The oxidations with nitrosonium
hexafluoroantimonate gave rise to a phenoxatellurine double decker cation, whereas the tetra-

fluoroborate salt gave rise to a triple decker structure.

The reaction of PT with triflic acid led to relatively air stable triple decker structures in three
different modifications, which were investigated by Hirshfeld surface analysis.!"?®! Upon expo-

sure to moist air for several weeks an oxo-bridged dimer or trimer structure evolved.

Based on the well known behaviour as a donor!'’® the first PT charge-transfer complex with
1,2,5-thiadiazole derivatives was prepared and characterized. Upon gasphase cocrystalization
a complex in ratio of 1:3 in favour of the thiadiazole acceptor was obtained. Furthermore an
octahedral complex by the reaction of (CO)sMnBr with PT was obtained, that has two PT lig-
ands situated in cis-position, similar to the structure described by Hieber and Kruck in 1962.1'42
In 1926 Drew discovered intensively colored solutions by dissolving PT in conc. sulphuric

acid.["31 Almost 100 years later the nature of one of those species, which is responsible for the
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color, has been unravelled. X-ray diffraction reveal a PT double decker structure with hydro-

gensulphate ions associated via secondary interactions.

The condensation reaction of 4,4’-dimethyldiphenylether with tellurium tetrachloride afforded
2,8-dimethyl-10,10-dichlorophenoxatellurine which shows, compared to the unsubstituted PT,
a planar structure in which the Cl atoms are arranged in the axial positions, while the two C
atoms are arranged in the equatorial positions. Attempts on reducing the structure to 2,8-di-

methylphenoxatellurine were unsuccessful.

Isoelectronic to the neutral PT, dibenzo[b,e][1,4]iodaoxin-5-ium 4-methylbenzenesulphonate
[C12HsOI][O3S(p-CsHsMe)] was prepared. The phenoxaiodonium ion possesses also a butter-
fly-like conformation with nearly identical I-C bond length compared to Te-C in phenoxatel-

lurine.

The first 8-methoxanaphthyltellurium compounds have been introduced enhancing the variety
of peri-substitutes naphthyl and acenaphthyl species. Furthermore new acenaphthene com-
pounds have been obtained with a diphenyphosphino-group in the 5-position and phenylchal-
cogenes in 6, opening a new path for oxidization to chalcogen radical cations. Unfortunately

no acenaphthene radical cation was obtained upon the oxidation with nitrosonium salts.

The synthesis of a trimesityltelluronium cation was made accessible, which can be used as a

precursor on the way to stable radical cations.

Moreover organotellurium compounds with bulky 2,6-dimesitylphenyl groups, namely 2,6-
dimesitylsulphide, 2,6-dimesitylphenylselenide and 2,6-dimesitylphenyltelluride were synthe-
tized and characterized. First attempts of oxidizing 2,6-dimesitylphenyltelluride with nitro-
sonium hexafluoroantimonate led to the 2,6-dimesitylphenylhydroxyltelluronium hexafluoro-
antimonate. The problem in this reaction can be the presence of the nitrosonium ion, which is
quite reactive and can thus disturb the reaction. Furthermore a more suitable oxidizing reagent
that coordinates weaker than hexafluoroantimonate, hexafluorophosphate or tetrafluoroborate
could also lead to more stable radical cation, such as tetrakis(3,5-bis(trifluoromethyl)phe-
nyl)borate ([BaAr™4].l""™
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4. Zusammenfassung

In der vorliegenden Arbeit konnten eine Reihe von neuen Verbindugstypen dargestellt und
charakterisiert werden. Die Reaktion von Phenoxatellurin (PT) mit Ein-Elektronen-Oxidations-
mitteln, wie verschiedene Nitrosylsalze, fihrte zur Bildung von Doppeldecker- bzw Trippel-
deckerstrukturen, die als Dimer der entsprechenden Radikalkationen [PT]™ angesehen wer-
den konnen.

Diese Dimerisierung kann aufgrund der Anderung des Faltwinkels entlang der O-Te Achse
erfolgen. Die dabei resultierenden Wechselwirkungen lassen sich nicht nur auf London-Krafte
und nicht kovalente Multizentrenbindungen zwischen den Telluratomen zurlckfuhren, sondern
sind auch von SOMO-SOMO-Wechselwirkungen zwischen den Radikalkationen [PT]™, ge-

nannt ,pancake bonding“'"""! gepragt.

Die Oxidation mit Nitrosylhexafluoroantimonat fihrt zur Bildung einer Doppeldecker- und mit
dem Tetrafluoroboratsalz zu einer Trippeldeckerstruktur.

Die Reaktion mit Trifluormethansulphonsaure ergab ebenfalls Trippeldeckerstrukturen, wobei
aber drei verschiedene Modifikationen erhalten wurden. Diese wurden mittels Crystal Explorer
mit der Hirshfeld Surface Analysel'?® auf inre unterschiedlichen Wechselwirkungen untersucht.
Nach langerem Kontakt an der Luft wurde ein Oxo-Dimer bzw. Oxo-Trimer erhalten, was eben-

falls kristallographisch nachgewiesen werden konnte.

