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| About the Syntheses of Chalcogenidometalates by in-situ
Redudion with Elemental Alkali Metals

Gunther Thiele, Lisa Vondung, Stefanie DehnenZ. Anorg. Allg. Chem.”\ ] am Druck.

Reduction of chalcogen-rich Pb:Ch (1:2) ph.
in ethane-1,2-diaminee() by elemental alke
metals results in the formation of solutions
[Pb Ch]?* of high purity and abundance.
contrast, application of the same reac
conditions to a binary Bi:Te (1:2) phase yields
mononuclear [BiTg%* anion. Instead of ti
expected [TITe ]**

or [Tl Te ]?*anions, analogous reactions wit
TI:Te (1:1) phase end up with a#C-bond
cleavage of the solveenunder formation of ¢
VDOW RI WKH WHO 0g§ahiGF
Side reactions oén and elemental cesium a
presented and metalate solutions
investigated with NMR spectroscopy.
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Reduction of chalcogen-rich Pb:Ch ) phasesin ethane - withaTl:Te ) phase end up with a£-bond cleavage of thi
diamine €n) by elemental alkali metals resultsthe formation ¢  solventenunderl RUPDWLRQ RI D VDOW RI W
solutions of [PbCh] *of high purity and abundanck contrasi Te)* anion. Side reactions ofn and elemental cesium at
application of the same reaction conditionsatoinary Bi:Te ) presented and metalate solutions are investigated with P
phase yields the mononuclear [BiT€ anion. Instead of tt spectroscopy

expected [TITe] *or [Tl Te]?*anions, analogous reactions

The most common route towards those binary anions is the
preparation in liguid ammonia, being however * quite
) ) _cumbersome. Therefore, alternative reaction pathvaayd)

The reduction of main group metals or alloys Withys extraction of alloys that were prepared by high-
elemental alkali metals in liquid ammonia, as was firgemperature procedures, have been extensively studied, as
described by Joannis' @ resulted not only in the el as reductions in less volatile solvertgreferably liquid
characterization of the famouBl()**ion,> But also in a still solvents at room temperature, such as ethandiamine
growing area of researan a large variety of homoatomic, (er). We have previously utilized thign-situ reduction
heteroatomic, intermetalloid or organyl-substitut@ehtl technique for the syntheses of polytelluridesnfolvated
ions.” ®ur special focus is directed towards the synthesggium derivatived, ] and have now extended this study
and characterization of corresponding binary moleculgccording toHaushalter] $nthesis of KPbTe @eh (see
anions of Tl, Pb or Bi besides Se or Te. equation [ ! towards reduction of heavy main group

i ] chalcogenides with lithium or potassium; reactions of

The crystallographically ~determined structures Opotassium were carried out in the presence of cation
according chalcogenido metallate anions reported in thgquestrating agents. The chalcogen-rich phases aret@tlica
literature can be summarized within a few lines: Forthalli pyv s3E& KA &E'A7HAL D Q/G1 B7 B theyDare
containing compounds, one k_nows the butterfly-like aniorﬁnticipated as being mixtures of the common binary
[TI Ch] *(Ch = Se, Te), ! adistorted and {TISe}-capped chalcogenides with an additional equivalent of elemental
heterocuban-derived anion [Be] 5l [Tl Se] * which  chalcogen. This assumption was verified by reactionsrgjart
comprises edge-sharing [TI$¢etrahedrd,) [Tl Se ] *with oyt from separate PbCh and Ch, orT8i and Te that have
(Se) *ligands bound to a[T$e] unit, ! the tetranuclear Tl peen pulverized together at room temperature prior to
polyselenide [TISe ] 511 and finally the related, though reaction under otherwise unchanged conditions. All cgehe
ternary, trigonal bipyramidal [TIPbTE *anion 1The list of reactions afforded the same products in similar abundance
selenido- and telluridoplumbates additionally contains thgence, although the chalcogen-rich phases may be formally
trigonal - bipyramidal [PKCh] * aniond, - 1 trigonal yiewed as polychalcogenides, the situation in solutiohes t
pyramidal [PbTe %[ 1 [Pb(Se)] * with two (Se) * yvppH WKXV IRUPDGO\DIQQLRRVYE B Y LG
tetraselenide ligands/ and tetrahedral [PbSé<l | For Bi  The observation made at dissolving the parent phases
compounds, only the trigonal bipyramid [BiGHhanions (Ch  contradicts the presence of polychalcogenide anions, & non
= Se, Te) I and [(S) Bi(S)Bi(S)] *> Have been known o the typical colors are obtained.

Introduction

so far.
. N NH /K (2eq.); en N
A3E7THAT7H:z » K [PbTe @ch
- 44—
Pb
N—— | AN
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This way, we were able to obtain solutions of the(®l] * electride solutions are stable for weeks, as deduced from to
anions (Ch = Se, Te) in high abundance and purity, and tathe unchanged blue color.
isolate single-crystalef [K(18-crown )] [PbSe @nA( )
and [K(18-crown ) ][Pb Te] énl 1 A corresponding  The NMR signal obtained from the [Rth] *anion in the
reduction of Bi Te A7 Hjielded the telluridobismuthate case on-solvated.i* orto a minor degree [K( -crown- )]*
[K (18-crown ) (en)K(en) ][BiTe ] ( ). For the analogous cations is very broad (Figur&®-S7), indicating interactions
reduction of 37 @ H A,7wk” unexpectedly obtained [K(18- of the metal cations with the chalcogenide ligands lintism,
crown @ 1A&i7ébaside productin high yield. while the corresponding [ ]Jcrypt complexes are shielded
from any electronic affection of the cations, givingerito
sharp signals (see Figur&8 S9 as has been reported
beforel 1 However, only in the case of cation sequestration
) ) , or solvation of all cations, the trigonal bipyramid@b[Ch ]2*
All title compounds were obtained in the course of our ctirregnion can be obtained. As soon as the amount of Seafis
investigations on the synthesis and reactivity of si#flthe  5gent is lowered to less than one equivalent with respect to

[MxCh]%*(M =TI, Pb, Bi; Ch = Se, Tieanions The literature  the glkali metal ionno NMR signal can be observed for the
procedure for the generation of salts of the TR *anion  pp ch]2+anion any more.

involves the extraction of an alloy of the nominal coniljms
*.3Ee” Zlewiithe presence of [22]crypt! 'However,  \ye note in passing that fusion of precursors lik€Kand
these syntheses always came along with the formation @pch or K and PbCh and subsequent extraction of theryern
[K([2.2.2]crypt)] (Te)l ! and [K([2.2.2]crypt)]Te)! | as phases does not yield the [Bih]2* species in according
side-products, which was determined via X-ray diffraction of,,ndance and purity for PbCh and, [ « , which
according crystals, beside?*and (HTeYions, as observed 5re certainly thermodynamically favoured over the plumbate
by TeNMR experiments of the reaction solution (Seggjts. For the corresponding reactions with Bi, we iagpl
Supporting Information) phases that were generated by simply fusing Bi and Ch in a
L . :2_ratio. For Tl, we absolutely aimed at the use of'a Tl
In contrast, aftem-situ UHGXFW LR Q R IeA®ith7 Hyeltds, Hifrent from the known, mixed-valence phase
2.1 equivalents of elemental potassium, in the presencegfel 1 For this, we started from Tle! ! and carefuy

*2.1eq. of [2.2.2]crypt or 18-crown-6, e>_<act|y one signal Oéulverized it along with 1 eq. of elemental Te.
the desired [P@ e ]?* anion is observed in the TeeNMR

spectrum of a concentrated reaction solution. The sesodt In the case of an analogous reaction wih Te A 7 Hrid

has been obtained for the use of lithium in the absehee potassium in the presence of 18-crowmwe obtaied anen-
cation sequestra}ting reagent, dueto sufficie;nt catioraEioh{ soluble derivative oEisenmanr V [BiTe ],l ™ whereas the

by the solvenenin solution. Scheme 1 provides an overvieWeqction of?T| Te Ae " does not yield the expected butterfly-

of the corresponding reaction pathwa_lys. However, SO far wee [T Te]2*anion, nor the trigonal bipyramidal [Te] *
were not able to obtain the expectgdi(en) ] [PoCh] as  aggregate. Both anions represent minima on the energy
crystals Thein-situ reduction with Li or K inencan also be pynersurface, as studies by means of DFT calculations using
applied ~for the synthesis of the comespondinge program system Turbomole (see Figure 1 and the
selenidanetalates, yet solubilities vary considerably an upporting Information)! ! Instead, we isolated [K(18-
syntheses usually afford the monoselenide anioa sisle  qwn @ BUIAH®

product, according to Se NMR spectroscopy of the reaction

solutions (see Supporting Information).

Results and Discussion

Exemplarily for the heavier alkali metals, we have also
checked the behavior of cesium in this context. Howeter, i
is too reactive, and immediately decomposes the so&rent T
to a variety of colorless degradation products (Scheme =
FigureS1, Table S2, as was described before in part.

H H
N N

S or AgCN Figure 1. Left: Structure of the [TTTe ]**anion upon simultaneous

ONH. -2 H optimization of geometric and electronic structureQirsymmetry)

3 HN »TetR N~ N by means of quantum chemistry. Te#1: 66.65°-66.77°; Ted| +

NS, NS TN Te: 92.27° ° Right: Calculated structure of the [Te]?*

2Cs 5 oe ’ o anion,aspresent in [K([2.2.2]crypt)[TI Te @nAl
-2NH;,-3H, ) N N
<

The telluridocyanate anion has been previously synthesized
from elemental tellurium and KCN in boiling
dimethylsulfoxid€. ! However, within the reaction reported
here, C£, CaH, and NiH bond cleavage must precede the
Jgrmation of the telluridocyanate, sineais the only carbon
and nitrogen source within the reaction solution. Whereas we
did observed breaking ¢fieenC &\ bond under comparably
harsh conditions (becoming a source for amméniiap such
/bond cleavage has been reported under these mild reaction
conditions so far. The whereabouts of the hydrogen atass

Scheme 2.Reaction pathways for the oligomerization esf as
reported & observed herein (see Figure S1 and Table S2).

Also during reductions with elemental potassium, we ha
observed small quantities af colorless precipitatewhich
explains the necessity of a small excess of the alkddlrnte
compensate for the loss. In the case of reductiondititimm,
no such side products were observed; pure litteam,



not been clarified so far. We assume hydrogen-richerystallographic information of compounds - is
degradation products, CNH or NH + CH, to be more summarized in Table 1. As mentioned above, the crystal
likely than H formation, which is, however, not excluded. Anstructure analysis a8s(C N H A en(Scheme 2) is given
according investigation is underway, but not trivial owing tan the Supporting Information (Figure S1, Table S2).

the given reaction conditions and the aforementiongée- si

products formed frorenand elemental potassium. Crystal Structure of [K(18-crown- @b Se @ AHQ

Apart from compound, which has been obtained in highCompound crystallizes in the monoclinic space grdip/c
crystalline yields, all other crown-ether compounds of theith 4 formula units per unit cell. The bond lengths and
above mentioned chalcogenidometalates seem to crystallzaggles within the trigonal bipyramidal [Fe]?* anion are
rather poorly. Beside low yields all crystals investigase similar to those in [K([2.2.2]crypt)[Pb Se]l ! (values given
far have suffered from heavy twinning and disorder. Agdtatin parenthesis): P#b 3.2194(6) A (c.f. 3.2260(8) ApbsSe
above, for thensolvated lithium salts, we were not yet able2.7366(14) - 2.7842(12) A (c.f. 2.757(11) A on average). In
to obtain crystalline material, which is probably due to theontrast to the [2.2.2]crypt salt, interactions betweéiioKs
strong interaction of lithium ions with the anions uponDQG WKH DQLRQ DUH SUHMWBASRWA),.«6H
removal of solvent. The crystallization ofis accompanied thereby capping two S8e edges of the trigonal bipyramidal
by the precipitation of an amorphous, brownish-black powdanion (Figure 2).
that was proven to contain,Tle and K tpresumably as a
mixture of binary tellurides and the elements. The

Table 1L Summary of crystallographic and refinement details for (CCDC 1027982 . Data forCs(CNH A en(CCDC
) are givenn Table S2.

Compound
Formula [K(18-crown {®b Se @A [K (18-crown K(en) ][BiTe ] [K(18-crown- @ 1A&Ii7H

Empirical formula C H KNO PbSe C HBiIKNO Te C H KNO Te
Formula weight /g-mdi

Crystal color and shape orange stick red block colorless block
Crystal size /mm A A u u u u
Crystal system monoclinic orthorhombic monoclinic
Space group Flack> @ P Ic Pmc / P /n

alA

b /A

c/A

g°
VI/A
z
Ghic/g- cm*
Mok g /mm*
4range /°
Abs. corr. Tmin/Tmax
Reflections measured
Independent reflections
R(int)
Indep. refl. { | 1))
Parameters
R @)
wR (all data)
GooF (all data)
Max. peak/hole /810*pm* / + / + =

Crystal Structure ofK (18-crown ) (en)K(en)][BiTe @

Compound crystallizes in orthorhombic space grdmc
with 2 formula units in the unit cell. Each of the tmgd
pyramidal [BiTe] *anions is coordinated by thre€ Kns
(K «Te - A). Bond lengths for BHe are

- A, thus slightly shorter than in
(LVHQPR [BDd NV A).L I One of the K ions per
formula unit (K1) bridgs between two adjacent [BiTe*
anions, thereby achieving coordination number (c.n.) 6
Figure . Structure othe[Pb Se]?*anion and its coordination by through coordination by fouFe atoms from the anions and
[K(18-crown )]" complexes in . Ellipsoids are drawn at 50% two crown ether oxygen atoms from neighboring cation
probability, hydrogen atoms are omitted for clarity. complexes The second cation (K2) iois coordinated by a




18-crown and by the Te atoms of one anion (c.n. 9), like the
third K* ion (K3), which is additionally coordinated by one
(disorderedenmolecule The three types of cations alternate
along the crystallographica axis, thereby forming a
coordination polymer together with the anions, the 18-crown- _;
6 and theen molecules (Figure 3, top). As shown in Figure oY
(bottom), the parallel strands are arranged into corrdgate
layers parallel to th@c plane and separated by sheets of
further [K(18-crown )(en) J* complexes (K4) with highly
disordered 18-crown-6 ligands (not indicated in Figure 3 for =~ &g
clarity). P

Crystal Structure of [K(18-cronn @ 1A&i7H

Compound crystallizes in monoclinic space gro@p /n ] o

with four formula units in the unit cell. The lineare@N)* Figure . Fragment of the crystal structure ofEllipsoids are drawn
anion (Te€ N: 179.2(6)°) is situated between two [K(18-at 50% probability, H atoms are omitted for clarity.

crown )]* fragments with a kK 1 distance of 2.775(6)Aa

K « 7 Hdistance of 3.6249(12)A and angles of 119.48(16)° .

(.« Te<) and 176.3(5)° (« N=€). Bond lengths within conclusions

the anion are Te&€ 2.015(6)A and NC 1.167(7)A, as _ _ _
expected for a single and a triple bond, respectivelth wi The reductlon_of crude I(_—:-ad ghalcogemde (1:2) phases with
further interactions of the terminal atoms to adjacations €lemental alkali metals iren is a straightforward route
The K* ion is coordinated by six O atoms from 18-crown towards solutions containing the [Rlh ]?*anion with high
molecules, and additionally by Te and N atoms of the aniofundance and purity. The corresponding treatment of

The structure thereby forms a coordination polymer abeg °%Te A7H” SURGXFHV WKH ILUVW WHOOX!
[ ] direction (Figure ). REWDLQHG IURP VROXWLRQ S$FHRUBLQ.

cause CEC-bond cleavage and transfer of protons within
solventen molecules under formation of a [K(18-crown*@
salt of the telluridocyanate anion in high yields.

Experimental Section

General: All synthesis steps were performed with strong
exclusion of air, moisture (Ar atmosphere at a highewim,
double-manifold Schlenk line or in a glove box) and light.
Solvents were dried and freshly distilled prior to use. The
elements were purchased from Sigma Aldrich (>99%) and
used as received. Phases with the nominal composition
33 E & K Aok RBi Te Re” were prepared by fusion of the
elements in the corresponding ratios in a quartz arepoul

| S R N A s | under Ar using a Bunsen burnér7 GH 7H” ZDV SUHSDU
// \Z N Ao /* \2 first fusing the elements in a 2:1 ratio, and subsequently
e 4 S '\Ii i 4 addng egvalent of Te under careful pestling at room
/(ﬂ (/ TR i | ,/A .j/ temperature to avoid formation of the mixed-valence phase
N /l \ ¥ - Y P K2 Aj‘ N /jl .;,- TITe.
sy 2 N ¥ wj ¥ . .
i : i i oL Solutions of the title compounds were generated by
T v _ \{:‘ /& 7 ' suspending 0.5 g of binary compounds that were prepared as
/ FT N sk / & mentioned above in 25 mL efi(in the case of reduction with
¥ / e i : = f - l' b K, 2.2 eq of 18-crown with respect to the metal within the
T\ / TN phases has been added to the suspension). 2.1 eq of elemental
- z - 4 alkali metal was added and the reaction solution was
- vigorously stirred for at least 12 h. The remaining solid

Figure 3. Top Fragment of the coordination polymer in I’eSIdueS were flltered Off and the SO|UtI0n VO|Ume was

Ellipsoids are drawn at 50% probability, hydrogen atomsmitted  reduced to a final volume of 15 mL.

for clarity, disorder ofenis represented by transparent ellipsoids.

Bottom: Relative orientation of the strands and further [K(i8wvcr it . A

n er)]* complexes, viewed along®0]. Ellipsoids are drawn at Crystallization of [K(18-crown )] [Pb Ch ] én (1)

50% probability, C, N, O are drawn as wires; H atoms asordéer ) .

of crown ether molecules are omitted for clarity. mL of a solution of was carefully layered with 10 mL of

toluene and left to stand for 4 weeks. The resulting pratdpit
was filtered off and the solution was slowly evaporated.
crystallizes as yellow-orange plates.

Crystallization of [K(18-crown ) (en)K(en)][BiTe @



mL of a solution of was carefully layered with 10 mL of [ ] A. M. Pirani, H. P. A. Mercier, R. J. Suontamo, G. J.
toluene. crystallizes within 3 weeks as black blocks. Schrobilgen, D. P. Santry, H. Borrmarinorg. Chem.

Synthesis of [K(18-crown)](NCTe) (3) [ 1 S.S.Dhingra, M. G. Kanatzidigorg. Chem.

mL of a solution of was carefully layered with 10 mL of [ ] S. Dhingra, F. Liu, M. G. Kanatzidigorg. Chim. Acta ,
toluene and left to stand for 4 weeks. The resulting ptatdpi
was filtered off and the solution volume was reduced to 5 mL. | H. Borrmann, J. Campbell, D. A. Dixon, H. P. A. Mercia.

crystallizes within one week as colorless sticks in M. Pirani, G. J. Schrobilgerinorg. Chem ,
approximately % yield with respect to Te.

[ ] M.Bjorgvinsson, J. F. Sawyer, G. J. Schrobildanrg. Chem.

Single-crystal X-ray diffraction: All measurements have ,
been performed on a Stoe IPDS2 or IPDS2T diffractometer | . gjsrgvinsson, J. F. Sawyer, G. J. Schrobilgenrg. Chem.
at K (, Cs(CNH) Ben) or at a Stoe IPDS- [2.2.2]crypt = 4,7,13,16,21,24-hexaoxa-
diffractometer at 193 K 0, using MoK radiation and a 1,10-diazabicyclo[8.8.8]-hexacosane.
graphite monochromator & 0.71073 A). Upon numerical [ ] C-W.Park, R. J. Salm, J. A. Ibe@an. J. Chem.
absorption correction, structure solution was performed by
direct methods, followed by fuII—matrix—Ieast—square? ]
refinement againgt , using SHELXS-97, SHELXL-97 and
OLEX2 software. ! Table summarizes the data of the X-[

: : : ] R. M. H. Banda, J. Cusick, M. L. Scudder, D. C. Craig, I. G.
ray diffraction experiments. CCDC 1027982 DancePolyhedron

C. D. W. Jones, F. J. DiSalvo, R. C. Haushaltesrg. Chem.

Nuclear magnetic resonance spectroscopyAll NMR- > @. Thiele, T. Kriiger, S. DehneAngew. Chem.

spectra were recorded én on a Bruker DRX 400, with a , Angew. Chem. Int. Ed.