Basierend auf den Donoreigenschaften des Phenoxatellurin konnte auch der erste Charge-
Transfer Komplex mit 1,2,5-Thiadiazolederivaten dargestellt werden, wobei die hohe Stabilitat
sogar eine Gasphasen Kokristallization zuliel3. Ferner ergab die Reaktion von (CO)sMnBr mit
PT einen oktaedrischen Mangankomplex mit drei CO-Molekulliganden in facialer Anordnung

und zwei PT Einheiten in cis-Stellung.

Drew entdeckte 1926, dass sich Phenoxatellurin, ahnlich wie Thianthren, in konzentrierter
Schwefelsaure unter Bildung stark farbiger Lésungen 16st, konnte allerdings, aufgrund von zu
damaliger Zeit fehlenden analytischen Methoden, keine genauen Ruckschliusse uber die er-
haltenen Strukturen ziehen. Fast 100 Jahre nach der Entdeckung konnten die erhaltenen

Strukturen mittels Rontgenstrukturanalyse ermittelt werden.

Die Kondensationsreaktion zwischen Di-p-tolylether und Tellurtetrachlorid fihrte zu 2,8-Dime-
thyl-10,10-Dichlorophenoxatellurin, das im Gegensatz zu dem 10,10-Dichlorohenoxatellurin
eine planare Struktur aufweist. Der Versuch zur Reduktion zu 2,8-Dimethylphenoxatellurin

fuhrte jedoch zu keinem Erfolg.

102



Das zu dem PT isoelektronische lodosoniumsalz [C12HsOI][O3S(p-CsHsMe)] konnte im Zuge
dieser Arbeit ebenfalls dargestellt werden. Die Diaryliodoniumsalze rickten aufgrund ihrer

pharmakologischen Eigenschaften ins Interesse der Forschung.

Zudem konnte die erste 8-Methoxynaphtyltellurverbindung dargestellt werden. Auch konnten
neue Acenaphthenverbindungen mit Diphenylphosphin in peri-Stellung zu Chalkogenphenylen
synthetisiert werden. Allerdings konnten diese nicht mit den Nitrosylsalzen zum Radikalkation

oxidiert werden.

Des Weiteren wurde Trimesityltellurioniumhexafluorophosphat aus dem entsprechenden lodid

gewonnen und charakterisiert.

SchlieRlich wurden Chalkogenverbindungen mit sterisch anspruchsvolleren 2,6-Dimesitylphe-
nylresten (m-Terphenyl) dargestellt. Das dabei erhaltenen Bis(m-Terphenyl)sulphid, Bis(m-
Terphenyl)selenid und Bis(m-Terphenyl)tellurid kdnnte, aufgrund des grof3en organischen Ge-
rusts die Radikalbildung der jeweiligen Chalkogene weit genug abschirmen, um diese zu sta-
bilisieren. Allerdings flihrte die erste Umsetzung von Bis(m-Terphenyl)tellurid mit Nitrosylhe-
xafluoroantimonat zu Bis(m-Terpheny)hydroxotelluroniumhexafluoroantimonat.

Vermutlich ist die Wahl der Nitrosylsalze fir diese Reaktionen eher ungeeignet, da das Nitrosyl
die Reaktion storen kdnnte, obwohl in der Arbeitsgruppe die Bis(m-Terphenyl)dichalcogene
bereits erfolgreich zu Radikalkationen oxidiert werden konnten.!''®! Durch die Verwendung
schwach koordinierender Anionen, zum Beispiel dem Tetrakis(3,5-bis(trifluormethyl)phe-

nyl)borat ([BaArF4]- konnten die gewiinschten Radikale erhalten werden.
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§1. Crystal lattice voids analysis with the CrystalExplorer program
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Figure S1. Voids in the crystal structure of 4 after artificially removing the A molecules that extend
perpendicularly to the plane of the D molecule. Voids only shown within the unit cell, the view is
down the g axis. The percentage of voids relative to the unit cell volume is 27.3 %. The voids are
calculated with the CrystalExplorer program as explained in the main text at an electron density

isosurface of 0.0003 au corresponding to the solvent-accessible surface.

Figure S2. Voids in the crystal structure of 5 after artificially removing the disordered solvent
molecules. Voids only shown within the unit cell, the view is down the c axis. The percentage of

voids relative to the unit cell volume is 40.0 %. The voids are calculated with the CrystalExplorer
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program as explained in the main text at an electron density isosurface of 0.0003 au

corresponding to the solvent-accessible surface.

§2. Additional data of the calculation of model energies of pairwise interactions

The total energy of intermolecular interactions in the crystal was expressed in terms of four key
components, i.e. electrostatic, polarization, dispersion and exchange repulsion, as Eiot = Eciet Epol +

Eais + Ercp.

Table S1. Scale factors used.”

Energy Model Kele Kpol Kaisp Krep
CE-B3LYP. B3LYP/6-31G(d.p), B3ALYP/DGDZVP ¢lectron densities  1.063 0.756 0.843 0.595

“CE: CrystalExplorer 3.3 program used.

In the following Figures S3-S7, the D molecule is the central unit to which the
intermolecular interactions are referred to. The molecules’ color code is the same in Figures S3-S7
and in vertical bars in Tables S2-S6.