C D capillary for locking. For Te experiments with [ ] a)W. Bronger, A. Donike, D. SchmitZ. Anorg. Allg. Chem.
species other than [2.2.2]-crypt salts, short acquisitinest o b) B. Eisenmann, R. ZagleiZ.

(0.2 s) reduced the duration of the experiments and helped Kristallogr.

avoiding excessive line broadening. Standard experimeifits] A. Muller, M. Zimmermann, H. BoggeAngew. Chem ,

applied 15k pulses with short delays (D1 = 1sBe - ;Angew. Chem. Int. Ed. , ,
experiments applied standard parameter sets with typicajly] G. Thiele, N. Lichtenberger, R. Tonner, S. DetherAnorg.
>10k. Allg. Chem. , , 2809+
. . [ ] The formation of [K{8crown )][PbTe @A was

Quantum chemical methods:DFT calculations were done unambiguously identified by single-crystal X-ray diffriact
with the program system TURBOMO using the RIDFT and energy dispersive X-ray spectroscopy, as well as Tia
progran?®® < and employing the BeckPerdew 86 (BP86) ?nd SPb NMR slp$ctrosc_op3/ (|)_1|‘ the corresp(ﬁndlng sc;lutlon

i3 na25025e,25M i : see Supporting Information). However, we have so far not
fyr)ctlonal 5; Twith defZ'TZ.VP basé¥d and reSpeCt'Vg been able to obtain datasets that are of suitable quality for
fitting _base? for the evaluation of the Coulomb matrix. publication. Cell parameters (space gréup) at 193 K a
Effective core potentials (ECPs) were used Torand Te A b A, ¢ = 21.2587(15)A, =
atoms (ECP and ECP  respectively}?>! Counter ions 98.594(5)°. 18-crown -hexaoxacycloocta-
were modeled by application of COSMO with default decane.
parameter&§>25d [ ] A.Cisar, J. D. Corbettnorg. Chem. 2+

[ 1 G.A. Bowmaker, Effendy, P. C. Junk, B. W. SkeltonHA.
White, Z. Naturforsch. B ,

[ 1 E.Cruceanu, S. S. Sladadu,Mater. Sci ,
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. Crystallographic details for Cs(C N H ) A en

Upon careful addition of elemental Csdnthe solution is stirred for half an hour after which the excess

enis evaporated, yieldinGs (C N H) A enas colorless crystals.

Figure S Representation of the asymmetric unit in(CsN H ) A en(left, top), of the unit cell (right)

and the dianionic heterocycle in side and top view (left, bottom). Ellipsoidsaawa dit 50% probability.



Table S . Details of Diffraction experiment and refinementQf(CN H ) A en

Empirical formula CHN Cs
Formula weight

Temperature/K

Crystal system orthorhombic
Space group Pbca

a/lA

b/A

c/A

o
o

o

Volume/A
Z
lcaigmg/mm
m/mm
F(000)
Crystal size/mm 0.35 x 0.26 x 0.20
Radiation MoK .
, range for data collectior 3.996 to 53.488°
Index ranges - "K”- 7"N7”"- "0V
Reflections collected
Independent reflections 6137 [Rat = 0.0527, Bgma @
Data/restraints/parameters
Goodness-of-fit on F
Final R indexes [I>=2()] R =0.0371, wR
Final R indexes [all data] R =0.0533, wR
Largest diff. peak/hole / e £



. NMR spectra of the reaction solutions
General approach

a) Extraction with K: eq of K and 1eq of Pb were fused in a quartz ampoule with an oxygbafaet
burner and 2 eq of Se or Te were added to the melt. The resulting regujussived and extracted for
at least 24h witlenin the presence of at least 2.1 eq of either 18-crown-6 or [2.2.2]crypt.

b) Extraction with Li: eq of Pb and 2qof Seor Te were fused as in a), followed by pestling, addition
of 2.1 eq Li in liquid ammonia and subsequent annealing of the resulting powder for iBman

oxygen/methane burner. The resulting regulus was pestle and extracted for at least 12theunrs wi

¢) In situ reduction: MCh “(M = Py Ch = Se, Te) was prepared as in b), subsequent addition of 2.1 eq
of elemental alkali metal ian (and in case of K additional 2.2 eq of 18-crown-6 or [2.2.2]crypt) and
filtration yielded the solution for NMR characterization upon reduction of theisoluolume upon

evaporation of the solvent.

All NMR-spectra were recorded @anon a Bruker DRX 400, with a © capillary for locking. The quoted
chemical shifts were taken from ref] [chalcogenides and polychalcogenides) and réfimetalates).
I(Te?y) = A430ppm; /(Te?) = A080ppm; /([PbTe]?) = V27ppm. For the in situ reduction of
A3 E 6 HZLW K ehlnoLsPectrum of sufficient quality could be obtained due to low solubiltief t

[Pb Se] ~anion (as compared to the [Fle ] 7)) and extremely broad line width.

[rel]

-947.94
-1030.78
-1105.52
-1436.06

T T T T T T T T T T T T T T T T T T T
-800 -1000 -1200 - 1400 - 1600 -1800 [rpm]

Figure S. Te-NMR spectrum uporH [ WUDFW LR QwithleA/L3E7H’



Figure S .

Te-NMR spectrum uporH [W U D F W L R Qwitk kerfin3He preSence of 18-crown
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Figure S. PbNMR spectrum upon reduction 6f3 E 7 H AvittHK in enin the presence of 18-crown
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Figure S . Te-NMR spectrum upon reduction &f3 E 7 H Avith in enin the presence of [2.2.2]crypt.

Quantum chemical calculations on the series [TCh ] % with Ch = O through Po

DFT calculations were done with the program system TURBOMOLEing the RIDFT prograim and
employing the BeckdePerdew 86 (BP86) functiondl with def -TZVP basels @and respective fitting



basek! for the evaluation of the Coulomb matrix. Effective core potentials (E@®= used for Te and
TI, Pb, Bi atoms (ECP-28, and ECP-60, respectivelyjounter ions were modelled by application of
COSMO with default parametelrs.

All structureswere minima on the potential energy surface as determined from calculdtragonal

spectra of the optimized geometries.

Table S . Structural parameters of the calculated@H ] ~anions inc symmetry.

Ch d(Tl 1) /A d(TI £h) /A <(Tl £h A1) /° <(ChdHAl £h) /°
@)
S
Se 2+
Te
Po 2+
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1 Syntheses, Structures and Electronic Properties of a New

Series of Tellurides of the Type [Sequestrated Catiodlex]

(x = ¥\

Gunther Thiele, Niels Lichtenberger, Ralf Tonner, Stefanie DehnenZ. Anorg. Allg. Chem.
M1 _fcid ~d\e eae(Tddlbild)

7KH OLVW RI 3FODVVLFDO
cations was expanded by the synthesis of si
crystalline  salts [Lienn](Tex) (en =
ethylenediamine) withn =4, x=1)(n=4, x :
),orn=5,x=3(), [K(18cH] (Tex) (18c6=
1,4,7,10,13,16-hexaoxacycloocta-decane) wi
), [K([2.2.2]crypt)] (Te) ([2.2.2]cryp

= 4,7,13,16,21,24-hexaoxa-1,
diazabicyclo[8.8.8]-hexacosane, ) anc

[K(18ch] [K(en] (Te) ().

Electronic structure calculations on fr
molecules and periodic approaches
discussed and compared with experimel
UV-visible spectra, providing a correlation
the band gaps with the telluride chain lenc
and a possibility for affecting the gap |
according choice of the counterior
Additionally, Te NMR chemical shifts of th
presented series ofen solvated lithium
tellurides are presented.
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Abstract. The list of “classical” tellurides with organic cations wason free molecules and periodic approaches are discussed and compared
expanded by the synthesis of single-crystalline saltg¢in),](Te,) (en  with experimental UV/Vis spectra, providing a correlation of the

= ethylenediamine) witm=4,x=1 (1), n=4,x=2 (2), andn =5, bandgaps with the telluride chain length, and a possibility for affecting

x = 3 (3), [K(18cH]x(Te,) (18c6 = 1,4,7,10,13,16-hexaoxacycloocta-the gap by according choice of the counterions. AdditiondfyTe
decane) withx = 2 (4), 4 (5), [K(18cH],[K(en](Tey), (6), and NMR chemical shifts of the presented serieseofsolvated lithium
[K([2.2.2]crypt)](Tey) (7) ([2.2.2fcrypt = 4,7,13,16,21,24-hexaoxa- tellurides are presented.

1,10-diazabicyclo[8.8.8]-hexacosane). Electronic structure calculations

Introduction Table 1 summarizes the classical “organic cation” tellurides
. . ! . ) with solvated alkali or alkaline earth metal cations currently

, Slllnce the synthesis of the first single crystalline polytellurgyyn  including our contribution of solvated lithium

ide!! the interest in t_ellurldes an(_i teIIurlym compounds h%olytellurides, [Li(en.](Te,) (2) and [Lix(en<](Tes) (3), and

peen constantl_y growing — due to interesting str_uctural _pmpesréquestered potassium polytellurides, 18¢6].(Te,) (4),

ties and a variety of different types of Te-Te-interactiBhs. [K(18c8].(Te) (5), [K(18cHlK(en]o(Te), (6), and

The latter is espe_cially vali_d for teIIl_Jrium-rich _tellurides - 'n[K([2.2.2]crypt)]2(Te2) (7), that were obtained beside the lith-
contrast to cIassmgI teI[urldes, which comprise excluswelmm monotelluride [Li(en).]Te (1).

well separated chains with an overall charge of —2. In 2000,

SmithandIberselaborately reviewed all tellurides known until . .

then and classified those into (a) alkali metal/ aIkaIine-eart'ﬁeSUltS and Discussion

metal cation and (b) organic cation tellurides, respecti?ly. The title compounds were obtained during our current
The latter included solvated telluride salts. Since then, a largitempts to extend and optimize the synthesis of salts of the
progress has been made in the area of non-classical tellurid@k,Te;]?~ anion, which we use as starting material in reactions
including one, two and three-dimensional telluride architeawith transition metal compounds. According to literature
turesl?+4a4b] rings and cage formatio®®] heterometallic, procedure$’® the syntheses always afford7 and
macrocyclic and carbene analogeous tellurium confK([2.2.2]crypd)](Tes)! as side-products. We intended to
pound§d-4e.4tadlas well as the syntheses of a large variety adichieve a crown ether complexation of potassium ions, as well
telluronium, tellurolaté?™41 and polycationic tellurium as synthesis with lithium as reducing agent. For the lithium
saltst¥-#k-4.4ml Nevertheless, the total number of so-called “orderivatives, we expected a stronger solvation by ethylenedi-
ganic cation” tellurides, which contain either alkali metal oamine €n) and were interested to investigate the effect of an
alkaline-earth metal cations in solvent, crown ether or cryptarkchange of K with Li* in the planned*?5Te NMR experi-
complexes, or ammonium or phosphonium ions, is still smalinents to identify products as well as side-products. Thus,
Apart from some arsonium telluridé$) and ammoniaté®! it  1-7 were isolated as so far unknown side-products during the

Dedicated Issue

has not been increased since this last review. experiments described above. Additionally, we have performed
straightforward: direct syntheses of the lithium compounds
* [F;rof- D£§Sé4gih;86;5653 1-3 from the elements iren (see Experimental Section). All
ax: +49- - ; - P

E-Mail: dehnen@chemie.uni-marburg.de of the title _compounds represe_nt so far missing species in the

[a] Philipps-Universitat Marburg well-established class of telluride saltis-=7 were structurally
Fachbereich Chemie and Wissenschaftliches Zentrum fiir Materigharacterized by means of single-crystal X-ray diffraction. The
wissenschaften (WZMW) . . ; - .
Hans-Meerwein-Strale 1 crystallographic data and refinement details are given in
35043 Marburg, Germany Table 2.
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Table 1. Summary of structurally determined alkali metal/alkaline-earth metal polytellurides with solvated or sequesteredt€htions.

(Teg* (Te)* (Teg)*” (Tey)>

A* or EA%* in solvate complexes Na, LR Ba, Li (3) Ca

A* or EA%* in crown ether complexes K4y, (6) a) Sr, Ba, Na, K B)
A* or EA?* in cryptand complexes K7§ K Na

a) A compound with the nominal composition [K&c6],(Tes) was obtained as single-crystals; however, the quality of the data sets were too
low so far for publication.

Table 2. Crystallographic data and refinement detailsle¥.

[Lizfena]Te (1)  [Li(ena(Tex)  [Lix(en)s|(Tes)  [K(18cH]x(Tey)  [K(18cH]x(Tes)  [K(18cHl2- [K([2.2.2]crypf5(Tey)
@ (©) Q) ©®) [K(en]x(Tex)2 (6)  (7)
Empirical formula GHaliNgTe GaHalizNgTe, CoHaglizNgTes CogHagKo01Te,  CogHagKo010Tes  CogHseKaN4O12Tes CagH72KoN4O:0Te,
Formula weight 381.90 509.50 649.00 862.02 1117.22 1307.57 1086.38
/g-mol*
Crystal color and shape colorless block black block black block blue block black block purple stick purple plate

Crystal size /mm 0.17 041 0.14 0.36 0.79 0.47 0.17 0.37 0.14 0.15 0.17 0.22 0.10 0.06 0.06 0.51 0.11 0.06 0.14 0.27 0.06
Crystal system monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic _ trigonal
Space group P2,/c P2,/n C2lc C2lc P2i/c P2,/c R3
alA 9.2326(4) 11.1617(15) 32.520(4) 22.7116(9) 20.5835(9) 7.5835(2) 11.8966(4)
b/A 19.5608(9) 14.6234(16) 9.0526(10) 8.5340(2) 11.1976(4) 17.3171(6) 28.1868(18)
c/A 9.7818(4) 12.4530(16) 17.1476(19) 19.5794(9) 18.1348(7) 36.4663(11)

/° 94.494(4) 94.413(10) 103.599(10) 112.779(3) 113.370(3) 95.930(2)
V /A3 1761.13(13) 2026.6(4) 4906.6(10) 3498.9(2) 3836.9(3) 4763.3(3) 3454.8(3)
z 4 4 8 4 4 4 3

calc/gcnms 1.440 1.670 1.757 1.636 1.934 1.823 1.566
p(Moy ) /mnr?t 1.688 2.880 3.550 1.957 3.280 2.827 1.506
2 range /° 4-55 4-51 5-51 4-54 4-54 2-55 10-53
Abs. corr. T/ Timax 0.6136 /0.8015 0.0202/0.0539 0.4811 /0.6382 0.6172 /0.7802 0.8454/0.8940 0.3678/0.8376 0.7042/0.9471
Reflections measured 8548 18627 11517 51182 21054 23230 5470
Independent reflections 3729 3729 4334 3714 8082 10617 1616
R(int) 0.0239 0.0902 0.0811 0.0345 0.0749 0.0719 0.0473
Indep.refl. | 2 (I)] 2937 2777 4334 3055 4867 6544 1282
Parameters 300 183 248 277 379 469 86
R [l 2() 0.0166 0.0736 0.0329 0.0288 0.0397 0.0422 0.0409
WR, (all data) 0.0379 0.2731 0.1057 0.0850 0.0971 0.1290 0.1035
GooF (all data) 0.854 1.115 0.667 0.670 0.689 0.568 0.909
Max. peak/hole 0.559/-0.550 2.130/-0.822 0.572/-0.554 0.651/-1.461 1.716/-0.838 1.759/-2.772 1.207/-0.795
le~10%pnT3
CCDC No. 954799 954800 954801 954802 954803 954805 954804

Inspired by the work ofSeifert-Lorenzand Hafner["®! we

ligands. All en molecules bridge between different cations,

performed quantum chemical calculations of molecular anionthus, there is no chelating ligand present. Three of the four
species (T2~ (x = 1-4) and of solid-state structures. The lateoordination sites per Liion are involved in bridges within
ter served to evaluate differences in the electronic structure @se layer, with the fourtten ligand acting as bridge to the
a function of both the anion chain lengths and the differeriecond layer. The telluride anions are located within the
cations. The results were compared with experimental UV/Vigouble-layers. The six nearest-Te distances (4.60-5.93 A)
and'*°Te NMR spectra. All reactions were monitored by NMRform a distorted octahedron. Four of the-Td contacts are
spectroscopy, and compared with the chemical shifts reporteuated within one layer, a fifth one involves a'lion of the
already bySchrobilgenand co-workef’®! second layer, and the remaining-Tl& contact involves a L
ion of the next double-layer, which is not connected to the
respective double-layer bgn bridges. The octahedra share
corners and edges, thereby forming a complicated 3D network.
Compound2 (Figure 2) comprises single layers of solvated
Compoundsl-3 crystallize in monoclinic space groups. Un-lithium ions that are folded in zigzag fashion and extend paral-
like the heavier congeners, the coordination number (c.n.) &6 to theac plane. Herein, the Liions form a folded tetrago-
Li* ions is restricted to c.n. = 4. The coordination of ldat- nal net with bridgingen molecules along all of the Lili
ions by en molecules leads to the formation of 2D, (2) or edges. Every second tetragonal loop accommodates one of the
1D (3) arrangements. (Te,)?~ dumbbells [Te-Te 2.774(2) A], which are orientated
In 1 (Figure 1), the LT ions are arranged into double-layersperpendicular to the mean planes of the loops. Six closést Li
parallel to the crystallographiac plane upon bridging byen ions form distorted octahedra (4.38-5.46 A) around the Te-Te

Crystal Structures of [Ly(en),]Te (1), [Lix(en)](Tey) (2),
and [Lis(en)](Tes) (3)

2810 www.zaac.wiley-vch.de © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Z. Anorg. Allg. Chem2013 2809-2815



Tellurides of the Type [Sequestered Cation(Te,) (x = 1-4) §§i§§:&§§'§f£ZAAC g and
General
Chemistry

und allgemeine
Chemie

Figure 1. Crystal structure ofl. Side view of one double-layer @&
bridged Li" ions (top) and distorted octahedral coordination environ-
ment of the Té"ions (bottom). Hydrogen atoms are omitted for clarity.

dumbbells. Four of the six Liions belong to the same zigzagrigure 2. Crystal structure of. Side view of the 2D network (top)
net, the remaining two Liions above and below belong toand distorted octahedral coordination of theffedumbbells within

adjacent Li/enlayers. The octahedra are corner-sharing withifne Li*/enlayer (bottom). Hydrogen atoms are omitted for clarity.
one Li*/en layer, and corner-sharing as well as edge-sharing
between adjacent layers to form a 3D network.

The 1D arrangement of tiions andenmolecules ir3 (Fig-
ure 3) instead of a network of higher dimensionality result
from a different coordination mode of then ligands with re-
spect to the all-bridging mode observedlror 2. Here, the
Li* ions are linked to two (Li2) or three (Lil) adjacent*Li
ions byenligands, while the remaining coordination sites are
occupied by non-bridgingn molecules: a chelating one (Li2)
or a terminal one (Lil). The Liions within the strands form
rectangular, six-membered loops that are connected by joinil
two opposite Li--Li edges along the long rectangular edges pe
ring. The (Tg)? anions [Te-Te 2.722(1) and 2.719(1) A; Te—
Te-Te 109.41(3)°] are situated between thé/edn strands Figure 3. Crystal structure oB. Fragment of one Lien strand, em-

within the crystal. phasizing the peculiar coordination modes at Lil and Li2. Hydrogen
atoms and disorder of twaneanolecules are omitted for clarity.