In the following Tables $2-S6, interaction energies are in kJ mol™' and R is the distance in A
between molecular centers of mass. Partner molecules: A — acceptor, D — donor. The color scale for

diuorm mapped onto the HSs is —0.4 to 1.2.
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Figure 53 Complex 1: General situation around the central D unit.

Table S2. Complex 1. Electron densities are calculated at the B3LYP/6-

31G(d,p) level of theory.

R

5.94

8.35

8.55

3.69

7.24

10.14

7.47

9.40

6.12

8.23

6.30

Eele

-0.3

Epo\

Edis

-10.1

Erep

283

13.1

3741

131

Etot

Partner molecule

D1

D2

D3

Al

A2

D4

A3

D5

A4

A5

D6
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A6

A7

Figure S4 Complex 2: General situation around the central D unit.

Table $3. Complex 2.

level of theory.

Electron densities are calculated at the B3LYP/6-31G(d,p)

8.27

6.81

8.02

3.45

6.29

8.96

9.02

7.38

6.62

Eele

-16.2

-10.4

Epol

Edis

Erep

4.3

11.5

9.6

394

16.5

4.5

3.2

4.2

13:1

Etot

Partner molecule

D1

D2

Al

A2

A3

A4

A5

D3

A6
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8.60 -10.0 -1.7 b7 8.0 -12.8 A7

394 -16.0 -33 -50.0 44.2 -35.3 A8
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Figure 55 Complex 3: General situation around the first symmetry-independent D molecule of the

asymmetric unit as central D unit.

Table S4. Complex 3. The first symmetry-independent D molecule of the

asymmetric unit. Electron densities are calculated at the B3LYP/6-31G(d,p) level

of theory.
R Eele Epol Edis Erep Etot Partner molecule
745 =270 -6.7 -109 335 -23.1 D1
401 -9.8 -1.8 -33.0 293 -22.2 Al
6.50 -13 -0.5 -10.5 4.2 -8.1 A2
6.29 04 -09 -103 73 -5.4 A3
6.29 =315 -3.8 -116 349 -25.4 A4
7.92 -3.0 -0.7 -6.8 6.0 -5.9 A5
3.71 -11.0 -1.8 -35.8 315 -24.4 A6
861 -09 -01 =17 00 -2.4 A7
6.37 -2.5 -0.3 -9.7 6.9 -6.8 D2
6.91 -2.8 -=1.1 -8.7 7.4 -6.7 A8
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5.75 =51 -0.8 -11.4 9.1 -10.2 A9

746  =27.0 -6.8 -10.8 323 =23.7 D3

6.69 =51 -0.6 -7.4 11.7 -5.2 Al0

Figure S6 Complex 3: General situation around the second symmetry-independent D molecule of

the asymmetric unit as central D unit.

Table S5. Complex 3. The second symmetry-independent D molecule of the

asymmetric unit. Electron densities are calculated at the B3LYP/6-31G(d,p) level of

theory.
R Eele Epol Edis Erep Etot Partner molecule
6.75 -0.1 -0.8 -9.1 6.0 -4.9 Al
8.13 -0.5 —0.2 —-4.7 0.6 -4.2 D1
650 -13 =05 =105 4.2 -8.1 D2
7.46 -27.0 -6.8 -10.8 323 -23.7 D3
4.09 7.4 -1.4 -29.9 227 -20.7 A2
689 -28 -11 -91 84 -6.5 A3
4.24 -9.2 -1.7 -323 26.9 -22.3 A4
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7.92

6.30

6.70

6.39

6.37

7.45

-27.0

-10.9

6.7

33.4

11.4

6.4

6.9

33.5

-23.1

A5

A6

A7

A8

D4

D5

Figure S7 Complex 4: General situation around the central D unit.

Table S6. Complex 4. Electron densities are calculated at the B3LYP/DGDZVP level

of theory.
R Eele Epol Edis Erep Etot Partner molecule
6.55 -5.4 -1.0 -11.8 10.4 -10.3 Al
6.05 -18.9 -1.6 -189 353 -16.3 A2
812  -03 -0.3 -4.4 29 -2.6 A3
‘ 6.43 =33 -1.0 =129 11.8 -10.2 A4
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4.14

6.51

12.34

6.23

5.04

7.98

8.14

8.03

8.06

5.78

7.20

7.38

5.80

791

-34.5

-15.6

1.2

-18.1

-12.5

-33.6

=26.7

-18.4

-15.9

-14.4

-14.0

-12.6

-14.2

-10.2

57.3

47.2

0.4

341

17.8

2.0

9.2

11.4

77

10.0

20.6

17.0

6.6

8.7

-32.8

-11.9

-15.7

=171

A5

D1

D2

Ab

A7

A8

A9

Al10

Al1

Al2

Al3

Al4

Al5

Ale
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§3. Additional data of the B97-D3/def2-TZVP calculations with the ORCA program for

compounds in toluene solution

Compound 5a*

oo,

Atom Coordinates, A
x y z

C -1.109145 -0.739788 0.000078
C -1.109171 0.739780 0.000050
C 1.109129 0.739822  0.000002
C 1.109157 -0.739745 0.000011
N -2.360587 -1.267527 -0.000457
N -2.360635 1.267472  -0.000289
S —3.359258 -0.000045 0.000606
N 0.000020 -1.481959 0.000026
N -0.000037 1.481994 -0.000055
N 2.360620 -1.267437 0.000217
N 2.360571 1.267558  0.000217
S 3.359245 0.000076 -0.000280

For XRD structure, see Y. Yamashita, R. Saito, T. Suzuki, C. Kabuto, T. Mikai, T. Myashi, Angew.
Chem. Int. Ed. 1988, 27, 434-435.