Crystal Structures of [K(L8c6)(Te,) (4), [K(18c6)b(Tex) bonds in5 differ in lengths with 2.7121(7), 2.7095(7) (Tel—

(5), and [K(18cBi]-[K(en)]a(Te,) (6) Te2, Te3-Ted) and 2.7438(6) A (Te2-Te3). This is similar to
Although all reactions with potassium as reducing agetihe values observed in related structUfésond angles are
were carried out iren, only compoundb actually incorporates 107.46(2) and 108.07(2)°, the torsion angle amounts to
en within the crystal structure. Potassium ions4n5, and6  100.52(3)°.
have c.n. of 8 or higher, including the coordination b§ca Within 4 (Figure 4) the (Tg?>~ dumbbells bridge two
Again, all compounds crystallize in monoclinic space group$K(18cQ]* cations in a bent side-on mode [K—gTleond cen-
Te—Te distances amount to 2.7842(4) & @nd 2.7807(6), ter)-K angle 114.94°], resulting in c.n. 8 for the" kons; the
2.7823(6) A 6) in the ditellurides. The tetratelluride Te-Temean planes spanned by the crown ether oxygen atoms are

Z. Anorg. Allg. Chem2013 2809-2815 © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.zaac.wiley-vch.de 2811
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tilted toward each other by 101.75°. The barycenters of thes
complexes form a strongly distorted cubic closed pack lattice
with next barycenter-to-barycenter distances of 8.53-12.13 A ¢

l.m
<§>

Figure 4. [K(18c6],(Te,) aggregate i in top view (left) and side
view (right). Hydrogen atoms are omitted for clarity.

The structural motif of polytelluride-bridged [K8c6]* cat-
ions is also present if (Figure 5). However, the (T~ units /
bridge in end-on mode between two cations, and the WhOll/
ensemble forms a dimer by self-complementary-{B], ag- L]
gregation of two cation complexes; accordingly,” Kons o
achieve coordination numbers of c.n. = 7 or 8. The complexe:
have a total extension of 28.1 A (outmost--C) and form R ] N . N
stacks in crystallographia andb directions. ‘_T v1i bt i A 4\‘\/

& L

Te3

Figure 6. Crystal structure o. One-dimensional strands along the
crystallographia axis, including (Tg)2~ dumbbells in side-on coordi-
nation mode (top) and arrangement of the strands within the crystal
(bottom). Hydrogen atoms are omitted for clarity.

anion is found “end-on” 7.12 A apart the*Kons, in the direc-
tion of one of the K-N contacts. The (9%~ anions, in turn,

have eight K “neighbors”, six within theab plane, and two
Figure 5. [K(18c6]4(Te,), aggregate irb. Hydrogen atoms are omit- i ¢ direction.
ted for clarity.

Two of four independent potassium ions@r{K1, K3) have
c.n. of 8, resulting from a side-on coordination by the ditellur-
ide anions beside the crown ether coordination. K2 and K4 |n terms of reaction monitoring we performééfTe NMR
exhibit another coordination mode, involving tw@n experiments and were able to identify the potassium seques-
molecules each instead of the crown ether ligands, and twW&ted tellurides according t&chrobilgen’s compilation of
(Te,)*~ anions, each bridging in side-on mode. This way, infichalcogenide shift tablé&! Changing to lithium tellurides, the
nite coordination strands are formed eXtendlng parallel to tfﬁé”unde anion ofl and monohydrogente”unde were also de-

Experimental and Computationat*Te NMR Studies

crystallographica axis (Figure 6). The ditelluride units [Te-Tetected as reported (Te?*) = -1430ppm, (HTe) =
2.781(1) A] are surrounded by three* Hons each, and are 1100 ppm], while lithium polytellurides produce different
stacked along tha axis. chemical shifts.

Table 3 compare$?>Te chemical shifts of the terminal tel-
lurium atoms of polytellurides as measured from solutions of
_ lithium solvated or potassium sequestered polytellurides,

Compound’ crystallizes in the trigonal space groRf. The respectively. In the case of lithium salts, the terminal tellurides
(Tey)® dumbbells [Te-Te 2.764(1) A] are aligned parallel talo not undergo an upfield shift with increasing chain length,
the crystallographic axis, and their barycenters occupy thevhich might be due to a higher Lewis acidity of the (solvated)
positions of a hexagonal close packing topology. Potassidithium ions compared to sequestered potassium salts. Further
ions are captured by [2.2@)ypt molecules revealing accord- indications for a direct interaction of polytellurides with lith-
ingly c.n. = 8, and therefore have only weak interactions witlum cations are given by relatively broad signals with line
the ditelluride anions. Each [K([2.2@}ypf)]* cation complex widths of up to 6402 Hz. These indicate a dynamic equilibrium
is surrounded by three (3¥~ anions (K-Te distances 6.89, of solvated and free lithium cations, facilitating a direct impact
7.24 A) with the Te-Te dumbbells orientated “side-on”, nearlpf the latter on the electronic structure of the terminal tellurium
parallel to the @-O edges of the trigonal prism formed by theatom. Bridging tellurium atoms are not affected that much,
six [2.2.2krypt oxygen atoms (Figure 7). A fourth (38~ since the negative charge is not delocalized over them to a

Crystal Structure of [K([2.2.2]crypt))(Te,) (7)
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Table 3. 125Te NMR chemical shifts of the terminal tellurium atoms
of different (poly)telluride anions. Values for bridging tellurium atoms
in parentheses; values for'¥6equestered anions taken from Ref. [7c].

(*?5Te) /ppm K'-sequestered  [Lisolvated Calculatedl
(Tep~ ~1430 —1441 ~2901
(Tey)?~ —1080 -1022 -1519
(Tez)?~ —298 (-372) —-1509 (-323) —380 (80)
(Tey)?~ 19 (19) —1229 (—4P) —199 (844)

a) For free dianions, see Experimental Section. b) The NMR spectrum
recorded on aren solution of 3 is identical with the NMR spectra
recorded on a solution that was obtained upon reduction of three equiv-
alents of elemental tellurium with two equivalents of metallic lithium

in situ. ¢) Since no lithium salt of the (I~ anion is known, the NMR
spectrum was recorded on a solution that was obtained upon reduction
of four equivalents of elemental tellurium with two equivalents of met-
allic lithium in situ.

Electronic Structure Calculations and Experimental UV/Vis
Spectroscopy

While the monotellurides are colorless and electronic insu-
lators, the classical polytellurides (J& with x = 2—4 should
exhibit smaller — that is semiconducting — bandgaps, as indi-
cated by a variety of colors.

The continuous reduction of the bandgap with growing
chain length was examined and confirmed on the examples
reported herein by several approaches: (i) TD-DFT (energy of
HOMO-LUMO singlet excitations, S) for the molecular
anions, (ii) periodic DFT calculations (fundamental bandgap,
bg) considering the periodic arrangement in the crystal and
the corresponding cations (LiNa* or K*), and (iii) UV/Vis
spectroscopic measurements for our series of lithium solvated ,
tellurides (exp).

Table 4 documents the bandgap narrowing for the series of
Figure 7. Crystal structure of’. Coordination environment and three (T~ with x = 1—4 by all methods applied. As expected due
of four next (Te)>~ dumbbells around Kions within [2.2.2rypt li-  to the large impact of charge compensation for a single atom,
gands (top). Embedding of a EJ& dumbbell within eight single molecule calculations (S) fail to correctly describe the
[K({2.2.2]crypg]" cation complexes (bottom, KO, and k-N contacts  jsqated monotelluride ion in comparison to periodic calcula-
not drawn). Hydrogen atoms are omitted for clarity. . . .

tions and the experiment, but strongly overestimate the gap.
Additionally, the trend from (T§%~ to (Te,)?" is not correctly
o ) ) ) ) described by this method. In contrast, the calculations taking
significant extent. Sglunons of potassium tellurides in the aby, 4ccount the full periodic arrangement in the crystal includ-
sence of complgxatlon agents dp not produce any dete‘??al?ls counterions deliver bandgaps in good agreement with the
signals at all, since the interaction of the (softer) pPotassiUfeasyred data, both regarding the trend and the absolute val-

ions with the tellurium atoms is even stronger, and the SQliss This might, however, incorporate some error compensa-
vation tendency benis lower than for LT — according to the

HSAB principle!®! The broadening of the NMR signals is
strong enough to make them disappear in the noise. Solid staé¥le 4. Calculated first singlet excitation energies (S), fundamental
NMR investigations did not yield any valuable information2andgaps (bg), and experimental onset of absorption (exp) for

. . . - (Te)?, x = 1-4. All values in eV.
since line broadening even exceeds the overall shift range(o?’J

ted Issue

1ca

Ded

polytelluride anions. Anion S (TD-DFT)  bg (periodic DFF)  Exp (UV/Vis)
Quantum chemical calculations éf°Te NMR shifts were Te*- 6.66 2.13 °

performed for the different anions (J& (x = 1-4) (Table 3), (TeZ)i 1.50 b}-55 n.74 1.34

including a full relativistic treatment and an all electron basi Te3)2_ i%g 197 (})'05

set. Due to problems when treating anions in chemical sh &

calculations, the absolute numbers differ considerably. Hov@}g ([29202"’]"‘:“""‘;?‘(1Tf°)ﬂ(‘% and I[_Na([bz).262¢rypt)]2(Te4);IGCI va:]qe fc(’jr )
. ) . . .2.2]crypd)]a(Te, in italics. onvergence not achieved. ¢
ever, they confirm the trend of an upfield shift of termina he samples decompose during the measurement due to extreme air-

telluride atoms with increasing chain length, which was resensitivity. d) Due to the co-crystallization of,Re; (see Exp. Sect.),
ported for non-interacting (sequestered) telluride $&its. a value for the (T@? salt was not available.

Z. Anorg. Allg. Chem2013 2809-2815 © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.zaac.wiley-vch.de 2813
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tion since the DFT methods used are known to underestimaigle crystal X-ray Diffraction: All measurements were performed
bandgaps of semiconductd?s. at a Stoe IPDS-Il or a Stoe IPDS-IIT diffractometer at 1001K4-7)

For the (Te)? dianion, periodic DFT values are given foro" atan Stoe IPDS-I diﬁractometgr at 193K B), using MoK radia- .
both Li* and K* as counterions. The calculated values indicaf" ( = 071073 A) and a graphite monochromator. Upon numerical

that the counterion does affect the bandgaps, such as Suggergnpgﬁrptlon correction, the structure solution was performed by direct

f the NMR ¢ ods, followed by full-matrix-least-squares refinement agaifst
rom the measurements. using SHELXS-97, SHELXL-97, and OLEX2 softwdfdl Table 2
summarizes the data of the X-ray diffraction experiments.

Conclusions Crystallographic data (excluding structure factors) for the structures in
. . . this paper have been deposited with the Cambridge Crystallographic
A Vane_ty of new ponteIIu_rlde salts were Sym_hESIZ_Gd anélata Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK. Copies
characterized by means of Sln_gle-crystal X-ray diffraction an& the data can be obtained free of charge on quoting the depository
NMR spectroscopy. The continuous decrease of the bandg@pnpers ccDC-954799, -954800, -954801, -954802, -954803,
was demonstrated using a combination of quantum chemicgb4804, and -954805 fol—7 (Fax: +44-1223-336-033; E-Mail:
calculations and UV/Vis spectroscopy. Computational apteposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk)
proaches taking the full crystal environment into account are _ ] )
needed for accurate results. Additionally, spectroscopic as welf/Vis Spectroscopy:Optical absorptloln Spec"i_""ere reclorded with |
as periodic quantum chemical methods revealed a notable fhvarian Cary 5000 spectrometer. Single-crystalline samples were pul-
. . verized in nujol oil between two quartz plates (Figure 8).
fluence of the very counterion present on electronic structures

of the (Tg)?~ chain.

Experimental Section

Absorbance
Absorbance

General: All synthesis steps were performed with strong exclusion o
air, moisture (argon atmosphere at a high-vacuum, double-manifo
Schlenk line or in a glove box) and light. Solvents were dried an S . i i ’ .
freshly distilled prior to use. The elements were purchased from Sign WMy ¢ R —
Aldrich ( 99%) and used as receive@ryptdix© was purchased

from Merck. A phase with the nominal composition KPbTe was preFigure 8. Optical absorption spectra of (J&~ (left hand side) and
pared by fusion of the elements in 1:1:1 ratio in a quartz ampoule (es)?~ (right hand side) units, such as observed in compotnasd
an argon atmosphere using a Bunsen burner. 3, recorded as suspension of single crystals in nujol oil.

Synthesis of [Lien).Jx(Te,) (y = 1-3) (1-3):Lithium (300 mg) and Nuclear Magnetic Resonance Spectroscopyll 125Te NMR spectra

the accordmg gquwalents o.f tellurium were §uspendeeh(60 mL). . yere recorded with a BRUKER DRX 400 enwith a GDg capillary
The reaction mixture was stirred for 2 d and filtered to remove possible - " )
r locking. The use of short acquisition times (0.2 s) reduced the

solid residues. The solution (40 mL) was taken and carefully Iayer%a

with toluene (40 mL). Compounds-3 crystallize within 2 weeks as uration of the experiments and avoided excessive line broadening
colorless 1) or black.blocks 2. 3). Yields: 48% (), 91% @), 94% parameters (15Hz). Standard experiments applied 15k pulses with a

(3). delay (D1) of 1 s.

Crystallization of [K(18c]x(Te,) (4): A phase with the nominal
composition KPbTe (500 mg).8c6 (500 mg), anden (10 mL) were
stirred for 2 d, filtered, and carefully layered with toluene (10 mL)
After 2 weeks, compound crystallized as black blocks. Yield approx.
10%.

Methods of the Quantum Chemical Investigations:All molecular
electronic structure calculations were carried out with the Turbomole
program package V622 As proven reasonable for many of our pre-
vious investigations of main group element anifisthe COSMO
model was used for the compensation of negative ch&tjedtructure
optimizations were undertaken by employment of the RIDFT program,
Crystallization of [K( 18¢8]x(Tes) (5): A phase with the nominal using the BP86 function@&P! and def2-TZVP basis sets with an effec-

composition KPbTe (250 mg)l8c6 (250 mg), anden (2 mL) were tive core potential at the Te atoms (ECP-28-mdf-TZW®) Nuclear

heated in an autoclave for 7 d at 150 ®was picked manually from Magnetic resonance properties were calculated using ADF
the reaction mixture as black blocks beside black blocks ™! V2010.02") with the GIAO AnsatZ®l and all electron basis sets

(QZ4P). For the TD-DFT calculations, all geometries were optimized
Crystallization of [K( 18c6].[K(en)]x(Te,), (6): A phase with the Uusing the BP86 functional and def2-TZVP basis sets. Calculations at
nominal composition KPbTe (330 mg) an8c6(400 mg) were stirred Crystal structure geometries do change the absolute values, yet the
with en (25 mL) for 2 d, filtered and allowed to stand for one weekiendencies are the same. Solid state calculations were carried out using
Crystallization was realized by layering of the reaction solutioFT methodology with periodic boundary conditions applying the

(10 mL) with toluene (15 mL)6 crystallized afte 5 d aslong purple €xchange-correlation functional proposed Byerdew Burke and
sticks in approx. 15% yield. Ernzerhof(PBE)*® in combination with a plane-wave basis set. The

projector-augmented wave (PAW) metiSHwas used and enabled a
Crystallization of [K([2.2.2] crypD],(Te,) (7): A phase with the nom- truncation of the plane-wave basis set at a kinetic energy of 350 eV.
inal composition KPbTe (330 mg) and cryptofix© (400 mg) wereThe Brillouin zone was sampled at thepoint and the experimental
stirred withen (25 mL) for 2 d, filtered and allowed to stand for onecrystalstructuresused.Convergencetestsforthebasisset(400 eV),alarger
week.7 crystallized as purple plates with approx. 15% yield. k-mesh (spacing of 0.17 betweerk-points) and optimization of ionic
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positions changed the values by 0.05 eV. The energy during SCF Jones, R. D. Sharménorg. Chem.1993 32, 4378; f) K.-H. Thi-

cycles was converged to T0eV. The VASP code was usé&d! ele, A. Steinicke, U. Dimichen, B. Neumdillef, Anorg. Allg.
Chem. 1996 622 231; g) B. Schreiner, B. Neumduller, K.
Dehnicke,Chem. Ztg1991 115, 326.
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1 Molecular CHEVREL-like Clusters
[(RhPPh) Se'] and [Pd-Te"]*

Gunther Thiele, Zhiliang You, Stefanie DehnenJnorg. Chem. ~\] an Revision

[(RhPPh) b -Se)d-0.5en ( } en= ethane-1,2-diamine), obtained by reaction of [Pl&Se]? anions
with [Rh(PPh) CI] in en, represents the first compound comprising a molecular [Rh
octahedron with all faces capped by Se atoms. Analogous treatment ofPbTe]? with
[Pd(PPh) Cl4 yielded [Li (en);J[Pd {u -Te)d ( /), the first compound exhibiting a molecular,
chalcogen-capped [Pd] aggregate. Besides syntheses and structures of the title compounds, we
report quantum chemical calculations and cyclic voltammetry to understand the electronic
properties of these molecular GiEVREL-like complexes.
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Abbildung . Molekdlstruktur von [(RhPPh), QSe)d.



Molecular GHEVRELIlike clusters [(RhPPh) { J-Se)] and [Pd{ J-Te)-]*
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Rhodium Palladium Chalcogenide, Molecular Chevrel Coipasitd Functional Theory
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ABSTRACT: [(RhPPh) (1-Se)]- en( ; en = ethane-1,2-diamine) Solution resulting from an extraction of a binary Ph:Te phase
obtained by reaction ¢fb[Se]2™anions with [Rh(PPhCI] in en, (1:2) with 2.1 eq. of Li with [Pd(PPH-Cl], we obtained the
represents the first compound comprising a molecillactfitiedsn  related compound [Li(en) J[Pd{u -Te)d (). For synthesis
with all faces capped by Se afemafogous treatment of [Rb]2™ and characterization details see the Supporting Informatian.
with [Pd(PPH ClI] yielded [Li(en) ][Pd (u-Te)] (), the first Both product compounds, ] and % are based on octahedral
compound exhibiting a molecular, chalcogen-capgedgfffegate [M f aggregates. They represent the first octahedral clusters in
Besides syntheses and structures of the title compounds quarrepdth or Pd chemistry to be capped by chalcogen atoms, in the
tum chemical calculations and cyclic voltammetry to whdéestarstyle of molecular GHEVREL-like complexes.

electronic properties of these molecuiavrE:-like complexes. Compound ] crystallizes in the triclinic space group P $with

one formula unit of the Ci-symmetric cluster and one addition-
al, heavily disordered solvent molecule ofenin the unit cell. All
deltahedral faces are prcapped by Se atoms, and each of the Rh

For many years, rhodium and palladium compounds have atoms is additionally coordinated by one PPh ligand (Figure 1)

attracted great interest in inorganic, organometallic and organ-
ic chemistry due to their properties in various catalytic reac-
tions, such asGrubbsi[RuCIl~ E i )/ for alkene metath-
esid! and Wilkinsonis S Z ) ]Sor hydrogenation of ole-
fins and acetylenes.!

Polynuclear rhodium complexes incorporating an [Rhy] octra-
hedron, such as the hexadecacarbonyl-hexarhodium
[Rh{CO)4,[1 with its unique properties as redox catalyst|!
have been extensively investigated, as wellA large diversity of
according Rh clusters with terminal, bridging and/or capping
carbonyl groups have been known, including condensed clus
ters with up to _ Rh atoms[2 amine and phosphine ligated
derivatives[9 as well as the corresponding hydride clusters
such as [RhH{PCy){[B(CH Fp-4d or [RhiH {PPr)y, ¢
and a pure 6[Rh{ octahedronld with potential in syngas con-
version.!! Compounds that contain [Pd], aggregates in con-
trast, have been far less represented in the literature. Apdr
from [Pd {CO) (PMe ) {,!1 only higher aggregates such as the
[Pd_Ni{CO)-{PPh)]  cluster anionl? or [Pd (CO){P(p- Figure IMolecular structure of the cluster in compoBtighsoids are

Tolyl) };~were reported 1l drawn at 50% probability, C atoms are drawn as atines, &hd split
Corresponding molecular [M{] octahedra with face-bridging by ~ Positions of disordered Ph rings are omitted faiSeéeitied structural
chalcogenide ligands have been only known for transiion QBSBNFUFST <QN —> 31w38eRh 243.63(7)-
metals of groups V-VIIII11 and Cd1# to date. These represent 249.90(7), RIR ) O 4Fw4F -
molecular analogs of the fundamental building units of ; Rhw 3 1w 3 (mer) -90.230(16)°,
CHEVREL phases AMo Ch4(A = Ca, Sr, Ba, Sn, Pb, Au, Ln; Ch= 3W3Iw3l GBD -60.445(14)°3erRhr8g¢mer)  20(3)-

chalcogen), which have triggered large interest due to their 157'24(2):' SehSe(fac) 87.01(2)-88;28(2)$e|ﬁhrﬁ 90.17(4)-
thermoelectric and/or superconducting potentials. [1? 112.58(4)"Rhr8erRh 77.45(2)-79.60(2)°.

In the course of our investigations on the reactivity of Different from the carbonyl complex [Rh {CO);j, - the elec-
[PbCh]" aniondlt towards transition metal complexes, a tronic structure of compound ]cannot be depicted by using
solution resulting from an extraction of a binary Pb:Se phase electron counting rules according to Wade and Mingos!1¢ The

(1:2) with 2.2 eq. ofl8c6and 2.1 eq. of K18c6= 1,4,7,10,13,16-[Rh{ cluster core is comprised of e dvalence electrons, with
hexaoxacyclooctadecane) was treated with a stoichiometric the p-Se ligands counted as 4 electron donors and the phos-
amount of [Rh(PPh)CI] in en (en = ethan-1,2-diamine), which  phine ligands as 2 electron donors much more than the num-
resulted in the formation of [(RhPPh ) {u -Se)d- \ &em () upon  ber of 86 electrons expected for an octahedralcloso cluster.

slow removal of the solvent. In a corresponding reactionof a Sce o ™MY77 "t°Z%...—-Ft > =St t<Ttvfe—



(310.69(6)-313.26(7) pm), which are much longer than in
[Rh{CO)1} (277.6 pm),- [Rh{CO)j(dpm)] (dpm =
bis(diphenylphosphino)methane; 278.3 pm), 19[RhH 1{P'Pr)
(271.8-305.9 pm)d or in [(Cp"Rh)_ QSe)][PF{~ (288.0(1),
288.79(8) pm)/2%a but similar to the values observed in
[NMe J[Rh _ QSe){CO){ (308.6(1), 315.9(1) pnd}.b! Still, there
is a slight electron deficit (each of the Rh atoms possesses 16
electrons without metal-metal bonding). Although an 18 elec-
tron situation for the Rh atoms is not urgently expected as the
cluster is not an organometallic compound, we explored
whether the Rh atoms would gain the missing J _electrons
each""‘e S& S <e—f"f ornates

Quantum chemical calculations applying density function
theory methods, "! with a subsequent population analysis of
the DFT wave function based on occupation numbers
(PAaBOON), ""suggest a very weak interaction of the Rh atoms.
A total shared electron number (SEN) of 1ce was calculated
for twelve 2-center and eight 3-center Rh...Rh interactios (that
can be summarized as eight (Rh interactions & 0.~ e). As
compared with a total of ]]ie for ~ Rh (U -Sé interactions
(that can be summarized as eight (Rh) (i -Se) interactions a
lJae)a —-St S& S «<e—anfiaunt to-about ]% of the
strength of the Rh Secovalent bonds that are mainly responsi-
ble for tethering of the atoms within the complex. Inspection
of the molecular orbitals (MOs) and localized MOs (LMO)
et cee St f efe 7 ec%oec <...fe— SA&
tions (see Figures Sand Sh, but indeed reveals an LMO that
indicates some interaction of the Rh atoms (Figure * left), and
is based on the highest energy MOs.

Formally, the Rh atoms exhibits different oxidation states,
Rh(Il) Rh(ll) -. Actually, it is not possible to clearly assign such
charges based on the crystal structure, as the RfSeqcore devi-
ates only very slightly from octahedral symmetry (Rhy Rheg
311.53(6)-313.26(7) pm, &hRheq 310.69(6)-312.83(5) pm, Rh
Se 245.77(7)-247.98(6) pm, RR Se 243.63(7)-249.90(7) pm). It
is possible to discriminate the metal atoms by Mulliken popu-
lation analysid "L of the DFT wave function, if the calculations
are based on the crystal structure geometry (Figure 2, right).
However, simultaneous optimization of the geometric and
electronic structure leads to an equalization of both the cluster
core symmetry and the atomic charges. Thus, we conclude that
(a) the slight deviations from octahedral symmetry may be put
down to packing effects and that (b) the respective electrons
are delocalized over all Rh atoms.

investigations were carried out on a CHCIl ~solution of ](about
1.20 mM), in the presence of tetran-butylammonium hex-
afluorophosphate (TBFP; 0.1 M) at 25 °C (Figure & However,
these studies failed due to the oxidation of CHCl ~itself, occur-
ring prior to the oxidation of ](see Supporting Information for
further details). Thus, we changed the electrolyte/solvent con-
bination (TBFP/MeCN), and repeated the measurement under
otherwise unchanged conditions (Figure S10). Although the
solubility of ]in MeCN is not high, two well separated oxida-
tion steps were observed(Figure ). The nearly equal intensi-
ties of the two peaks, with half-wave potentials €; ) at 1.1V
and 1.39 V, respectively, suggest that each of the two oxitian
processes should involve the same number of electrons, which
is in agreement with two successive oxidations of the cluster
corein ]

Current [nA]
=

_,-—-'/J

o o

4(’]0 B&D
Potential [mV]

1200 1600

Figure . Differential pulse voltammogram (R®)MeCN solution of

& recorpledoat a(plggnu;m_elg:trode in the presence of TBFP (0.1 M)

Scan range and rate: 0 to +1700 mV, 10 mV/s. Pulse amphtude 50

The mixed-valence character of ] might be made responsible
for the failure of a straight forward synthesesvia reaction of
[K(18cg] Se with Rh(PPh) CI; we assume that the Pb atoms in
[Pb-Se]? most likely acted as oxidizing agent, such as observed
in our earlier work on according chalcogenidostannate s#s,
beside their role as chalcogen sourcé’! The uncommon reac-
tion pathway also rationalizes the relatively low yield of } how-
ever, the use of [K(8c§] Se along with alternative oxidants is
not easily feasible, since S is sensitive to oxidation itself,
yielding polyselenides as highly favorable reaction prducts.

Compound “crystallizes in the monoclinic space groupP 7n,
and the cluster possesses crystallographicci symmetry. The

t& 1t tco—fo..te ™—§aggrefdte (>1320 pm) are
Tt fe Z'e%t” —Sfe —St S& S] Adfacks.ard y- <o
capped by Te atoms (Figure 4). In contrast to the complex in}
no phosphine groups are attached to thePd-Te core, which
remains anionic. Instead, the complexes are embedded in an
extended {[Li-(en);] 4 network that forms sheets of double
layers parallel to the (10§ plane (Figure 3.

Figure 2. Left: Representation of the LMO representing éakry) w
3Iw31 JOUF $B.Bwthdé? OMOs and the valence MOs are given

in th? Supporting Informatioﬁmen_yl rings are omitted for Clarit3f3igure 4. Molecular structure of the anion in compdiliygsoids are
Amplitudes are drawn at +@.u.. RighCharges at Rh atoms (bluehrawn at 50% probability, Selected structural parameters [pm, °]:

according to a Mulliken analysis of the DFT wave feaictitated for Selectedd SVDUVSBM QBSBNFUFST -872R0(16),> 1Ew
the complex structure iras determined by X-ray crystallography. Bhe 260 43(13)- 5 F w 857.20(14)-408 05;(13) pr,n

atoms (orange wires) possess Mulliken char@d9®tor.587. PPh 1EW1EW1E NFS -90.21(4)°, Pd.Pd.Pd(fac) 59.34(3)-

fragments are omitted for clarity. Note that the cluarmg#sreflect 61.10(4)°, TeRdme(mer) 157.97(6)-161.37(6)°, Pe-Te(fac)
formal oxidations states, but are a measure for it. B 5)°, Pdfie Rd 74 8;1(4)-78 03'(4)0 '

To confirm the assumption of a mixed-valence situation in } | .o <t 40 the situation in ] the [PdTed* anion comprises

we examined its electrochemical properties by means of cyclic formal Pd' throughout, which is consistent with the corre-
and differential pulse voltammetry (CV and DPV). Initially, the ’
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SYNOPSIS TOC: [(RhPPhyu -Se)d and [Pddu -Te)d* , two complexes with [M{ octahedra capped by eight p-Ch ligands (Ch
= Se or Te), were obtained by treatment of [PECh ]2 anions with [Rh(PPh) CI] or [Pd(PPh) I, respectively, in en. Both com-
pounds comprise the first molecular [M {p -Ch) 4 aggregates with the respective elemental combinations. Bedes syntheses and
structures of the title compounds, we report quantum chemical calailations and cyclic voltammetry to understand the electron-

ic properties of these molecular GiEVREL-like complexes.




Supporting Information

Molecular GHEVRELIlike clusters [(RhPPh) A J-Se) ] and [PdA Ji-
Te) 1%
Gunther Thiele, Zhiliang You, and Stefanie Dehnen*

Fachbereich Chemie and Wissenschaftliches Zentrum fir Materialwissenschaften, Hans-
Meerwein-Stral3e, 35043 Marburg, Germany

Contents

1) Synthesis Details

2) Single-Crystal X-Ray Diffraction Analyses
3) Energy dispersive X-Ray Analyses

4) Quantum Chemical Analyses

5) Cyclovoltammetry

6) Referenes



Synthesis Details

1.1 General

All manipulations were performed under strict exclusion of air and moisture using standard Schlenk and glovebox techrgues.
Solvents were freshly distilled prior to use.18crown-6 was evacuated for at least 24h at p < 1-1@nbar prior use. All elements
and complexes (Sigma Aldrich) were transferred into a gleebox and used as received. Potassium was freshly cut prito use.

1.2 Synthesis of

5 g (0.024 mol, 1 eq) of Pb and 3.81 g (0.048 mol, 2 eq) of Se placed in a quartz ampule and heated for 5 min with an
oxygen/methane burner. The homogenous melt is allowed to coolbefore being thoroughly grinded. 500 mg (1.369 mmol, 1 e@f
the resulting powder and 760 mg (2.875 mmol, 2.1 eq) of 18-axm-6 are vigorously stirred in 50 mL en while 112 mg (2.87amol,

2.1 eq) of K is added. The solution is stirred for 48 h, lfered and 10 mL of the resulting solution is carefully layered with 10 mL of
a saturated THF solution of [Rh(PPh) CI]. The resulting reaction mixture is allowed to stand for 2 weeks, filtered and the
solution slowly evaporated to dryness. ] crystallizes as black sticks in approx. 16% yield (with rgeect to Rh) along with an
amorphous powder.

Synthesis of A

5 g (0.024 mol, 1 eq) of Pb and 6.16 g (0.048 mol, 2 eq) of @ee placed in a quartz ampule and heated for 5 min with an
oxygen/methane burner. The homogenous melt is allowed to coobefore being thoroughly grinded. 500 mg (1.081 mmol, 1 eq) of
the resulting powder is vigorously stirred in 50 mL en while 16 mg (2.3 mmol, 2.1 eq) of Li is added. The solution itrsed for 48

h, filtered and 10 mL of the resulting solution is carefully hyered with 10 mL of a saturated THF solution of [Pd(PPhCI{. *
crystallizes after 5 weeks as black blocks in approx./¥ yield (with respect to Pd) along with an amorphous powder.

[K(18¢6)],[Pb,Ses] ~EPRACl_ [(RhPPhy)g(n3-Se)g]-0.5en (1)
thf
en TK/18CTOWH6
e
en lLi
[Li(en),]o[PbyTes] ”Pf}l&» [Liy(en);o][Pdg(u-Te)g] (2)

Figure S1.Reaction scheme towards]and #



. Crystal structure refinement details

Single-crystal X-ray data were collected on a Stoe IPD8 () or a Stoe IPDS () diffractometer at 100 K () or 193 K (9,

respectively with Mo-K pradiation and a graphite monochromator

P E \&cA)dJpon numerical absorption correction (Stoe

X-AREA), the structure solution was performed by direct methods,followed by full-matrix-least-squares refinement against F",
using SHELXS-97, SHELXL-97, and OLEX2 softwat€ A summary of crystallographic and refinement details is gven in Table S1.
Figure S2 provides additional views of the [Li(en) ;] “oordination network around the anionic [Pd sTed* clusters observed in”

Table S1.Crystal data and structure refinement details for Jand »

Identification code

[((RhPPh) {u-Se)d-en ()

[Li(en)ji[Pd {u-Te)d (1)

Empirical formula

CjH e NP RhSeq

C]\H ‘\Li/N]\Pd_TE‘

Formula weight A"daraen 11" a\v;
Radiation MoKp P E \ac]\c_ MoKp P E \ac]\c_
Diffractometer type STOE IPDS I STOE IPDS
Temperature/K ]\ A le_

Crystal system triclinic monoclinic
Space group P-] P2{n

a/lA 1’al]__~ b ]Jbae "a Je
b/A ]"aa\"" b Na_Jel I\
c/A laa ]b\ c ]baeab] ]d
D° b a'1b _ el

E° bca'\e _ ]J\"ade” e
G braded _ e\

Volume/A - ANbca_ A Adbaa” a

z ]

Macmg/mm - Jae~\\ Naban\
Q@nm-! “alcc aadc

F(000) ]_d\ac AMcelal
Crystal size/mm- 0.17 x 0.11 x 0.08 0.12 x 0.1 x 0.08
") range for data collection/® 3.321053.48 3.94 t0 50.89
Reflections collected _Jd~c _lec”

Independent reflections

10392 [R: E \alec’

5281[R: E \a]b_e

Absorption correction T min / T max

\a bM< \ad\id\

\a& "]c \dabea

Data/restraints/parameters

N_e” I _

ardp\ ~b_

Goodnesseof-fit on F"

\dea_*"

\aed_\

Final Rindexes || T E W])]

Rj= \a\ JwR-= \a]\]b

Rj= \a\a, WRe= \a] "]

Final Rindexes [all data]

R;=\a\b,wR~=\4]\ed

Rj= \a\b"WR~= \&] b~

Largest diff. peak/hole /e A -

_a\ddl@a]cac

Jaalara\_ab




Figure S2. Left: Thermal ellipsoid diagram of the cluster in “and detailed representation of the coordination sphere at theLi*
cations. Right: Three different views of the [Li-(en);]| “network that embeds the CHEVREL-like [Pd sTed = clustersin 7 viewing
down the crystallographic axesa, b, or c, respectively. The anions are highlighted by paothedral representation. Ellipsoids are
drawn at 50% probability, H atoms are omitted for clarity.



3. Energy dispersive X-Ray analysis results

EDX analyses were carried out using an EDX-device Vager 4.0 of Noran Instruments coupled with an electron microscge
CamsScan CS 4DV. Data acquisition was performed with an accelerati voltage of 20 kV and 100 s accumulation time. The data
were collected on various crystals and at multiple sits of the respective sample. Figures S3-S4 show representaigpectra;
Tables S2-S3 list mean values that were averaged over allues collected for each sample. Slight differences in obseed and
calculated atomic composition is caused by inhomogenous deomposition of the sample due to short contact with air and
moisture during sample preparation.

Figure S3. EDX spectrum of ]

Table S~ EDX results for ]

Element k-ratio ZAF Atom % (calc) Element Wt % Wt % Err.

(calc.) (2:Sigma)
SeK \a_ceb \dede T_aen _caaa £ Na o
Rh-L \da]_a ]an]b abalc ac brda a /A lajc
Total AR AN JAR




Figure S °. EDX spectrum of * &

Table S . EDX results of " &

Element k-ratio ZAF Atom % Element Wt % Wt % Err.

(calc.) (2-Sigma)
Te-L \a_eed lawns Ttaa\ o “\a\c A Naea
Pd-L \da\'b lajdd aaaa\ 'd aede_ £ aa
Total IANEAN 1\




4. Quantum chemical calculations

4.1 Methods

DFT calculations were carried out with the program system TURBMOLE! using the BP86 Functionallwith def2-ECP$7 and

def2-TZVP basis setfd as well as respective auxiliary basis set§. The COSMO solvation modeld was applied to compensate
molecular charges. Population analyses were applied viklulliken analysistd with and without localization or via SEN.L4 Applied

symmetry: Cy( ], On ().

Canonical molecular orbital diagrams for the clusters in Jand “are shown in Figures S5 and S7. Localized molecular orbital
diagrams are given in Figures S6 and S8, respectivelBEN values are summarized in Tables S4-S5 fdand in Table S6 for »

Due to C;symmetry in ] which is caused by the relative orientation of phenyl ringsof (PPh) ligands, no degeneracy occurred
Nevertheless, orbitals of similar energy and shape (yetdifferent orientation) can be summarized (namely 600a/599g
589a/597a/596a; 595a/594a/593a; g89a/588a and 585a/584a)daanly one of them is shown in Figure Saas a representative
example.

For localized molecular orbitals, the corresponding orbital shapes for even more orbitals are alike: 601a, 600a-595594a-580a.
Therefore only few representatives are shown without consideratin of respective energies.

Figure S a Molecular orbital diagram of ] (PPh) groups and minor contributions to orbitals are omitted for c larity. Threshold
for orbital plotting setto +/ 0.033 a.u.



Figure S b Localized molecular orbital diagram of ] (PPh) groups are omitted for clarity. Threshold for orbital plotting set to
+/ 0.033 a.u.. Mind that the energies can only be taken as augle to the eye as they are lost during the localization prazedure
and artificially added thereupon.



Table S°. Two center shared electron numbers in](restricted to Rh/Se).

14 Rh 15 Se \a'd_e 25Rh 73 Se \a\_aa 15 Se 52 Se \ale ™~
14 Rh 33 Se \a\a"a 25Rh 74 Se \a\a”b 15 Se 72 Se \ad\e'c
14 Rh 42 Se \a\_c_ 34Rh 15 Se \a\_c_ 15 Se 74 Se \ale\b
14 Rh 51 Se \a\an~d 34 Rh 33 Se \&a_eb_ 33 Se 42 Se \d\e\a
14 Rh 52 Se \a\_'b 34 Rh 42 Se \a\anrd 33 Se 51 Se \ale a
14 Rh 72 Se \a']ba 34 Rh 51 Se \da ' cad 33 Se 73 Se \ale ']
14 Rh 73 Se \a"\db 34 Rh 52 Se \a\_ab 42 Se 52 Se \al\e_~
14 Rh 74 Se \4a_bdb 34 Rh 72 Se \d\achb 42 Se 72 Se \a\ddn
16 Rh 15 Se \a_c\\ 34 Rh 73 Se \a_e]c 51 Se 52 Se \ale a
16 Rh 33 Se \a\_ea 34 Rh 74 Se \a""d] 51 Se 74 Se \a\dd]
16 Rh 42 Se \alan\ 43 Rh 15 Se \a\_ea 72 Se 73 Se \ale a
16 Rh 51 Se \a_\b\ 43 Rh 33 Se \a_c\\ 73 Se 73 Se \ale_»
16 Rh 52 Se \a© A\ 43Rh 42 Se \aalec Total Se Se 1al1]\_
16 Rh 72 Se \al\a”e 14 Rh 16 Rh \a\b]b

16 Rh 73 Se \a\_b\ 14 Rh 24 Rh \a\dee

16 Rh 74 Se \dale” 14 Rh 25Rh \a\ab]

24Rh 15 Se \alar 14 Rh 34 Rh \a]b]b

24 Rh 33 Se \a~d”] 14 Rh 43 Rh \alle_

24 Rh 42 Se \a_bed 16 Rh 24 Rh \ad]lea

24 Rh 51 Se \a'Jac 16 Rh 25 Rh \a~]b~n

24 Rh 52 Se \a“\d" 16 Rh 34 Rh \a\b\b

24 Rh 72 Se \a\a”b 16 Rh 43 Rh \a]\la\

24 Rh 73 Se \a\_‘c 24 Rh 25Rh \a]lb\_

24 Rh 74 Se \a\_c] 24 Rh 34 Rh \alach

25Rh 15Se \a_ean 24 Rh 43 Rh \a\b]a

25Rh 33 Se \a\_c’ 25Rh 34 Rh \d\ea_

25Rh 42 Se \a " "aa 25Rh 43 Rh \a\b\b

25Rh 51 Se \d\ach 34Rh 43 Rh \a”]1bd

25Rh 52 Se \a_e_~ Total Rh - Rh lab“]e

25Rh 72 Se \da'cce

43 Rh 51 Se \ala_\

43 Rh 52 Se \a\_b\

43 Rh 72 Se \a_\b~

43 Rh 73 Se \a _]b

43 Rh 74 Se \ala”]

Total Rh - Se 11é\e _




Table S a Three center shared electron numbers in](restricted to Rh/Se).