Collision diameter: 6.160 A; AH (298 K, gas): —1277.137423, AG (298 K, gas): —1277.178540 au;

AGson: —2.7 kcal mol™t.
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Radical anion [5a]™"

Atom Coordinates, A
x y z

(& -1.121820 -0.742305 0.000041
C -1.121894 0.742328 0.000036
C 1.121865 0.742450 -0.000009
c 1.121939 -0.742186 -0.000009
N -2.359235 -1.276597 -0.000341
N 2.359375 1.276483  -0.000337
S —3.403080 -0.000109 0.000559
N 0.000103 -1.484661 0.000002
N —0.000059 1.484807 0.000000
N 2.359421 -1.276343 0.000289
N 2.359280 1.276740  0.000289
5 3.403125 0.000240 -0.000431

Collision diameter: 6.180 A; <52>: 0.755251; E: -1277.299873 (with geometry of 5a: —
1277.296662), AG (298 K, gas): —1277.278662 au; AGson: —23.5 keal mol-L.
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Compound 5d

Atom Coordinates, A
X y z

C 0.189757 -1.046082 -0.007661
c 0.469137 0.393514 -0.009470
c 1.831859 0.872509 -0.009291
C 2.836988 —0.077099 0.006450
G 2.549617 -1.470594 0.008259
c 1.270782  -1.973654 -0.002395
H 3.875154  0.247760  0.009449
H 3.390169 -2.160302 0.018409
H 1.065682  —3.038839 -0.001170
N -1.103586 -1.385184 -0.002883
N —0.576529 1.215028  0.000208
Se —-2.042873 0.157796  0.005273
N 2.044824  2.230877 —0.072492
H 1.249965  2.809446  0.160147
H 2.939245 2576847  0.239128

Collision diameter: 6.586 A; AH (298 K, gas): —2798.448804, AG (298 K, gas): —2798.490195 au;

AGsol =—1.6 kcal mol™.
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Radical cation [5d]**

Atom Coordinates, A
x y z

(& 0.187425 -1.022986 0.000264
C 0.450003 0.403862 0.000357
C 1.823651 0.878454  0.000256
c 2.867580 -0.090983 -0.000028
C 2.585492  -1.452230 -0.000186
C 1.270711  -1.945473 -0.000036
H 3.899451 0.250065 —0.000094
H 3.411958  -2.156297 -0.000404
H 1.067263 -3.012041 -0.000138
N —1.101593 -1.374488 0.000470
N -0.591279 1.216260 0.000613
Se -2.057730 0.146829  0.000377
N 2.062624 2.185140  0.000407
H 1.284784 2.836925 0.000589
H 3.003985  2.556639  0.000287

Collision diameter: 6.607 A; <S2>: 0.760290; E: —2798.299873 (with geometry of 5d: —
2798.292261), AG (298 K, gas): —2798.227374 au; AGson: —23.4 keal mol™.
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Transition state TS1

Atom Coordinates, A
X y z

c -1.938731 1.822127 -0.546175
C —0.839067 0.839448 -0.574891
C —2.383231 -0.826859 -0.212632
C —-3.439333 0.193870 -0.206902
N —1.489344 3.078736 —0.754444
N 0.360205  1.358839  -0.828830
S 0.123124  2.977800 —-0.987873
N —3.229064 1.510602 -0.365579
N -1.055750 -0.497632 -0.368343
N —4.658806 -0.356538 -0.031046
N -2.802323 -2.071617 -0.030211
S —4.440223 -1.964011 0.127698
c 0.034992 -1.373703 0.739121
C 1.412216 -1.139546 0.271844
C 2195103  -0.056510 0.838178
€ 1.643552  0.745823  1.903677
C 0.441420 0.316505  2.497592
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C —0.275013 -0.761864 2.009815

H 0.069534  0.856392  3.365751
H -1.192883 -1.061634 2.504448
N 1.972729 -1.832390 -0.695005
N 3.398617 0.154994  0.327076
Se 3.609999 -1.089649 -0.976987
N 2.296648  1.869915  2.266961
H 3.187362  2.075449  1.839645
H 1.984182  2.431680  3.041687
H —0.349437 -2.370957 0.552881

Imaginary mode: =394 cm™; r (C...N): 1.7843 A; AH (298 K, gas): —4075.570602 au; AGsow: —6.5 kcal

mol™.
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Sigma-complex

2
Atom Coordinates, A
X y z

C 2.132916 1.828368 —-0.577331
C -0.985173 1.176130 0.066215
(@ -2.306206 -0.732246 0.330880
(€ 3.406501 -0.006563 -0.320257
N -1.833087 3.085253 —-0.956657
N 0.107769  1.904862 0.161938
S —0.283808 3.363000 —0.536308
N —3.331290 1.254921 -0.772090
N -1.092384 -0.117843 0.511809
N -4.511452 -0.770887 -0.411141
N —2.580732 -1.963986 0.709521
S —-4.162443 -2.214655 0.256914
C 0.062309 -0.837487 1.119343
C 1.249505 -0.816859 0.177767
¢ 2.555348 -0.370683 0.618603
C 2.747948 0.083083 1.960339
C 1.636621 0.093942  2.845897
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C 0.383595  -0.302432 2.484980