14Rh 15Se 16Rh| \d\c\d 14Rh 15Se 74Se| \a\]1]" 14Rh 16Rh 24Rh| \&\aa_
14Rh 15Se 24Rh| \a\__e 14Rh 33Se 51Se| \a\]_~ 14Rh 16Rh 25Rh| \&\_e _
14Rh 15Se 25Rh| \a\a\d 14Rh 51Se 74Se| \a\]\b 14Rh 16Rh 34Rh| \&\a]b
14Rh 16Rh 33Se| \d\] e 15Se 24Rh 72Se| \a\]_] 14Rh 16Rh 43Rh| \&\a _
14Rh 15Se 34Rh| \&\"a] 15Se 43Rh 72Se| \a\]]a 14Rh 24Rh 43Rh| \&\aa _
14Rh 16Rh 42Se| \&\]_c 16Rh 33Se 51Se| \a\]]a 14Rh 25Rh 34Rh| \&\b]]
14Rh 16Rh 74Se| \d\ed] 16Rh 42Se 72Se| \&\1" 14Rh 25Rh 43Rh| \&\a\d
14Rh 24Rh 33Se| \a\__d 24Rh 33Se 42Se| \a\]]_ 14Rh 34Rh 43Rh| \&]]a”
14Rh 24Rh 51Se| \&\_ ] 24Rh 42Se 72Se| \&\]\_ 16Rh 25Rh 43Rh| \d\a\c
14Rh 24Rh 72Se| \&\_"e 25Rh 51Se 74Se| \&a\]_ 16Rh 34Rh 43Rh| \a\a]
14Rh 25Rh 33Se| \&\] a 34Rh 42Se 72Se| \&\]" _ 24Rh 25Rh 34Rh| \&\b\d
14Rh 25Rh 51Se| \&\ \c 43Rh 51Se 74Se| \d\] a 24Rh 25Rh 43Rh| \d\a\c
14Rh 25Rh 72Se| \d\cce TotalRh SeSe | \a] 24Rh 34Rh 43Rh| \&\_eb
14Rh 34Rh 42Se| \&\ \e TotalRhRhRh | \dc_°
14Rh 34Rh 52Se| \&\]b _

14Rh 34Rh 72Se| \a\__A

14Rh 34Rh 73Se| \&a\ " _

14Rh 34Rh 74Se| \d\a]

14Rh 43Rh 51Se| \&\_]_

14Rh 43Rh 52Se| \&\] d

14Rh 43Rh 72Se| \&\ ~b

14Rh 43Rh 73Se| \4] _ea 24Rh 25Rh 74Se| \&\\d

15Se 16Rh 25Rh| \&] b 24Rh 33Se 34Rh| \&\a]

15Se 24Rh 34Rh| \&\] " 24Rh 33Se 43Rh| \&\c]a

15Se 24Rh 43Rh| \d\] e 24Rh 34Rh 51Se| \d\cce

16Rh 25Rh 52Se| \&]_ " 24Rh 34Rh 72Se| \a\"\b

16Rh 25Rh 74Se| \&\]\2 24Rh 42Se 43Rh| \a\ed]

16Rh 34Rh 42Se| \&a\~_d 24Rh 43Rh 74Se| \&\]_c

16Rh 34Rh 51Se| \d\bac 25Rh 34Rh 42Se| \a\_\_

16Rh 34Rh 72Se| \&\ "¢ 25Rh 34Rh 51Se| \&\_b~

16Rh 34Rh 74Se| \&\d" 25Rh 34Rh 72Se| \&\_b]

16Rh 42Se 43Rh| \&\ ¢ 25Rh 34Rh 74Se| \&\ _\]

16Rh 43Rh 51Se| \&\_d~ 25Rh 42Se 43Rh| \a\d" _

16Rh 43Rh 72Se| \&\_d~* 25Rh 43Rh 51Se| \a\ "¢

16Rh 43Rh 74Se| \&\ c” 25Rh 43Rh 72Se| \a\ba]

24Rh 25Rh 33Se| \&\*ad 25Rh 43Rh 74Se| \a\"_c

24Rh 25Rh 42Se| \&\ e” 33Se 34Rh 43Rh| \&]']"

24Rh 25Rh 51Se| \&\_° 34Rh 42Se 43Rh| \a\]\"

24Rh 25Rh 52Se | \&\ ™" 34Rh 43Rh 73Se| \&]_ "

24Rh 25Rh 73Se| \&\]bA TotalRhRhSe | "dbe\]




Figure S ¢ Molecular orbital diagram of ~ Threshold for orbital plotting setto +/ 0.033 a.u.



Figure S8 Localized molecular orbital diagram of 2. Threshold for orbital plotting set to +/ 0.033 a.u.. Mind that the energies
can only be taken as a guide to the eye as they are lost dag the localization procedure and artificially added thereupon.

Table S h Shared electron numbers in 2

Two center SEN Te Pd \a_cab
Te Te \a]_ee

Three center SEN Te Pd-Te \a\ a_
Te Pd-Te -\arb\_




Cyclovoltammetric measurement results

The cyclovoltammetric measurements (Figures S9-S10) were donender Ar atmosphere at 25°C, using 0.1 mol/L hBu-N][PF{
(TBFP) as the supporting electrolyte. Working and counter eéctrodes: Pt; scan rate: 50 mV/s.

s
_’_,

Figure S e Left: Cyclic voltammogram of ](red), recorded at platinum electrode in a CH-Cl~solution (1.20 mM), in the presence
of TBFP (0.1 M). Also shown for comparison is voltammogram of 8.1 mM TBFP/DCM solution (black). Scan ranges and rates:
Cnrda —' A£”"aa Rightt Zoom into the oxidation side of the peak.

Instead of two discrete oxidation processes that are expeetl from the twofold Rh" : Rh!" oxidations in CH Cl, a remarkable,
very large negative peak potential in the cathodic scan haveen observed, indicatingRh'" : Rh! reduction. Previous studiesby
cathodic stripping voltammetry (CSV) analysis to selectively atect redox processes in selenium compounds indicatedhat
accumulation of M™* selenides on the electrode surfaces, which occurred uporeduction of M ("™1+selenides (M = Cu, HgRh, for
instance), led to respective chemical responses in an extraordinarily strong manner in the case of rhodium1l We therefore
assume decomposition of the cluster during the twofold oxidation such that the reduction peak monitors the reduction of
Rh(Ill)Se. This may additionally explain the lack of any $eps on the reduction side. Incontrast to the strong reduction signal, an
Rh' : Rh'" oxidation could not be clearly observed. Beside the higtoxidation potential of Rh!" : Rh'", this is probably due to the
accumulation of rhodium selenide on the electrode that inhibits the diffusion of material to the electrodes and thus reducesthe
oxidation current. The very combination of electrolyte and solvent additionally limits the experimental resolution, as the
background current increases with increasing potentials owingof the oxidation of the electrolyte and/or solvent. In the current
system, this obviously caused an overlap of the latter with the R" : Rh'' peak.

However, by performing the measurements in CHCN, it was possible to detect a stepwise two-electron oxidatin (prior to
decomposition, see above) both in the CV and the DPV experimein(see Figure S10 and Figure 3 in the main text), in accdance
with the proposed composition of the cluster.

R

Figure S ]\ Cyclic voltammogram of ](red), recorded at platinum electrode in a MeCN solution in the presence of TBFP (0.1 M).
Also shown for comparison isthe “*Z —fee‘% " fe *~ f \&] T et Z——<te L Zfs.fed “ffEH bt EN
50mV/s.
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{u-PbSe}. The Second Heaviest CO Homolog as an
Unexpected Ligand

IV

G. Thiele, S. Dehnen, Manuskript in Vorbereitung

The reaction of a solution containing [Pb-Se]? anions with [Rh(PPh) CI] yields Rh-Se cluster
compounds with a p-PbSe Ligand. Quantum chemical investigations reveal a strongly ioni€b
Se double bond and an analogy to the bonding as found in CO complexes.
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Abbildung . Ausschnitt aus der Kristallstruktur von
{[K( ] eKrone- B][K(en) {K[Rh Se{CN)APPh) (PbSe)]}~1.&n.



{u-PbSe}. The Second Heaviest CO Homolog

Ligand

Gunther Thiele and Stefanie Dehnen*

Abstract: Reactions of [K(18-crown )] [Pb Se ] or
[K([2.2.2]crypt)] [Pb Se ] with [Rh(PPh) CI]> @in en (ethane-1,2-
diamine) afforded ionic compounds with [Rh (PPh) (u -Se) ]* and
[Rh (CN) (PPh) (u -Se) (u-PbSe)]** anions, respectively. The latter
comprises a PbSe ligand, thus a very uncommon homolog of C A,
that acts as p-bridge between two Rh atoms.

The meaningfulness of C A, both as ligand or reactant, can
hardly be overestimated. Publication of a total of 43 reviews in
Angewandte Chemie, 41 in Chemical Reviews and more than 50
in Coordination Chemistry Reviews within the last decade reflects
the huge diversity of synthesis and catalytic applications of carbon
monoxide and its compounds.

In contrast, apart from matrix isolation experiments,> @he
corresponding (coordination) chemistry of the heavier homologs
of CO, thus the neutral molecular tetrel monochalcogenides TCh
(T =C«3E &K 2 «,7i8l restricted to complexes with
chalcogenocarbonyls CS, CSe and CTe.[! All others were only
discussed in the course of spectroscopic! ! and theoreticall !
studies of intermediate species, such as molecular PbO that was
obtained under single-collision conditions from atomic Pb and
oll

The reason for the obvious difference between the chemistry of
C A 2and that of its higher homologs has been put down to the

distinctly lower bond strength of the corresponding *WULSOH’

with increasing atomic number, and therefore a higher tendency
towards aggregation * ultimately yielding the corresponding
minerals, such as litharge or massicot in the case of PbO.l ]
Nevertheless, according to periodic calculations on PbO and PbS
minerals, the nature and role of the lone pair at the Pb atom is
reported to be strongly influenced by the corresponding
chalcogenide, ranging from small contributions (due to the
possibility of state mixing) in PbO to rather high electron density
in the lone pair region of PbS.I1 Following this trend, a high
electron density on the tetrel atom, as in C A, is expected within
the heavier homologs of the Pb A&K &K
will be discussed herein.

At the synthesis of the mixed-valence compound [(RhPPh ) (i -
Se) | 1 (A) from solutions of [K(18-crown )] [Pb Se ]l ! and
[Rh(PPh) CIIl ! in en (ethane-1,2-diamine), we detected small
amounts  of  {[K( -crown- )][K(en) JK[Rh (CN) (PPh) (u -
Se) (u-PbSe)]} -1.3en ( , approx.. XX%; Figure 1), as a well-
reproducible side-product.

[a] Dipl.-Chem. G. Thiele, Prof. Dr. S. Dehnen
Fachbereich Chemie und Wissenschaftliches Zentrum fiir
Materialwissenschaften, Philipps-Universitat Marburg
Hans-Meerwein-Stralle , D-35032 Marburg (Germany)
Fax: (+49) 6421
E-mail: dehnen@chemie.uni-marburg.de

Supporting information for this article is available on the WwWwW
under http://dx.doi.org/10.1002/anie. xxx.

as an Unexpected
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Figure 1. Top: Molecular structure of the anion in . Ellipsoids are drawn at 50%
probability. Disorder of Se3 atom (see Figure S1) and H atoms are omitted for
clarity. Phenyl groups are drawn as wires. Selected structural parameters [A/°]:
Rh 4Se 2.4563(4)-2.4868(5), Rh #°b 2.7542(3)-2.7576(3), Pb 1Se ) and
2.7105(6) (disorder), 5K «5K ;i::: 5K «B5K ;;5XXX, .« Se2
3.2331(9) A . «Se3 - ); Rh#PbRh 64.972(9), Se #b Rh
106.54(10)-119-09(8), Se#Rh#b 83.691(12) and 103.701(13)-
103.959(13), Se #Rh Se 79.333(14)-80.273(14), Pb 4Rh # 92.34(3)-94.06(3).
Bottom: Dimeric unit in  with one [Rh Se ] polyhedron highlighted. Organic
groups are drawn as wires. Non-coordinating solvent molecules are omitted for

6H 7H VHUCEY zkLEK

The anion in  (Figure 1, top) is based on an [Rh Se ] trigonal
bipyramid, with two p -Se bridges (Sel, Se2) in apical and three
Rh atoms (Rh1-Rh3) in basal positions. At first glance, the Rh
atoms adopt an approximately square planar coordination by two
Se atoms (cis) and two further ligands: two PPh groups at Rh1,
or one PPh and one CN*ligand at Rh2 and Rh3. However, the
bonding environment of the latter is extended towards a
(distorted) square pyramid by a p-bridging Pb atom (Pb1l) that is
bonded to an Se atom (Se3). Pbl, in turn, forms three bonds
(Pb14Rh2, PbliRh3, and PbliSe3) in a trigonal pyramidal
manner, which is in accordance with the expectation for a formal
Pb" atom.

Two complexes are ever interconnected by a total of six K* ions
around an inversion center of the unit cell. While Sel does not
show significant interactions with the K* couterions, and Se2 has
only one Q RW D E O HMcd@nkhet.(3.2331(9) A), Se coordinates



to five K* ions, thus adopting a near octahedral p -bridging mode
in the sum. One of the K* ions (K ) is additionally coordinated by
a 18-crown-6 molecule, the others show a multiple ligand situation
including one further O atom per crown ether molecule, both N
atoms of the CN *ligands and N atoms form solvent en molecules
besides one (K2, K3) or two (K ) Se neighbors.

The list of crystallographically determined compounds that
comprise a Pb 1Se interactions of any kind can be classified into
three groups, (a) inorganic solid state phases, ranging from binary

PbSe (clausthalitel 1or two high pressure modifications! - 1) and
PbSe [ ! to multinary phases such as
Cd(In Bi )PbBi(Se S )1 (b) (element-)organic

compounds without any further Pb #M or Se #M bonds (M zPb),
such as Ph Pb(u-Se)P(OEt) Sel ! or (AsPh )[Pb(SePh) ]l Tand
(c) a total of three complexes with further Se #V (but no Pb #V)
bonds, namely [(Pt(PPh ) ) (PbSe )JNO -CH CI ,[ !
(PPh) [Pb W Se ][ 1 and [Eu{Pb(SePh) }thf)].l 1 In the latter
three cases, coordination to further metal ions is always achieved
via Se, and Pb ions are at least bound to two Se atoms. Thus,
apart from , none of the compounds known to date comprise a
PbSe fragment with a coordination behavior reminding of that of
of CO, i.e., via the Pb atom.

The origin of the CN*ions is likely a result of C N bond cleavage
occurring to the solvent en *as the only C/N source within the
reaction solution (possibly under assistance of the [Rh(PPh ) CI]
complex or an intermediate Rh species, and/or Se), see
equation (1). Intentional addition of KCN to the reaction solution
increases the reaction yield of single-crystals of by a factor of
three.

<Rh/Se>

eeee

HNiCH H #NH 2CN*+2H*+3H

Further attempts to increase the yield by variation of the solvent
only afforded solvent isomers of [ 1while the exchange of 18-
crown- with [2.2.2]crypt by utilization of
[K(>. . @ypt)] [Pb Se ]l 1as the starting material leads to the
formation of [K([2. .2]crypt)[Rh (PPh) (u-Se)]-3C H (). The
latter is also based on an [Rh Se ] trigonal bipyramid, but unlike
the situation in , all Rh atoms exhibit an approximately square
planar coordination by two selenium atoms and two PPh ligands
(see Figure ).

Figure . Molecular structure of the {[(Ph P) Rh] (i -Se) }*anionin . Ellipsoids
are drawn at 50% probability, H atoms are omitted, C atoms are drawn as wires.
Selected structural parameters [A/°]: Rh# 2.2307(7)-2.2372(7), RhiSe

, 5K «5K XX-XXX, RhL«5K ;::-XXX; Se4Rh +
Se 79.493(10)-79.598(10), RhiSesRh 81.802(10)-85.775(10), P RhP
98.89(3)-101.18(3), P 4Rh 1Se 88.76(2)

To further investigate the properties of the highly uncommon and
unexpected PbSe ligand, its similarities with or differences from
the CO homolog, and its p-bridging interaction with the Rh/Se
cluster, comprehensive quantum chemical calculations were
performed using density functional theory methods implemented
in the program system TuURBOMOLE.I 1 The calculations served
to answer the following questions: ~ Canthe anionin form from
thatin and how are the energetics for a hypothetical CO-bridged
homolog? ( ) What are the differences between molecular PbSe
and CO and how does this affect the bonding in the anionin and
the hypothetical CO homolog?

To answer the first question, we simultaneously optimized the
electronic and geometric structures of the anions in  and
(maximum deviations of bond lengths: XXX pmin , XXX pm
in ), as well as those of all further reactants along a formal
reaction pathway from the latter to the first, i.e., PPh , (CN)* and
PbSe, For comparison, the CO homolog of the anionin and CO
itself were calculated by the same methods. Scheme 1
summarizes the results.

Scheme 1. Calculated reaction pathway from the anion in  to the anion in
(top) or to a hypothetical CO homolog (bottom). Black triangles represents the
[Rh Se ] unit, grey terminal lines denote PPh ligands, black terminal lines
denote (CN) *ligands. Total energies of all species are provided in Table SX.

As shown in Scheme 1, both the formation of the anion in and
its hypothetical CO-bridged homolog, from the anion in are
exoenergetic, with a distinctly larger energy difference in the case
of the PbSe-bridged cluster. This indicates that the Rh {u-PbSe) +
Rh interaction is not only efficient, but even stronger than a
corresponding CO bridge. For that, to answer the second question,
we inspected the bonding situation into detail, starting out from a
comparison of the molecular orbital (MO) schemes of isolated CO
and PbSe molecules (Figure 3).



Figure . MO scheme of the frontier MO region of CO (left) and PbSe (right).
Amplitudes are plotted at +0.033 a.u..

The MO schemes of CO and PbSe differ significantly. (a) The
large HOMO-LUMO gap in CO (5.7 eV) is reduced to 2.9 eV in
PbSe, (b) rather similar energy differences between HOMO and
HOMO * and HOMO # and HOMO * in CO (ca. 2. and ca.
eV, respectively), are replaced by very unequal differences in
PbSe (ca. 1.2 and ca. eV, respectively), (c) the two highest
occupied MOs (e and a) show an inverse energetic order, and (d)
all MOs differ in the distribution of the electron density over the
molecule. Whereas the HOMO of CO contributes to the 2pc-2po
V¥bond with a much larger MO coefficient at the ( \Vdonor) C atom,
the HOMO in PbSe represents a weak 6pp, Bpse Sbond with a
somewhat larger contribution of the Se 3p-AO. A Mdonor activity
of PbSe is hence to be realized via HOMO + ; however, as in
HOMO, the electron density is shifted slightly toward the Se atom
here. HOMO £ is largely non-bonding 6sp,-AO in PbSe with a
negligible 3pse contribution, whereas in CO, it represents a rather
balanced sc-2po Vinteraction with somewhat larger contribution
of the 2po AO. In sum, the MO schemes indicate a rather ionic
situation in the PbSe molecule, which is better represented by
+ 886 than by 4Pb {Se|".

A a consequence of this difference, also the MO schemes of the
anion in  and that of the corresponding CO homolog differ
markedly. One might imagine the formation of the anions as
shown in Scheme 1, thus starting out from the anion in

For the (PPh )-decorated complex in , the molecular orbital (MO)
diagram reveals a mixture of Rh-centered lone pairs with some
contribution of (i.e. bonding interactions with) Se atoms for HOMO
and all lower-energy MOs down to HOMO . On replacing two
PPh ligands with (CN)* the situation does not change
dramatically + a minor contribution of the (CN)* ligands is
recogniced ad HOMO-11 and HOMO

The MO diagram of , in contrast, does not show any lone pairs
centered at the Rh atoms. The HOMO (378a) represents the
type bonding interaction between Pb and Se, followed, in the
order of decreasing energy by, six MOs that represent the Rh 1Se
interactions D«  D. Three lower-energy MOs are mostly
centered at the Se atoms of the Pb iSe fragment (371a, 370a,
363a), but possess some contributions from Pb atoms ( , ,
and , respectively, according to Mulliken analyses! ).
According with these numbers, 370a might be considered a weak
Sbonding interaction * or at least a polarization of the
corresponding Se p orbital towards the Pb atom. Based on this
picture, the Pb iSe bond should be considered essentially as XXX,
which is surprising for the fact, that isolated PbSe in comparison
to CO does not obtain such double bonding contributions (see
Figure 5, left). Further down on the energy scale within the MO

diagram of are orbitals for Rh 4 interactions (369a,
D« D  5®&Ninteractions (362a, 361a) and lone pairs of
the N atoms at the CN ligands (368a, 367a).
We conclude that the PbSe fragment has a (weak) double-bond
character, thus behaves qualitatively like p-bridging CO. A
comparison of shared electron numbers (SEN)> for Rh #b and
Pb iSe in comparison to e.g. Rh # or the Rh iSe bonds (see
Figure 5, left) indicates strong Rh#b interactions. Evtl
diskutieren Rh3Se2-Cluster mit uPbSe versus Rh3PbSe3-Cluster.
On replacing the Pb iSe unit with a C #0 molecule, the bonding
situation remains qualitatively similar, but naturally, the order of
the energy levels is different. Rh-centered localized orbitals
(357a a, see Figure S5) are highest in energy again, followed
by Rh/Se centered (352a, 351a) and Rh/CO(/P) centered orbitals
(350a-345a) with decreasing energy. This energetic shift is in
agreement with the energies of the frontier molecular orbital in
PbSe and CO, respectively (Figure 5, left): upon coordination with
PbSe, the bonding orbitals would be expected at similar energies
as HOMO and HOMOH# in isolated PbSe, while the
corresponding orbitals from CO ligands would be lower in energy.
The 350a orbital for the calculated CO-ligated cluster represents
the well-known textbook example of a Gbackdonation from the
Rh-atoms into the anti-bonding orbital of the CO bond. The
corresponding J1-bonds are far below in energy (e.g. Rh #CN and
C iN: 317a, 31543, 313a, 311a).
Therefore no direct isolobal relationship in terms of the bonding
situation between CO and PbSe can be concluded, yet
coordination mode and double bond character exhibit strong
similarities and an unexpected new ligand.

Experimental Section

General: All manipulations and reactions were performed under an Ar
atmosphere using standard Schlenk or glove box techniques. All
manipulations with Pb-species were performed under exclusion of light.
Solutions of [K(18-crown @b Se ] and [K([2.2.2]crypt)] [Pb Se ] have
been prepared according to literature procedures.l 1 THF, toluene and
benzene were freshly distilled from NaK alloys prior use. [Rh(PPh ) CI]
(Sigma Aldrich) was dried at dynamic vacuum (p <1-10 mbar) for at least
12h.
Syntheses: : 10 mL of an en solution of [K(18-crown @b Se ] was
carefully layered with 10 mL of a saturated THF solution of [Rh(PPh ) CI].
crystallizes after weeks alongside of [Rh Se (PPh ) ]l !as black blocks.
: 10 mL of an en solution of [K([2.2.2]crypt)] [Pb Se ] was carefully
layered with 10 mL of a saturated THF solution of [Rh(PPh ) CI].
crystallizes after 1 week as black blocks in approx. 5% yield.
Single-crystal X-ray diffraction: Data collection was performed using a
Bruker Quest (1) or Stoe IPDS2/T diffractometer at 100 K with Mok
radiation and graphite monochromatization Structure
solution was realized by direct methods, refinement with full-matrix-least-
squares against F using SHELXS-97, SHELXL-97, and Olex2

software.l  !Crystal data for C H KN O PPbRhSe (,My=
g/mol): a = Ab= Ac= A =

> C H KNOPRhSe (, My = g/mol): a =

A b= Ac= A = °. CCDC

XXX () and XXX () contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Quantum chemical methods: DFT calculations were performed with the
program system TURMOMOLE! ! using the RIDFT programl 1 and
employing the Becke-Perdew 86 (BP86) functionall 1 with def2-TZVP
bases! 1and respective fitting bases! 1 for the evaluation of the Coulomb
matrix. Effective core potentials (ECPs) were used for Pb atoms (ECP



[ 1 Counterions were modelled by application of COSMO with default
parameters.! 1 Mulliken population analyses! 1 served to evaluate atomic
orbital contributions to the molecular orbitals. Population analysis based
on occupation numbers (PABOON) are given as shared electron numbers
(SEN).>1 MO plots were generated using the visualization tool
gOpenMol.! !
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1 Experimental details

1.1 General
All manipulations were performed under strict exclusion of air and moisture using standard Schlenk and glovebox techniques. Solvents
were freshly distilled prior to use.

1.2 Synthesis of 1:

5 g (0.024 mol, 1 eq) of Pb and 3.81 g (0.048 mol, 2 eq) of Se are placed in a quartz ampule and heated for 5 min with an
oxygen/methane burner. The homogenous melt is allowed to cool and thoroughly grinded. 500 mg (1.369 mmol, 1 eq) of the resulting
powder and 760 mg (2.875 mmol, 2.1 eq) of 18-crown-6 are vigorously stirred in 50 mL en while 112 mg (2.875 mmol, 2.1 eq) of K is
added. The solution is stirred for 48 h, filtered and 10 mL of the resulting solution is carefully layered with 10 mL of a saturated THF
solution of Rh(PPh ) Cl. crystallizes as black blocks after 4 weeks.

Synthesis of 2:
According to the synthesis of but with 18-crown-6 replaced by [2.2.2]crypt. crystallizes as black blocks after week in approx. 25%
yield.

Figure S1. Reaction scheme towards , and .

[K(18c6)],[Pb,Se;] —PPha)Cl_

thf or benzene

en TK/ 18crown6
Pb + 2Se —22 5 "PpSe,”

en lIQ[2.2.2]crypt

[K([2.2.2]crypt),[Pb,Se;] _RaEPhCL )

thf



2 Single crystal X-Ray structure and refinement details
Crystallographic data (excluding structure factors) for the structures reported in this paper have been deposited with the Cambridge
Crystallographic Data Center as supplementary publication no. CCDC-XXX ( ), and CCDC-XXX ().

Table S . Crystal data and structure refinement.

Identification code
Empirical formula C H KN O PPbRhSe C H KNOPRhSe

Formula weight

Temperature/K
Crystal system monoclinic Monoclinic
Space group P /n P Ic
alA
b/A
c/A
Volume/A
z
lcacmg/mm
Crystal size/mm 0.22x0.21 x 0.19 0.12 x 0.10 x 0.09
Radiation MoK . MoK .
, range for data collection t0 56.75° 2.46 t0 53.65°
Diffractometer type Bruker Quest STOE IPDS2/T

Reflections collected

Independent reflections

Data/restraints/parameters

Goodness-of-fit on F

Final R indexes [I>=2 1(1)] R =0.0339, wR R =0.0416, wR
Final R indexes [all data] R =0.0456, wR R =0.0587, wR
Largest diff. peak/hole / e A

Hier missen zusatzliche X-Ray-Bilder rein. Zum einen die Fehlordnung in  als Figure S1 (siehe Caption of Figure 1) und anderen
Zellplots aller Verbindungen.



3 Energy dispersive X-Ray spectroscopy results

EDX analyses were carried out using an EDX-device Voyager 4.0 of Noran Instruments coupled with an electron microscope CamScan
CS 4DV. Data acquisition was performed with an acceleration voltage of 20 kV and 100 s accumulation time. Variations in the different
observed and calculated atomic composition is caused by extreme sensitivity of the single crystals and an inhomogenous

decomposition due to contact with air and moisture during sample preparation.

Figure S . EDX spectrum of .

Table S . EDX results for .

Element k-ratio ZAF Atom % Element Wt % Wt % Err.
(calc.) (2:Sigma)

SeK

Rh-L

Total 1\ 1\




4 Quantum chemical details

4.1 Methods

DFT calculations were carried out with the program system TURBOMOLE > fising the BP86 Functional”With def -ECPs> &nd def -
TZVP basis sets> &s well as respective auxiliary basis sets.l €COSMO! ! was applied to compensate molecular charges. Population
analyses were applied via Mulliken analysis> ®ith and without localization or via SEN.I1 Applied symmetry: C in all cases.

EIN KOMMENTAR ZUR GENAUIGKEIT fehlt: maximale Abweichung von Bindungslangen/Winkeln fir jede Sorte von
Bindungen/Winkeln muss noch her +z.B. als Tabelle fur die beiden Molekdile.

Figure S . Molecular orbital diagram of the anion in  (left) and selected localized orbitals of (right). Phenyl groups and their minor contributions to the shown
orbitals are omitted for clarity. Amplitudes are plotted at +0.033 a.u.



Figure S4. Localized MO diagram for the [Rh Se (PPh ) (CN) (PbSe)] *fragment in . Amplitudes are plotted at +0.033 a.u.. View along Rh « Rh (left) and along
Se « Se axis (right).



Figure S5. Localized MO diagram for the CO analogue of the anionin  [Rh Se (PPh ) (CN) (CO)] * Threshold for orbital plotting set to +/- 0.033 a.u. View along
Se 1Se axis (left) and along Rh #Rh axis (right).
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Abstract. Based on the synthesis and characterization of a series lafown from literature are reviewed, along with the crystal structures
new (poly-)selenide salts, a classification of anionic (poly-)selenidef new compounds and some spectroscopic data, and an experimental
containing compounds is proposed. The new compounds were categne theoretical approach towards dichroism observed in some of the
rized according to these classes. Synthetic approaches of orgamiselenides.

cation-stabilized (poly-)selenide compounds that have been already

Introduction 2Fe(COy +Sgg+ 6N-Melm  [Fe(N-Melm)g][Fe(Se),(CO),] + 8 CO

@
Selenides in general are a huge class of compounds, manz + Se + 4 N-Mel 5 [Zn(Se)(N-Mel )
of which show exciting properties, leading to vivid discussion% n+-e -vieim [Zn(Se)(N-Melm)] )

on various applications as well as already established applicapolyselenides have also been discussed to be of use for elec-
tions — mainly in semi-conductor technologies — ranging frofolyte modifications in photoelectrochemical solar cElEXx-
photovoltaic devices of Culng# to the tunable optoelec- amples for the advantages are enhanced solubilities of organic
tronic series of M,Sn,Ser7,T6** with M = Mn, Zn!  caiion-stabilized selenides in new types of electrolytes like
Within this exciting class of compounds especially solid statgnic liquids, or a fully determined electronic situation, provid-
(poly-)selenides and selenidometalates have been regularlyiffy easy to observe markers to monitor the various (photo-)
viewed!®! In contrast, organic cation-stabilized selenides — thagdox processes.

is, salts of well separated (poly-)selenide anions)Seesides  additionally desired properties can be introduced by chang-
purely organic cations or solvated / coordinated metal ionfg the cation from pure organic or solvated alkali(ne earth)
respectively — have been lesser focused on, although their salyetal ions to homo- or heteroleptic transition metal complexes.
bility in both aqueous and organic solvents makes them idealTherefore, a unique combination of semiconducting proper-
for processing! or further reactions towards new materialsties on the one hand, and excellent solubilities and diverse
As an alternative to the usage iof situ-generated polyselen- crystalline structures on the other hand, render organic cation-
ides, where the corresponding reagents serve as both precuksgpilized (poly-)selenides promising synthons, which shall be
and reducing agent at the same tithsee, for example, Equa- the focus of this work. Besides (poly-)selenide salts with pu-
tion (1) and Equation (2)N-Melm = N-methylimidazole], or rely organic cations, this report comprises also compounds
preformed polyselenides with varying and undetermined chafith solvated or otherwise coordinated metal cations and sol-

lengths®! the application of crystalline polyselenides as welates due to similar solubilities, which usually differ from the
defined starting materials can additionally help understanding|yent-free salts.

basic reaction mechanisms, for instance towards complicated

metalates with different chain lengths of polyselenide ligands.
Classification

* Prof. Dr. S. Dehnen

Fax: +49-6421-2825653 In the style oflbers review on polytelluride anion&] we
al E-Mr?ki)l: de_:hge&@chemi%uni-marburg.de would first of all like to assign anionic (poly-)selenide com-
a] Fachbereic emie un . . ) _

Wissenschaftliches Zentrum fur Materialwissenschaften pounds to the following four predominant categoribl{eing

Hans-Meerwein-StraRe 4 any metal atom):

35043 Marburg, Germany (a) (Poly-)selenides of the general formwg(Se),, with

J Supporting information for this article is available on the WWW. . . .
= under http://dx.doi.org/10.1002/zaac.20140045@r from the au- well separated anions and no solvation of metal cations or

thor. solvate molecules within the crystal structure. Furthermore
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hydrogenselenide anions of the general formagHSg),, or more types of (poly-)selenide anions with different chain
such as Na(HSé€Y! again without molecules of solvation. lengths are listed with other compounds of the respective

(b) (Poly-)selenidometalates,[M(Sg),], with any cation shortest chain length. Below, completeness of reported data is
A™, incorporating at least one covalevit-Se bond. claimed only for compounds of category (c). Examples from

(c) Organic cation-stabilized (poly-)selenidesother categories are only given for comparison and clarifica-
[OrgCatl(Ss),, including solvated and sequestered metdlon and have been reviewed elsewhéle.
cation-stabilized (poly-)selenides of the general formula
[M(solv),]«(S8),, again with well separated anions.

(d) Selenium-rich selenides with extended anionic strué
tures, or with selenium in formal oxidations states other than The most straight forward method for the generation of po-
—II...0 and/or other than two-bonding, yet without dirédt- |yselenides is the oxidatié#¥! of H,Se or alkali (poly)selenide
Se interactions. Alternatively those compounds can be dealts or,vice versa the reduction of elemental selenid#.
scribed as a special case of (b) with selenium acting as ceniglidation can be achieved with,B,, elemental iodine or via
ion and ligand at the same tinf¢! electrolysis. Reducing agents range from borohydrides and

Radical species, such as (Be or hyper-coordinated spe- N,H, to elemental alkali metafd?
cies, such as (BR),[Se(Se).],** might be assigned to (a), to A combination of both methods leads to comproportionation
(c), or to (d) in accordance with the involved cations and bondeactions, for instance between elemental selenium and sele-
ing situations. The same concept can easily be applied to hetgide salts, or between two selenide salts with different selenide
ochalcogenides, such as [NEfTesSej].'?! Concerning or- chain lengths. Catalytic amounts of iodine serve as redox me-
gano-substituted (poly-)selenidéd, an additional categoriza- diator when starting from selenide saf%,aqueous carbonate
tion according to the number of organic substituents (1-3) élutions are employed, when the reactions start out from
conceivable, but shall not be part of this work. This holds alsig,Se.
for cationid'® or neutral*®! (poly-)selenium species. Further methods usually comprise solvothermal experiments

To the best of our knowledge, there is no example described solvent-based extractions of binary or ternary selenides that
in literature so far that cannot clearly be accommodated withifave been gained from high-temperature solid state synthe-
these classes of compounds.,[ful(Se),]-(Ses),*®! for exam-  sesl®! Especially forin situ generation of selenides, which are
ple, would be reasonably classified as a metalate (b), in agréemediately consumed by subsequent reactions, a broad vari-
ment with directM—Se bonding within the [Pd(®] subunit; ety of methods has been used, such as ultrasound-induced elec-
this seems to be justified since the influence of the Pd-$@chemical synthesid¥ pulse radiolysis in saturated aqueous
bonds on physical and chemical properties will certainly domN,O solutions, which resulted in the interim formation of
nate over the presence of Se-Se bondsS€g*" as a second (Se)2~ and the formation of short-lived HSe, Seprobably
example, is a selenium-rich selenide (d), since an extendg®k,)~ and “fairly stable” (Se)-, as well as (HSe)~ and
3[(Ses)*7] anionic network is present instead of well-separateqHSe,)2-.[25]
molecular anions.

A problem remains where the interatomic distances do not ) ) )
allow for a clear discrimination of a covalent 4-bond from  Salts of Monoselenide or Hydrogenselenide Anions®Se
a rather ionic interaction, such that it becomes difficult to a@nd (HSe)

sign the compounds to categories (a) or (b). This holds espe{(Me,NH,P),N],Se (c) was obtained from

cially for lanthanide compounds. [L@n)s(Sey)]** (en = eth-  decomposition reactions of selenophosphazane heterocy-

ane-1,2-diaminel}?! for instance, comprises a La—Se distancg|es[2¢! [Mn(cyens].[H.cyed(Se,Te),Se (c) Eyen= trans-cy-

of 3.143(2) A, which is significantly longer than the Hg—Seclohexane-1,2-diaminéd”! [Ph,P(NH,),].Se (c)28! the H,0/

bond in [Hg(Se)]*~ [2.65(2) A2 MeOH solvated double salt of K[Zn,Sn,Se sTes]-4K,Se (c)
HOWeVer, since the lanthanide—selenium interactions will a»gwth the Sé— anions aggregating to a dodecahedral substruc-

fect physical properties, we will categorize those examples infgre[29 (NMe,)(HSe) (c)° and NaSexH,O with x = 5131

the metalate group (b). Exceptions are made if the involveg 9321 (c) are reported in the literature. Our own contributions

lanthanide — or equally: transition metal — ions are entirelyclude the formation and characterization of fH,0);]Se

solvated. Since the properties of alkaliine earth) metel) (c), [K(H,0)4.Se @) (c), [K4(H20):(Se)Se @) (c), and

(poly-)selenides are usually widely unaffected by eventugga(H,0),]s[Ba(OH)(H,0) 5]Se; (4) (x  13) (c).
metal—selenium interactions, such compounds will always be

assigned to the organic cation-stabilized selenides (c), if any _ _ _
solvation or sequestration is present within the crystal stru®alts of the Diselenide Anion (S§

ture. [Li 2(THF)s](SeP(NPhY)]»(Se) (b) has been the only known

organic cation-stabilized diselenide so far, yet with Li-Se dis-

tances as short as 2.561 A, hence shorter than the sum of Li(+])

and Se(-ll) ionic radii (2.57 A3l In combination with an
Selenides and polyselenides that are assigned a numbenpity threefold coordination of the tiion, this compound

the following refer to new compounds. Salts that comprise twwould probably be classified as a selenidolithidgféWe were

ynthetic Approaches

Syntheses of (Poly-)selenides

Z. Anorg. Allg. Chem2014 2684-2700 © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.zaac.wiley-vch.de 2685
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able to generate and isolate the following diselenides, inclu8alts of the Pentaselenide Anion (&~
ing two doubl Its with lenid triselenid ions:
ing two double salts with monoselenide or triselenide anions [Cs(18crown6)],(Se) DMF () and [Cs(1&rown
(erH)(Se) (5) (c) [Li(ens]oSe) (6) (c), [Kx(H0)I(Se) 6] .