H 1.802541 0.443643  3.863624
H —0.434713 -0.274761 3.197468
N 1.124428 -1.198149 -1.064990
N 3.531430 -0.381599 -0.292904
Se 2.779499  -0.994391 -1.838878
N 3.998690 0.472088  2.353270
H 4.679584  0.616050 1.620393
H 4102108  1.025941  3.188817
H —0.296689 -1.870900 1.204486

<S%> (high-spin): 2.0185; AH (298 K, gas): —4075.577091 au; AGsaiv: —5.0 keal mol™.
<S2> (broken symmetry): 0.8937.
E (high-spin): —4075.637544, E (broken symmetry): —4075.638676 au.

J=-220.92 cm™ as —(Ens — Egs) / (<S%>hs — <5%>s).
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Transition state TS2

Atom Coordinates, A
X y Z

C —-2.944995 1.267520 -0.230107
C -1.601872 1.242494  0.379956
C -1.812892 -1.076475 0.367224
C —3.100322 -0.993726 -0.276867
N —3.333972 2.532712 -0.441166
N —1.023903 2.392537 0.601647
S -2.132971 3.532470 0.068173
N -3.676716 0.180045 -0.576194
N —1.049236 0.004311 0.672232
N —3.551289 -2.230343 -0.572745
N -1.311597 -2.267595 0.601233
S -2.482648 -3.368889 -0.047394
C 0.296109 -0.356068 1.065056
C 1.334522  -0.214692 0.042983
C 2.724293  -0.127292 0.456145
C 3.065543  -0.054740 1.854332
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C 2.021267 -0.047371 2.803646

C 0.697651 -0.138036 2.421798
H 2.270825 0.046868  3.857622
H -0.085515 -0.081465 3.172197
N 1.096540  -0.190577 -1.255172
N 3.641246 -0.058609 -0.508009

Se 2.722067 -0.067944 -2.071586

N 4.368507 0.026119  2.193852
H 5.054805 0.107681  1.458051
H 4.649552  0.195000  3.145682
H —0.096257 -1.758802 0.976599

Imaginary mode: 1849 cm™, r (C...H..N): 1.4593 and 1.3700 A, respectively; E (closed shell): —
4075.599438, AH (298 K, gas): —4075.546557 au; AGson: —6.4 kcal mol™.

<S?> (broken symmetry): 0.3710, E (broken symmetry): —4075.600351 au.
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Intermediate 11

Atom Coordinates, A
X % z

C 3.411621 -0.626438 -0.302686
C 2.042048 -1.100379 -0.145839
C 1.445665 1.084949  0.443749
(2 2.847823 1.483230 0.276227
N 4213947 -1.617725 -0.713028
N 1.814871  -2.358742 -0.421278
S 3.297730 -2.977190 -0.872410
N 3.818018 0.642982 -0.080789
N 1.033825  —0.200258 0.282382
N 3.022880 2.796785  0.528771
N 0.663914 2.103847  0.799282
S 1.622869 3.559162  0.878647
C —0.278065 -0.671490 0.617340
C —1.460055 -0.066195 0.097976
C —2.764295 -0.663754 0.411983
C —-2.861686 -1.839754 1.241774
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C —1.673038

€ —0.424107
H -1.697382
H 0.468262

N -1.504700
N -3.834463
Se —3.246448
N -4.100922
H ~4.875880
H —4.177494
H —0.327487

—2.366265

-1.794701

—3.249153

—-2.274738

1.030936

—-0.070259

1.344306

—2.334054

-1.995366

—3.268273

2.105946

1.725565

1.412263

2.358575

1.796107

-0.667348

—0.106193

—1.053470

1.533684

0.983398

1.902400

0.551964

AH (298 K, gas): —4075.586974 au. AGson: —8.4 kcal molL,

138



Transition state TS3

Atom Coordinates, A
X % z

C 3.557619 -0.276949 -0.194771
C 2.243368 -0.923914 -0.170078
C 1.322720 1.170884  0.339050
(2 2.679933 1.731422 0.301724
N 4517301 -1.145354 -0.549557
N 2.222638 -2.193945 -0.494003
S 3.806353 -2.599009 -0.817336
N 3,788856  1.021559  0.080039
N 1.093040 —0.180407 0.181068
N 2.666333  3.061247  0.519803
N 0.373693 2.072447  0.538529
S 1.130222  3.589774  0.693591
C —0.164948 -0.827088 0.425789
C -1.410259 -0.270668 0.032616
C —2.644829 -1.037230 0.181771
C 2.622566  —2.355340 0.743962
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C —1.386380