(7) (©), [Kx(NH2)I(Se) (8) (C), [K(18-crown-6)],(Se)-en (9) 6)]_2(8&,)-MeCN (c) have been reported with well sepgrated
(c) (18crown6 = 1,4,7,10,13,16-hexaoxacyclooctadecanefy 00> 85 well as (NE(Se;)(Se))(Se) (c) that contains
L[{K(18- crown-6){K(NH 2)}(Sey)] (10) (c), Cs(Se)(Se)-en Se) ckcl)al'ns azlg associated six- angl §even-membe.reg)P(Se
(11) (a), and (NMg)»(Se) (12) (c). A summary of Se—Se bond and (Se)° rings[*®! The structural deviations due to this asso-
lengths alongside with Se—Se—-Se angles of the known categS@t'on are small —for instance, the mean Se-Se bond length

i [50]
(c) polyselenides are presented in the Supporting Informatidh 2.325A as compar_e_d tf) 2'339'& in (RPASe) (C)’ .
(Tables S8-S13) therefore the classification is done alongside with

(NMe,),(Se) (c)5H [Na(15-crown5)],(Se) (c) (15crowns
= 1,4,7,10,13-pentaoxacyclopentadecarié)[tdNMes],(Se)
Salts of the Triselenide Anion (S§*~ (c) [td = tetradecyl = (CH),5CH3],1?%! again, the latter only

characterized by means of elementary analysis, and
The formula of [Eg(dm)s(1*0)(*-OH)1x(Se)(Se)x(Se)s] y At

. . ; N(NHCHs)e](Ses) (€).°% [Li o(Ses)x(pmetds] (b)) (pmeta
dmf= N,N-dimethylformamide) might suggest the presence (H{\/I . . . .
lgully solvatetlj Eﬁ’)i/ons besildeg ng-se;g?ated tri-ptetra- an: pentamethyldiethylenetriamine) exhibits mean Se-Li dis-

. L Qjances of 2.59 A that are close to the sum of ionic radii, and
pentasele.mde chains; yet, as gtat.ed by the guﬁﬁbrs, rther elongations of the terminal Se—Se bond also indicate a
polyselen|d+e f_ragments serveas bnqlgmg and chelating “gan§§ong Li—Se interaction. The authors exclude lattice effects to
fo the Ed" ions, therefore classmcatlon would lead tobe the reason for the short Se—Li distances; hence this com-
category (b), hence as a selenidoeuropate. In contr

[S5,SN(OH)(H,0)](Se,)H,08 (©), Mn(NH)<J(Se)™ (<), ‘F’B&und should be viewed as a lithiate (b).

[Ni(tren),](Se;) (c) (tren = diethylene triaminel3®l

[Mn(en)s)(Sex*?  (c), and the two ammoniates Sajts of the Hexaselenide Anion (S8~

Li(NH 3),Rb(Se) and Na(NH)sRb(S&)-3NH,,“% (c) incorpo-

rate well separated ($&- anions. This is also the case for (PPR)x(Se) (c) was synthesized in an uncommon way by
[ctNMe3]»(Sey) (c) [ct = cetyl, (CH)1<CHs], 23 which was de- Oxidation of K.Se with Ks[Mn(CN)g].*! [Ba(15crowr
termined by means of CHN analysis only, owing to large cef)2l(S&)-DMF (c) and [Rb([2.2.2]crypt}(Se;) (c) were also
constants that hampered a proper crystal structure analysi®Btained from KSe, however, with an excess of elemental
the time of publication. We characterized a variety of triselerf€leniumél Only elementary analyses were reported for
ides, namely [K(1&rown6)l,(Se) (13) (c), [K(18crown [NEl]x(Se) (c)”¥ whereas [NMgl(Se) (c)" and
6)]2(Se)H.0 (14) (c), [{K(18-crown6)}»(H.0)3(Sey)-2H,0  (NBU)2A(Se) (c)®% could be characterized by means of single-
(15) (c), and [K([2.2.2rypd)](Se)H,0 (16) (c) ([2.2.2krypt  Crystal X-ray diffraction. IsostructuralM(NHz)e](Ses) (M =

= 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]-hexachn. Fe}*”) (c) and [Mngyens|(Se;)*”) (c) exhibit pseudo-
sane), as well as the solvated transition metal cation-stabiliz&yers and weak hydrogen bonding, with intermolecular Se-Se

triselenides M(en)s)(Ses) [M = Fe, Cd (7, 18)] (c). distances of at least 3.618 A, which are significantly larger
than all intramolecular bonds (terminal: 2.313 A, intra-chain:

, , 2.360 A).  [Mgs(*-OH),(1°-MeO),(MeO),(MeOH), ;](Ses)-
Salts of the Tetraselenide Anion (9§~ 2MeOH®l with six Mg ions and six bridging ligands in a

[Sr,SN(OH)(H.0)l(Se)) (€),28! [Bay(OH)(H0)1d(Se) face-sharing cubic qrrangement that stabilge th%)%Sg.nit,
©11 [Ba(2.2.2krypY](Se)-en (c)142 [Ba(en)s(Se)en S further known besidestif)NMes]»(Se;) (c).[23! We addition-
(c)43 and [Caén),](Se)™ (c) clearly belong to organic cat- ally present the compounds [K(X8ewn-6)],(Ses)-(18-crown
ion-stabilized selenides, althougiisslerandMenezesliscuss ©)'H20 (24 (), [K(18-crown-6)],(Se;)-(18-crown-6)-2NHs
a 3D network due to interconnecting hydrogen bridges. Df29 (C), and €rH)(S&) (26).
morpholine and dipiperidine tetraselanes should be excluded
from this list, although they are sometimes quoted in Iiteratur§alts of Polyselenide Anions (S8~ with x 6
as (NGHg0).(Se,), (NCsH;10)x(Se).*®! However, as the au-
thors correctly state, these organoselenium compounds withGenerally, selenides show a large tendency to form aggre-
Se—N bond lengths of 1.836 A and 1.824 A respectively, dgates with five-membered or six-membered rings. This can
not comprise salt like ion separation. JPNPPh],(Se)- even lead to situations that apparently contradict the formal
4MeCN#8l (c) and [Mn(MeNH)d(Se)"! (c) are further charge assignment, such as observed in [Sc(dBa15),](Sey)
prominent examples of selenides of category (c), where&s (see Figure 188! Here, the formation of a six-membered
[Li(tmedg,]»(Sey) (tmeda= N,N,N ,N -tetramethylethane-1,2- ring would lead to a formally monocationic, 3-connected sel-
diamine), with Li-Se distances of 2.589 A to 2.661*A,be- enium atom besides the monoanionic terminal one, thus pro-
long rather to the metalate group (b). We hereby adducing an overall neutral species. However, the third interac-
[Ko(H0)[(Se) (19 (c), [Kx(H20)J(Se)) (20) (c), tion of the respective bridgehead selenium atom is a rather
[K2(NH)](Sey) (21) (c), [K([2.2.2]crypd]o(Se) (22) (c), and weak, secondary interaction (2.954 A); thus seven of the nine
[Ba(H,0)6](Sey) (23) (c) to the list of known tetraselenides. selenium atoms are two-bonded and formally neutral, besides
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the two terminal, monoanionic ones — in agreement with thelectrochemical Investigations
total charge. The bridgehead atoms found in
[PhsPNPPR],[Sey(Sey),] DMF  (d)*%1 or (PhP)[Se(Se).]
(d)* in contrast, possess formal oxidation states of +| a
+Il, respectively.

Lyonsand Youngdiscussed spectrophotometric, titrimetric,
SR, and NMR studies of soluble selenium species and deter-
ined various redox potentials in a 1 nubir® KOH solu-

tion 1881 Further spectroelectrochemical data were published by
Paris andAhrika.[6”1 With a combination ofn situ synchrotron
diffraction, K-edge absorption, X-ray photoelectron, and elec-
trochemical impedance spectroscopy, Li/S€$ = 0-7) as
promising phases for secondary lithium cells, were investi-
gated regarding (de)lithiation mechanisi¥i.

UV/Vis and Raman Spectroscopy

Following Hugot's exampled®®! sodium polyselenides were
Figure 1. ProposedLewis diagram of the nonaselenide dianion inSynthesized in liquid ammonia and studied by UV/Vis spec-
[Sr(15-crown5),](Sey).[581 troscopy. As a result, equilibrium constants between polyselen-
ides with adjacent chain lengths were determined, and the non-
[Na(12-crown4),],(Se) (c)*8 and [K([2.2.2ErypY)]«(Se)- existence of (S§2~ and (Se)?~ within these solutions was
H,O (c)y® are structurally unambiguously determinedshownl’® Interestingly, no ammoniates such as
whereas the compoundscfNMes],(Se) (x = 7-9) (c) were [Na(NHy)4]2(Se&) have been crystallographically determined to
published based on elementary analysis only, and discussedlate. Further UV/Vis spectroscopic characteristics were re-
analogy with the corresponding crystal structure of the hexaorded for HSe, HSe and (S¢)?~ (x = 1-4) in aqueous solu-
selenide compound ¢)NMes]»(Se) (c)!2®! [Na(12crown tions, and their equilibria were investigated bight and For-
4),],[Ses(Ses,Se)] (d), which was synthesized in the presenceuzan’l Complementary Raman spectroscopy ahdinitio
of CeCl, forms strongly associated layers parallel to (168). molecular orbital calculations led to the observation of an
The usual finding of short terminal Se—Se bonds within théSe)~ radical anion bySaboungiand co-worker&® Pressing
chain anions and comparably long internal Se-Se bonds #nese Raman results further, the same group succeeded in in-
not found in this species. Unfortunately heavy disorder hangorporating selenium species in zeolites; they reported a subse-
pered further interpretation&! quent, photoinduced decomposition of the original ch&ifs,
and generated an air-stable selenium/zeolite nanocompGsite.

Chalcogenidoselenides [Cat](GBsg) Mass Spectometry

[IMN(MeNH,)6(S)o0.14S1 556 490 85 ©) and The existence of a (8F~ species in solution was deter-
[Mn(NH3)6](Sz.715%.2.9)[37]-(C) can unbiased be associated tgnin€d by electrospray ionization mass spectroscopy (ESI-MS)

group (c) selenides, wherealI(NHs)](TeSe) (b) (M = Zn and further studies on pH dependencies and the impact of dif-
Mn)2 do not belong to this group, since the central telluriunf€rent ({:%l]mtenons were elucidated Hyorhout and co-
atom exhibits a formal +II oxidation state; therefore it rathef/OTkers:"" However, further mass spectrometric data have not
belongs to the group of metalates. [Mn)(Se;Tey2? Peen reported to date.

(c) that is isostructural to its (§E~ congener,

[Mn(cyens][H.cyer(Se;Te(Se) (c)?” (NBu,)(SeSSe) '"Se NMR Spectroscopy

(c) [K([2.2.2]crypp].[SeTeSepn © and  Bjsrgvinssonand Schrobilgenstarted a compilation of vari-

[K([2.2.2]crypg[Teo o5& 4 €n (c) were reported, though the g5 homo- and hetero-(poly)chalcogenidesirand/or liquid
latter suffered from disorder and the co-crystallization of a0 H,211 and on the (HSe)anion in the solid statB® which

anion of the same composition but with trigonal pyramidg};ere complemented bgusickandDancein other solvent§’!

structure (bJ®4 The latter structural arrangement would agaigath groups could not observe an ¢8e in solution, which

be a metalate-type one, whereas those mentioned before@ll s 1o disproportionat&anatzidisand co-workers carried

belong to the group of organic cation selenides. out complementary studies in the solid state and repdried
experiments on (NMg,Se, with x = 5, 651 Computational
NMR studies so far focused on different methods, functionals

Spectroscopic Data and Properties and basis sef€®! or on special treatment of relativistic ef-

fectsl’”]
The first experiments on physical properties of (poly-)sele-

nides date back to the original works Byntl, who performed
potentiometric titrations in liquid ammoni&)! Much effort has Crystal Structures

been put into the understanding of the multifaceted species thaCrystallographic data and refinement details for compounds
exist in solution. 1-26 are summarized in Tables S1-S7 (Supporting Infor-
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mation). A summary of selected structural parameters of almost ideal icosahedral voids that are built by oxygen atoms
known (poly-)selenide compounds with cations according toom four adjacent anionic strands. Even though no hydrogen
category (c) is provided in Tables S8-S13, including closeatoms could be crystallographically determined, the interaction
distances between selenium atoms and adjacent atoms frisnanticipated to be realized via hydrogen bonds. Accordingly,
solvent molecules or cations. The crystal structures of all ne8e--O-distances for the icosahedral assembly are 3.391(2),
compounds will be provided in the following, in comparisorB.417(2), and 3.462(2) A.

with known data.

[Li(H20);]Se (1)

The structure is composed of dimeric {#,0);]?>* cations
with two corner sharing tetrahedral [Li(Q}]" units [Li---O
1.910(8)-1.998(7) A]. Although hydrogen atoms could not be
located crystallographically during the structure determination,
it is anticipated that Se ions and water molecules are con-
nected to each other by hydrogen bridges-{8e3.303(3)-
3.444(4) A]. Selenium ions are situated at the barycenter of
distorted, gyroelongated square bipyramids that are formed by
oxygen atoms of the cations [S© 3.303(3)-3.444(3) A, see
Figure 2].

Figure 3. Fragment of the crystal structure 2fhighlighting the poly-
hedra discussed in the text: strands of edge-sharing [KJ§PHunits
along [120] (light blue) or [-110] (dark blue), and icosahedral selenide
anion embedding polyhedron (orange). Thermal ellipsoids are drawn
at 50% probability.

[K4(H20)10(Se)Se (3)

The cation substructure is constructed from two different
potassium cation coordination spheres. The first polyhedron is
based on a [K(EO)g]* pentagonal pyramid with an additional
coordination of a diselenide fragment opposite the apical water
oxygen ligand (see Figure 4, top right). The second polyhe-
dron, [K(H,0),(S&)]™, possesses an equatorial hexangular co-
ordination by four neighboring oxygen atoms of water ligands
and one diselenide unit, capped on one side by one further
water molecules, and on the opposite side by two oxygen
atoms from water (see Figure 4, bottom right). The two coordi-
nation polyhedra are interconnected in such a way, that a 3D
network is formed with channels parallel to [001] (at 0,0,z or
Y,Y%,z, Figure 4) that comprise the monoselenide anions. The

Figure 2. Fragment of the crystal structure @fand selenide anion diselenide dumbbells are located close to %,0,%, %,0,% and

embeéjding polyhedra of oxygen atoms. Thermal ellipsoids are dravy’n/z’%, 0,%,%, aligned parallel to [001] and coordinating to

at 50% probability. four potassium ions [K-Se 3.3689(15)-3.4668(14) A] orthog-

onal to and centered around the Se—Se bond [2.4468(16) A].

Alternatively, this arrangement can be described as aSé{

[K(H20)al2Se (2) square pyramid with selenium on the apical and potassium on
The cationic substructure represents distorted P)g]* the equatorial positions. The monoselenide ions are again em-

octahedra with K-O distances of 2.754(2)-2.954(3) A, whichbedded within icosahedra of water oxygen atoms.

form 1D strands bytransface-sharing. The strands extend

along [120] or [-110], being stacked into sheets parallel Ba(H20)]a[Ba(OH)x(H-0)2ISe; (x  13) (4)

(004) (Figure 3). Both orientations alternate along the crystal- The asymmetric unit contains four barium cations and 14.75

lographic [001] axis. Selenide anions are located within thexygen atoms from solvent water, coordinating water mol-
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Figure 4. Crystal structure of3 with coordination polyhedron of
monoselenide and potassium ion with c.n. 9 along [110] (top left) and
[001] (bottom left) axis. Coordination polyhedron of potassium ions
(top right) and super cell with resulting channels comprising monose-
lenide ions (bottom right). Thermal ellipsoids are drawn at 50% prob-
ability.

ecules or coordinating hydroxide anions. Most of the oxygen
atoms are disordered with occupation numbers of 0.25 or 0.5.
Reasonable coordination models taking into account the disor-
der due to diverse positions of the water ligands result in occu-
pation numbers of 8 to 10 for the cations. Figure 5 (top) em-
phasizes one possible model that will be described in the fol-
lowing: A threefold face-sharing of the coordination polyhedra
of Bal, Ba2, and Ba3 within the same plane results in 2D
layers parallel to the (201). The Ba4 coordination polyhedron
in contrast is face-sharing with the coordination polyhedron of
Ba3 within the Bal/2/3 plane and edge-sharing with its sym-
metry equivalent out of the Bal/2/3 plane, thereby forming a
step of the cationic substructure as can be depicted in Figuré:!gure 5. Crystal structure of4: Coordination of disordered water

The whole arrangement results in cavity channels along [00 lecules to barlum_lons. Four barium ions of the asymmetric unit
are drawn in balls/stick mode, one arrangement of disordered water

that are occupied by additional solvent water and monoselgfp|ecules is drawn opaque (top). Resulting accumulated disorder net-

ide anions. The latter are situated in between the aforematork of barium hydrate/hydroxide substructure with cavity channels

tioned layers. (middle), and monoselenide packing between the cation layers with
selenide ions drawn in size-filing mode (bottom). Thermal ellipsoids
are drawn at 50% probability.

(enH)(Se) (5) terminal selenium atom of a diselenide unit. In turn, e
Diselenide anions are aligned parallel to [110] with Se—-S@olecules and the diselenide anions acttrasis end-on p-
distances of 2.3917(5) AEn-onium cations form dimers by * 1-bridges between two lithium ions each, which results in
hydrogen bridges [NN 2.822(4)-2.910(3) A, see Figure 6]the formation of two interpenetrated diamondoid coordination
and coordinate diselenide anions by hydrogen bridgesg&l networks (Figure 7§°! The Se—Se bond length is 2.3911(7) A,
3.350(2)-3.580(3) A]. the Li---Se distance amounts to 2.648(6) A;-IN distances are
2.055(6), 2.057(6), and 2.065(6) A.

[Li(en)s]x(Se) (6) [K5(H,0)1(Se) (7)

All lithium ions possess a distorted tetrahedral coordination Potassium ions are coordinated in a pseudo-octahedral man-
by three amine groups of three differam molecules and one ner by two oxygen atoms of water molecules, three selenium
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Figure 6. Crystal structure 0b. Thermal ellipsoids are drawn at 50 %
probability, hydrogen atoms are omitted for clarity.

Figure 8. Crystal structure of7 with diselenide containing (top) and
potassium containing (bottom) coordination polyhedron. Thermal el-
lipsoids are drawn at 50% probability.

mation). Selected bond length are Se—Se 2.405(3) A and K
2.835(14) A.