C —-0.205722
H —-1.325744
H 0.723118

N —1.609613
N —3.782883
Se —3.403531
N —3.806287
H —-4.598808
H —3.766623
H —0.766857

—2.834273

—2.095199

—3.816013

-2.547362

0.966361

—0.444509

1.214240

—3.033454

—-2.684924

—4.032274

1.734870

1.165539

1.008946

1.627011

1.328254

—0.466950

—0.200413

-0.776244

0.897040

0.377976

1.025965

—0.026183

Imaginary mode: 1185 cm™, r (N..H..N): 1.3167 and 1.2228 A, respectively. E (closed shell): —
4075.637385, AH (298 K, gas): —4075.584228 au. AGsow: = —6.2 kcal mol™,

<S?> (broken symmetry): 0.4038. E (broken symmetry): —4075.638598 au.
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Intermediate 12

Atom Coordinates, A
x % z

C 3.451925 -0.402130 -0.411700
(6 2.124620 -0.991977 -0.193180
C 1.391818 1.113946  0.513040
(& 2.747998  1.618404 0.263656
N 4,321855 -1.311192 -0.891254
N 2.013084 -2.267471 -0.502893
S 3.515655 -2.718365 -1.040877
N 3.774930 0.880673 -0.181081
N 1.085139 -0.214094 0.298529
N 2.844698 2.932469 0.547675
N 0.526729 2.010914 0.953089
S 1.383525  3.437908 1.055866
(5 —0.203686 -0.775127 0.581159
c -1.374727 -0.231168 0.036859
C -2.641618 -0.844514 0.293011
C —2.712309 -2.022540 1.102864
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C -1.519740

C -0.296284
H —1.554438
H 0.609908

N —1.443611
N —3.760569
Se —3.279908
N —3.943665
H -4.708353
H —3.991746
H —0.935904

—2.536180

-1.927047

—3.423974

-2.350651

0.875602

—0.289844

1.186573

—-2.560317

—-2.241795

—3.510282

1.688529

1.631198

1.376677

2.257175

1.792966

—-0.803971

—0.235271

-1.175711

1.369875

0.792130

1.701005

—0.442959

<S%> (high spin): 2.0139. E (high spin): —4075.647146, AH (298 K, gas): —4075.587188 au. AGsgy: —

5.0 kcal mol™.

<S?> (broken symmetry): 0.8453. E (broken symmetry): —4075.648584 au.

J=-270.05 cm™ as —(Ens — Egs) / (<S%>Hs — <52>gs).
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Transition state TS4

Atom Coordinates, A
X y Z

C —-0.066124 0.067165 0.040784
C 1.381625 —0.010663 0.032145
C 1.446306  2.329556  -0.071339
C 0.000350 2.349205 -0.024491
N -0.641418 -1.125947 -0.084200
N 1.888614 -1.216221 -0.088872
S 0.579527 -2.233266 -0.211879
N -0.737630 1.238016 0.360965
N 2.155645  1.149374  0.296929
N —0.501078 3.557552  -0.255691
N 2.028615 3.479875 -0.321790
S 0.786410 4.567149 -0.510147
C 2.650132 1.233711 1.651712
C 1.748933  1.203806  2.749152
C 2.245631 1.385377 4.104944
C 3.660563 1.577597  4.344526
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C 4.497901
C 3.991668
H 5.566947
H 4.676504
N 0.410043
N 1.356074
Se -0.272302
N 4.075257
H 3.423159
H 5.057464
H —0.260830

1.568615

1.406880

1.706377

1.423908

0.987557

1.389294

1.099423

1.795659

1.624790

1.759570

1.144536

3.237609

1.930218

3.376321

1.087819

2.707313

5.096635

4.406890

5.624330

6.373851

5.841846

1.748982

Imaginary mode: =769 cm™?, r (N..H..N): 1.1803 and 1.4706 A, respectively. AH (298 K, gas): —

4075.569816 au. AGson: —7.2 kcal mol™.
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Compound 5

Atom Coordinates, A
x % z

C -1.161912 0.345069 -3.022310
C -1.184320 -0.290329 -1.721223
c 1.192085 -0.328456 -1.697575
c 1.215125 0.307041 —-2.998640
N -2.347072 0.627240 -3.509829
N -2.390763 -0.479103 -1.240546
S —3.457585 0.115087 —2.372238
N 0.037722 0.613377  —3.651087
N -0.008084 -0.662695 -1.074785
N 2.417887 0.550599 -3.463109
N 2.382222  -0.556428 -1.193922
S 3.489267 0.003267 —2.304450
C -0.030772 -1.085881 0.289816
& -0.018725 -0.101690 1.322038
C -0.052764 -0.537652 2.717988
C —0.096939 -1.944774 3.046203
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C -0.112759

C —0.078585
H —-0.147810
H -0.093820
N 0.016183

N —0.050653
Se 0.004168

N —0.080100
H -0.282951
H —0.378940
H 0.054373

—2.843517

—-2.410882

-3.910014

-3.157082

1.214719

0.416418

1.985324

—2.303055

-1.573044

—3.232741

1.074517

1.992373

0.642391

2.200478

-0.147030

1.117675

3.643647

2.749734

4.368309

5.035378

4.616906

—4.549124

AH (298 K, gas): —4075.705574 au. AGson: —5.0 keal mol™L,
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Additional experimental procedures.

Synthesis of 10,10-dichlorophenoxatellurine, (PT)Cl,.[*’! Diphenyl ether (7.00 g, 41.2
mmol) and tellurium tetrachloride (11.1 g, 41.2 mmol) were set into a flask with an air-
condenser, carrying a moisture guard-tube and heated at 150°C for two hours and at 200°C for
four hours, while hydrogen chloride was evolved. The cooled melt was ground and stirred
with diethyl ether. After filtration the residue was stirred with acetone and filtered again. The
solvent was evaporated and left crude (PT)Cl, (14.4 g, 39.3 mmol) that was used without
further purification in the next step. A small amount of the crude product was recrystallized

from acetonitrile to give orange-brown needles of (PT)Cl,-1/2 MeCN.

TH-NMR (360 MHz, d¢-acetone): & = 8.04 - 7.73 (m, 12H, Cx-H) ppm. *C-NMR (90 MHz,
Acetone-dg): § = 150.5, 133.3, 132.8, 124.7, 119.1 (Ca,), 117.9 (Ca,-CH-Te), '3Te-NMR

(110 MHz, dg-acetone): & = 594.4 ppm.

Synthesis of Phenoxatellurine (PT). A mixture of (PT)Cl, (2.00 g, 5.45 mmol) sodium
sulfide nonahydrate (3.93 g, 16.35 mmol) were heated to 100°C for 15 minutes. After cooling
to room temperature the solid was stirred with diethyl ether and washed with water. The
organic layer was then separated and dried with magnesium sulfate. Evaporation of the ether
left a dark reddish-brown solid, which on further purification by sublimation to give yellow

spear-like needles of PT (1.60 g, 5.41 mmol, 99 %; Mp. 77°C. (78 - 79°CI27l))

IH-NMR (360 MHz, CDCls): 8 = 7.68 - 7.06 (m, 12H, Ca,-H) ppm. *C-NMR (90 MHz,
CDCly): 6= 165.8, 135.2, 129.4, 125.8, 119.9 (Ca,), 106.6 (C,-CH-Te), (Ca,-CH-O) ppm.
125Te-NMR (110 MHz, CDCL:): § = 420.0 ppm. MS (EI, 70 eV, 200 °C): m/z = 298 [M*], 168

[M-Te]*, 139 [M-Te-CHOJ*. UV/VIS (CH,Cly): Amax = 279 nm, 343 nm.
2
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Table S1.

Crystal data and structure refinement of PtCl,-1/2 NCMe and PT.

PTCl,-1/2 NCMe PT*
Formula Cz(,H;gClg,NOgTﬁz CquOTe
Formula weight, g mol™! 774.42 29578

Crystal system
Crystal size, mm
Space group

a, A

b, A

C, A

a,°

B

70

v, A

z

Peateas Mg m™

4 (Mo Ka), mm!
F(000)

& range, deg

Index ranges

No. of reflns collected
Completeness to @ .

No. indep. Reflns

No. obsd reflns with (I>20o11))
No. refined params

GooF ()

Ry (F) I = 2a1D)

wR, (F?) (all data)

Largest diff peak/hole, ¢ A3
CCDC number

monoclinic
0.08 x 0.08 x 0.07
2/c
27.070(2)
13.247(1)
7.4254(7)

90

94,945(3)

90

2652.8(4)

4

1.939

2628

1480

2.74 10 35.03
—31<h=<32
-10<k<15
-7<1<8
4974

94.2%

1941

1703

161

1.143

0.0329
0.0871

0.942 /-0.526
1895457

orthorhombic
0.09 x0.07 x 0.03
P2,2,2,
5.9407(2)
8.0196(3)
20.6459(6)
90

90

90

983.61(6)

4

1.997

2.983

560

2.62 to0 27.50
-10<h<10
-11<k<14
-36<1<29
13802
99.0%

5780

5309

1217

1.038

0.0258
0.0490

0.989 /-0.424
1895458

# Reinvestigation with inclusion of hydrogen atoms.[37]
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Figure S1.  Molecular structure of (PT)Cl,-1/2 NCMe showing 50% probability ellipsoids

o1

Figure S2.  Molecular structure of PT showing 50% probability ellipsoids
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Current (A)

(=]

E vs Ferrocene (V)

- - - Thianthrene = —— Phenoxatellurine

Figure S3.  Cyclic voltammetry measurement of phenoxatellurine (5.5 mg/mL) and

thianthrene (5.7 mg/mL), conducting salt (0.1 M BuyNPFg) in dichloromethane. The peak
potential data for the two scans are:

p1 TA +0.81V Epi pT +052V

Ej TA +034V Epi PT - +0.01V
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Figure S4.  Scan rate dependence (0.2, 0.5, 0.8, 1.0 2.0 V/s) for CVs of PT in anodic scans
through the first oxidation process in CH,Cly/["Bus,N][PF] at a GC electrode. The AE®”* (peak
separation) varies as:  0.2: 152; 0.5: 189; 0.8, 200; 1.0, 228; 2.0, 262 mV.

CV scan rate dependence - 0.50 mM Ptin DCM|

2.0E-05

1.0E-05

Current (A)

-1.0E-05

-2.0E-05
-02 01 00 01 02 03 04 05 06 07 08 09 10 11 12 13

Potential (V)
Figure S5.  Scan rate dependence (0.2, 0.5, 0.8, 1.0 2.0 V/s) for CVs of PT in anodic scans

through the first oxidation process in CH,Cly/["BusN][PF¢] at a Pt electrode. The AE* ™ (peak
separation) varies as:  0.2: 292; 0.5: 327; 0.8, 355; 1.0, 363; 2.0, 394 mV.
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Figure S6.  UV-Vis Spectroelectrochemical measurement of PT (top) and TA (bottom).
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Table S2. Simulated isotropic EPR spectrum of PT*" from DFT calculations

EPR Simulation: phenoxytellurine radical cation

From: Farzin_1 pl_opt UB3PW91 6-3114G(2df,p) // Te=? Doublet
Isotropic Fermi Contact Couplings
Atom Abundanca.u. MegaHert Gauss |Gauss| Simulaed EPR spectrum of the phenoxytellurine radical from DFT

16 H(1) 9998 -0.00083 -3.72438 -1.32895 1.32895 Commat
20 H{1) 9998 -0.00076 -3.38561 -120807 120807 " Teme
17 H(1) 99.98 -0.00056 -2.50503 -0.8938 0.89386
21 H(1) 99.98 -0.00055 -2.43668 -0.86947 0.86947
15 H(1) 99.98 0.00012 053236 0.1899% 0.189% 1
19 H(1) 9998 00001 045473 0.16226 0.16226
18 H(1) 99.98 -0.00006 -0.26259 -0.0937 0.0937 |

__2H 9958 000005 023849 00851 00851
5 C(13) 1.109 -0.00389 -4.37657 -156167 1.56167
11 C(13) 1.109 -0.00368 -4.13592 -14758 14758
3 C[13) 1109 -0.00324 -3.64259 -129977 1.29977
9 C(13) 1.109 -0.00313 -3.52181 -1.25667 1.25667 —*=- -
8 C(13) 1109 -0.00249 -2.79998 -0.9991 0.9991 \
14 C(13) 1.109 -0.00244 -2.74417 097919 0.97919 |
10 C(13) 1.109 -0.00157 -1.76825 -0.6309 0.6309%6 T
4.C(13) 1.109 -0.00137 -1.54085 -0.54981 0.54981
6 C(13) 1.109 000085 0.95299 0.34005 0.34005
12 C[13) 1109 000065 0.73138 026097 0.26097 |
7 C(13) 1.109 -0.00049 -0.54619 -0.19489 0.19489
13 C(13) 1.109 -0.00045 -0.50345 -0.17964 0.17964
2 0(17) . -10.5349 -3.75912  3.75912 1

L ;

s - MR St . P

For sake of comparison, the same 0.5 GLW is used here for the simulation
In reality, we expect the strong spin-orbit coupling of Te to significantly
increase the LW of this radical compared to that of the thianthrene.

This is expected to elminate any resolvable hyperfine spiitting in the signal.
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Table S3.

EPR Simulation: thianthrene radical cation

Simulated isotropic EPR spectrum of TA"* from DFT calculations

From: 17 55_1 p1 ml_gas opt UB3PWOI1 6-311+G(2df,p) Doublet
Isotropic Fermi Contact Couplings
Atom Abundanca.u. MegaHert Gauss | Gauss| Simulated EPR spectrum of the thianthrene radical from DFT
20 H(1) 99.98 -0.00111 -4.97666 -1.77579 1.77579 S
17 H(1) 99.98 000111 -4.97552 -177539 177539 | weseem i
21 H(1) 99.98 -0.00111 -4.97329 -1.77459 1.77459 I
16 H(1) 99.98 -0.00111 -4.97315 -1.77454 1.77454 1 [
15 H(1) 9998 -0.00018 -0.80997 -0.28902 0.28902 : ‘I
22 H(1) 99.98 -0.00018 -0.80956 -0.28887 0.28887 |
18 H(1) 99.98 -0.00018 -0.80883 -0.28861 0.28861 ., [ ]
19 H(1) 99.98 -0.00018 -0.80683 -0.2879 0.2879 |
10 ¢{13) 1109 -0.00377 -4.23822 -15123 15123 [1 |
7 ¢(13) 1.109 -0.00377 -4.235 -151137 151137 1 1
13 ¢(13) 1.109 -0.00377 -4.23354 -1.51063 1.51063 : |
4. 13) 1.109 -0.00376 -4.23231 -1.51019 1.51019 I 4 |
11 (13) 1109 0.00082 05223 03291 0.3291 *= |
6 C{13) 1.109 000082 092091 0.3286 0.3286 [ ¥
12 (13) 1.109 0.00082 0.91847 0.32773 0.32773 | 1|
5 C13) 1.109 0.00082 0.91808 0.32759 0.32759 I
3q13) 1.109 -0.00049 -0.55045 -0.19641 0.19641 "
14 [13) 1.109 -0.00049 -0.54762 -0.1954  0.1954 | |
8 c{13) 1109 -0.00048 -0.54364 -0.19398 0.193%8 | I
9 C13) 1.109 -0.00048 -0.54088 -0.193 0.193 | |
25(33) 0.76 0.04978 17.09676 6.10055 6.10055 | \
1 5(33) 0.76 0.04978 17.0964 6.10042 6.10042 |
L ' T T T T

P

[ Temp—

Note that the linewidth is merely an arbitrary value, and is likely too
too narrow. The value hereis 0.5Gauss for a Laurentian function.
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