[K(18-crown-6)b(Se)-en (9)

Potassium ions are coordinated by six oxygen atoms of the
crown ether molecules [KO 2.8143(15)-3.0541(16) A], two
selenide atoms of one side-gqm 2 2-bridging diselenide
dumbbell [Se-Se 2.4063(4)A, KSe 3.1868(5) and
3.2995(5) A], and one amine group ofransend-onp- % -
bridgingenmolecule [K-N 3.462(2) A]. The two crown ether
molecules show an inclined orientation to each other, including

Figure 7. Crystal structure 06, highlighting the coordination polyhe- ; ° ;
dra around lithium cations. Only one of the interpenetrating diaq mean plane angle of approximately 33°, owing to the lone

. : > R
mondoid nets is shown. Thermal ellipsoids are drawn at 50% proB@irs at the selenium atoms of the bridging (Se<Sajion.
ability, hydrogen atoms are omitted for clarity. The arrangement forms a 1D strand along [001]. Two neigh-

boring strands are shifted against each other, such that crown

) ) _ _ _ ether molecules step into the voids that the smaller (Se-Se)
atoms of three different diselenide units, and two seleniufihits produce along the chains (Figure 9).

atoms of one diselenide anion, if the barycenter of the latter is
counted as one coordination site. According to their position
within the coordination polyhedron, the two water ligands have
very different distances to the potassium ions: 2.818(6) and
3.3201(16) A. K--Se distances amount to 3.3588(15) and
3.4136(19) A. The oxygen atoms bridge between two potas-
sium cations each; closest selenium atoms are 3.3492(31) A
apart. Diselenide dumbbells are located within a coordination
polyhedron, which is best described as two rectangular face-
sharing trigonal prisms, built from eight potassium cations
(Figure 8).

[K2(NH3)I(Se) (8)

Compounds crystallizes isotypically t&, with slight varia-  Figure 9. Crystal structure 09. Thermal ellipsoids are drawn at 50 %
tions of the lattice parameter (see Table S4, Supporting Infgsrobability. Hydrogen atoms are omitted for clarity.
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*[{K(18-crown-6){K(NH)}(Se)] (10)

The essential structural motif is™d{p3- % % 2-Se)K]}
zigzag strand along [001]. Besides coordination to two diselen-
ide anions [Se-Se 2.4182(6)A, -Ise 3.2877(10),
3.2969(12) A], each potassium cation within the strand is coor-
dinated by one molecule of ammonia-[#l 3.063(5) A] and
one oxygen atom from an adjacent crown ether complexQK
2.977(4) A}, to receive a distorted sixfold coordination. The
crown ether embeds a second potassium ion@K2.846(3)—
2.925(4) A], which is not part of the zigzag strand. This second
potassium ion is further coordinated by the diselenide unit
within the strand [K-Se 3.2877(10) A, Figure 10] to obtain
c.n. = 8. As in9, the different strands within the crystal struc-
ture are shifted against each other to enable best packing.

Figure 11. Crystal structure o11 with coordination polyhedron of Cs1
through Cs7 (top) and Cs8 through Cs12 (bottom). Thermal ellipsoids
are drawn at 50 % probability. Hydrogen atoms are omitted for clarity.

lographically independent triselenide anions show a slightly
larger range of Se—Se distances, with or without intramolecular
iflifferences [2.305(4) and 2.358(3) A or 2.342(3)A and
2.349(3) A, respectively]. Se—Se—Se angles are 108.27(15) and
107.85(14)°.

Figure 10. Fragment of the crystal structure d®. Thermal ellipsoids
are drawn at 50 % probability. Hydrogen atoms are omitted for clari

Csy(Sey)(Sey)-en (11) (NMey)x(Se) (12)
€4)2(56

Within the structure, one observes twelve crystallographi-
cally independent cesium atoms with ten different types of co- The barycenters of diselenide dumbbells -[Se
ordination (see Figure 11) that are realized by various comt#-3888(3) A] occupy corners and face centers of the cubic cell,
nations of every possible hapticity of (§&, (Se)?~ anden being tilted by 66.007(17)°. The (NME cations are situated
moieties (Table 1). The most frequent c.n. is 8, yet 7 (Cs8) the tetrahedral holes (Figure 12) and interact with the Se
Cs9) and 9 (Csl1, Cs2, Csll) is also realized. By intercoHnits via hydrogen bridges.
nection of these coordination polyhedra, a complicated 3D net-
work is produced. The polyselenide anions show different cat.
ionic environments, as well, and come up with different Struj‘?<(18-crown-6)]2(8e5) (13)
tural parameters: Se-Se distances within the four crystallo-Potassium cations are coordinated by six oxygen atoms from
graphically independent diselenide anions are very similasrown ether ligands [K-O 2.839(2)-3.150(2) A] and by two or
2.394(3), 2.401(3), 2.403(3), and 2.404(3) A. The two crystathree selenium atoms, respectively (depending on the disorder

Table 1. Coordination environment of different Cs atoms withih Asterisks indicate terminal and bridging Se atom of different)ySesubunits
responsible for coordination.

( -Se)> ( *Se)* ( -Se)* ( %-Se)>  ( *Se)* ~en 2-en c.n.
Csl 1 1 1 1 1 9
C2 1 3 1 9
Cs3, Cs4 2 2 2 8
Cs5, Cs12 3 1 1 1 8
Cs6, Cs9 4 1 1 7
Cs7 1 3 1 8
Cs8 1 1 2* 1 7
Csl10 1 2* 1 1 8
Csll 1 1 1 1 1 9
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positions with according half site occupation. Se-Se bond
lengths are 2.2927(11) and 2.6110(13) A. The disorder of the
triselenide unit comes along with a disorder of the coordinating
water molecule, which is also disordered over two positions,
such that only one of the two potassium ions per dinuclear
complex comprises an additional water ligand on average.
Taking the disorder into account, the resulting complex
[K(18-crown-6)](OH,)(u- 2 % 2-Se)[K(18-crown-6)]
shows crystallographic inversion symmetry. The correspond-
ing barycenters are positioned on the centers of the four unit
cell edges parallel to thb axis (0,%2,0; 0,%,1; 1,%,0; 1,%,1)
and on the centers of the two faces parallel to #oeplane
(*2,0, ¥2; %,1, %2). The imaginary-KK axes of both positions
are inclined against each other by 139.534(65)° (Figure 14).

Figure 12. Crystal structure o2, highlighting the tetrahedral coordi-
nation sphere of one of the (NM)§¢ cations. Thermal ellipsoids are
drawn at 50% probability. Hydrogen atoms are omitted for clarity.

situation), from triselenide anions [KSe 3.2969(13)—
3.8584(13) A, see Figure 13]. The triselenide anion, in turn, is
a Y- 2: 3-bridge between two [K(18rown6)]" fragments
[Se-Se 2.2486(10)-2.4892(11) A]. The central selenium atom
is statistically disordered over two positions [0.7953(11) A
apart from each other], which includes an uncertainty in the
absolute Se positions and explains the relatively short Se-Se
distance. The crown ether complexes are tilted against each

other by approximately 85°. . .
y app y Figure 14. Crystal structure ofl4. Dinuclear complexes that are cen-

tered around 0,%2,0 or 1,%,1 (see text) are not drawn for clarity. Ther-
mal ellipsoids are drawn at 50 % probability. Hydrogen atoms are omit-
ted for clarity.

[{K(18-crown-6)L(H,0)3](Ses)-2H,0 (15)

Potassium cations are coordinated by six oxygen atoms from
the crown ether. Further coordination sites are either occupied
by two adjacent selenium atoms from the triselenide unit and
one oxygen atom from coordinating water-[§e 3.4029(11)
and 3.5839(11) A, k-O 2.991(3) A], or by two oxygen atoms
[K--O 2.871(4) and 2.784(3) A]. The triselenide can be re-
garded as &rans end-on-side-omu- % 2-bridging by Se-(H)
O--K [Se-0O: 3.286(3) A] ligand [Se-Se 2.3610(6) and
2.3687(7) A] between two [K(18rown6)]* complexes. Be-

Figure 13. Crystal structure ofl3. Thermal ellipsoids are drawn at sides those water molecules that are involved in coordination,
509 probability, disorder is shown via opaque atoms. Hydrogen atomg fyrther solvent water molecules are found within the crys-
are omitted for clarity. tal structure (Figure 15). A pair of dinuclear complexes [K(18-
crown-6)](OH,),(u- 1 2-Sey)(H,0)[K(18-crown6)], which
enclose an inversion center between them, is located on each
[K(18-crown-6)b(Ses)-H0 (14) of the faces parallel to (002) and (020).

Potassium cations show coordination by six oxygen atoms
from crown ether ligands, by three selenium atoms of the trisg;
lenide anion [K-Se 3.3952(13)-3.7946(12) A] and — statistio (22 21cryPOE(Se) H:0 (16)
ally — half an oxygen atom from water [see below;--Q The potassium ions are entirely encapsulated by the cryp-
2.940(7) A]. The triselenide anion is situated in a sidepen tand molecules, thus coordinated by six oxygen and two nitro-
2. 2. 2.pridging position between two [K(18rown6)]* gen atoms. As observed in, the central Se atom of the trise-
complexes. The central Se atom (Se2) is disordered over tlemide anion shows twofold disorder. Again, a statistically dis-
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complexes of the latter compound. Theligands show two-
fold disorder, which was modeled by according split positions.
Selected structural parameters are Cd-N 2.354(16)—
2.400(14) A, Se-Se 2.3411(14) A, Se-Se—Se 104.70(8)° (Fig-
ure 17).

Figure 15. Crystal structure ofl5. Thermal ellipsoids are drawn at
50% probability. Hydrogen atoms are omitted for clarity.

Figure 17. Crystal structures of7 (left) and18 (right). Thermal ellip-
ordered solvent water molecule is nearby, with site occupatigfids are drawn at 50% probability. Disorder is shown by opaque
factors of 0.5 for the four split positions of Se and O atom'rsepresem‘r’1t|0n and hydrogen atoms are omitted for clarity.

(Figure 16). Se—-Se bonds are 2.3474(8) A and 2.4224(8) A,
enclosing an Se—-Se-Se angle of 111.59(3)°. The barycenter of
the disordered triselenideseudefour-membered rings occupy [K2(H20)I(Se) (19)

corners and faces of the (002) planecat 0 and 0.5, with the  pqiassium cations exhibit two different coordination polyhe-
arrangements in both positions being inclined against eagf, photh with c.n. 10. One of them comprises two tetraselenide
other by 65.785(33)°. Eight [K([2.2.2]yp9]" cations per unit 4nions in a 2-(1,2) coordination mode [KSe 3.287(2)-3.990
cell are located within the polyselenide anions such that th ) A], and two additional oxygen atoms from water ligands
have five nearest polysel_enide units within 6.957-9.413 f ..o 2.830(8)-3.398(8) A]. The second coordination polyhe-
(K--“Se—~(Se.92-Se” centroid). dron is realized by twofold * coordination of terminal selen-
ium atoms of tetraselenide units, two tetraselenide ligands in
2-(1,3) coordination, one %-(2,3) coordination, besides two
further oxygen atoms with * coordination (Figure 18). The
shortest K--Se distance is obtained for terminal coordination
[3.295(2) A], the longest occurs for bridging selenium atom in
the 2-(1,3)-coordination mode [3.940(2) A]. The tetraselenide
anion is not disordered; it exhibits Se-Se bond lengths of
2.3622(15) A (Sel-Se2), 2.3618(13)A (Se2-Se3), and

Figure 16. Crystal structure ofl6. Thermal ellipsoids are drawn at
50% probability. [K([2.2.2¢rypt)]* units are drawn as wireframes and
hydrogen atoms are omitted for clarity, disorder is represented by
opaque drawing.

[M(en)s](Ses) with M = Fe, Cd (17, 18)

The structure of 17 comprises distorted octahedral
[Fe(ens]?>* complexes and triselenide anions. Fe—N distances
range from 2.20(5) to 2.235(5) A. N—-Fe—N angles are 78.6(3)—
97.68(18)°. The triselenide units are almost coplanar within
(004) and (004-), with a Se—Se bond lengths of 2.3489(6) A
and an Se—-Se-Se angle of 103.63(4)°.

18 crystallizes in the monoclinic space groGf/c with four  Figure 18. Crystal structure ofl9 and coordination polyhedron for
formula units per unit cell and [Cd()]?* replacing the iron potassium cations. Thermal ellipsoids are drawn at 50% probability.
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2.3567(14) A (Se3-Se4); Se-Se—Se angles are 105.64(6) and
106.25(5)°, and the Se—Se—Se-Se torsion angle amounts to
99.64 (6)°.

[K2(H20).](Se) (20)

The compound differs fron19 by an additional water Ii-
gand. Potassium cations are coordinated with c.n. 10. The first
coordination environment results from* coordination by
three water molecules [KO 2.728(8), 3.240(9), 3.259(9) A],
one ! coordination by one of the inner selenium atoms of an
tetraselenide anion, one! coordination by a terminal selen-
ium atom of another anion, one*-(1,2) coordination and one
3-(1,2,4) coordination by two further anions:-iSe distances
are 3.341(3)-3.547(3) A (Figure 19). The other coordination
environment is realized by three oxygen atoms:--{K
2.709(7), 3.106(9), 3.148 (9) A], oné* coordination by a ter- o
minal selenum atom, one’(1,2.3) coordinaton and one’. G %S Smikes S22 T Sl o e o
(1,2,4) coordination. K-Se distances are 3.321(2)-4.293(3) A ' vy : :
The tetraselenide anions possess Se—Se bond Iengthssng%( modus and hydrogen atoms are omitted for clarfty.
2.3599(14) A (Sel-Se2), 2.3611(14)A (Se2-Se3), and
2.3450(16) A (Se3-Se4), with Se-Se-Se angles of 104.04{BR(H20)el(S€s) (23)
and 106.80(5)°, and a Se-Se-Se-Se torsion angle of 76.51(6) Barium cations are coordinated by nine oxygen atoms from

water molecules, forming a nearly regular delta-tetrakisdeca-
eder with nine apices. Each of these share three edges with
adjacent polyhedra, thereby forming a honeycomb-like net-
work (slightly compressed in [460] direction) parallel to (002)
[Ba--O 2.697(6)-2.862(6) A, Figure 21]. The tetraselenide
anions C,, symmetry) are centered around the center of the
unit cell edges parallel to [010] [Sel-Se2 2.3456(1) A, Se2—
Se2 2.392(2) A; Se-Se—Se 98.88(6)°]. They are arranged in
layers that are located between the cation complex layers;
(Se)? anions and [Ba(Ok)g]?* cations interact with each
other by hydrogen bonds [S©® 3.420(7)-3.585(8) A].

Figure 19. Crystal structure oR0, highlighting the coordination poly-
hedra around the potassium cations. Thermal ellipsoids are drawn at
50% probability.

[K2(NH3)I(Sey) (21)

Compound?1 crystallizes isotypically td9 with Se—Se dis-
tances 2.368(3) A (Sel-Se2), 2.361(3)A (Se2-Se3), and
2.358(3) A (Se3-Sed), Se-Se-Se angles of 106.19(8) and
105.70(8)°, and a torsion angle of 99.72(9)°.

Figure 21. Crystal structure oR3 with barium coordination polyhe-
[K([2.2.2]cryptL(Se,) (22) dron. Thermal ellipsoids are drawn at 50% probability.

Potassium cations are encapsulated by [2c2yp}
molecules, thus coordinated by six oxygen and two nitrog
atoms. The tetraselenide anions posgggssymmetry and are
centered around the center of the unit cell edges parallel to thePotassium cations possess coordination number eight, by six
[100] axis [Se1-Se2 2.3239(11) A, Se2-S821058(15), Se— oxygen from the crown ether molecules and by 1,2-type coor-
Se-Se 101.50(4)°, Figure 20]. dination of the (Sg@? fragment [K-Se 3.2750(8),

(:[R(18-crown-6)]2(SQ5)-(18-crown-6)-I—&O (24)
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3.5242(9) A]. The hexaselenide anion is disordered over two
positions, with s.o.f. of approximately 0.95 vs. 0.05, and act
asp- 2 2-bridge between two [K(1&own-6)]* complexes.
The resulting, neutral and centrosymmetric [K@®wn-6)(u-

2 2.Sg)K(18-crown-6)] units are aligned along [0]. One
additional 18erown6 molecule and one non-coordinating
water molecule are situated between thpseudelD strands
(Figure 22). Se—Se bond lengths are 2.3185(5) A [Se1-Se2),
2.3239(6) A (Se2-Se3), 2.3562(8) A (Se3-SeBe-Se-Se
angles are 109.50(2)° (Sel-Se2-Se3), 108.92(2)° (Se2-Se3-
Se3). Torsion angles are 81.94(3)° (Sel-Se2-Se3)SaRi
65.10(3)° (Se2-Se3-Sede2).

Figure 23. Crystal structure o26. Thermal ellipsoids are drawn at
50% probability. Hydrogen atoms are omitted for clarity.

anent the plane of polarization of visible light. Whereas the
description of pleochroic substances is quite common in miner-
alogy, this unique property so far has only scarcely been re-
ported within the chemistry communifif! Neither has such a
property been mentioned within earlier discussion on triselen-
ide containing substances.
The assumption that the optical activity is due to the chiral-
ity of the [M(en)5]?* cation M = Fe, Cd) in17 and 18, is
Figure 22. Crystal structure oR4. Thermal ellipsoids are drawn at easily frustrated by the fact that those salts crystallize in non-
50% probability. _The minOl’ split pOSitiOﬂS of the atoms of the disorchiral space groups (eg in Laue C|aerT)’ thus inc|uding
dered hexaselenide unitis drawn in transparent mode; hydrogen alq@, the and the isomer in varying relative arrangements
are omitted for clarity. The labelling scheme accords with@exis - .
running through the barycenter of Se3-Sb8nd. along [110], [010], or [001], respectively. We synthesized a
variety of further M(en)s] X, salts & = NOs, ClI, for instance)
to validate this assumption. Indeed, almost all of them show
distinct extinction upon rotation under a polarized-light micro-
[K(18-crown-6)L(Se;)-(18-crown-6)-2NH (25) scope, yet no change in color could be observed, clearly ruling

Compoundz25 crystallizes isotypically with24. While the ~©Out the cation complex as the optically active chromophore.
disorder of the hexaselenide fragment could not be crystallo-\We therefore focused on the triselenide anion as the source
graphically resolved ( 5%), a second solvent molecule waf pleochroism in the title compounds. Indeed, bbthand 16

located instead that can also be refine®#upon neglecting Show different colors, depending on the very crystal orienta-
the disorder of the hexaselenide units. tion relative to the plane of polarized light. Ranging from

green to red, we now tried quantification via both, simple UV/

Vis spectroscopy of crystals suspended in nujol oil, and an
(enH),(Se;) (26) angle-dependent measurement on a single crystal. While the
latter suffered from too small crystal sizes and did not yield

. . . significant signals, the UV/Vis spectra of single-crystal sus-
crystallographically independent with $S8e bond lengths of . - .
2.346(2), 2.330(2), 2.352(2), 2.329(2), and 2.355(2) A frorﬁ%"i'r?gszjhg’/"‘?gi;"l:’:’e‘g'”‘:t absorption bands \Wfhse;of

head to tail. Terminal selenium atoms of neighboring hexasele-Quantum chemical calculation of first singlet excitations

nide anions are in close contact [Se-Se 3.182(2) A], thereBging time-dependent density functional theory (TDDFT)

forming a pseudo infinity anionic strand along [001] (see Fig- . I .
ure 23). Se-Se-Se angles are ranging from 103.55(8) 0ethods on the crystal anion geometry exhibits four possible

N i R excitation energies for th&,, symmetric anion: 1.796 eV
107.99(8)°, torsion angles from 71.19(10) o 81.70(10)°. e ® T H 5 2.3 40 eV (435 ﬁ) 2.365 6V (637 . &

and 3.085 eV (402 nm,,a Our previous investigations con-
Optoelectronic Properties of Compounds with firmed a general applicability of TDDFT values for interpret-
Triselenide Anions ation of UV/Vis spectra of polychalcogenid€&8! therefore two

of the excitations would be in the range of visible light and

A special feature of all triselenide compounds that were olvould explain (a) the measured UV/Vis spectra and (b) the

tained during our study is the phenomenon of dichroism. lobserved change in color upon rotation under polarized light,
general, pleochroism describes the exhibition of different cothus the orthogonal excitation. The latter is in agreement with
ors depending on the absolute orientation of single crystatse clearly anisotropic anion packingide supra.

All selenium atoms within one hexaselenide chair2éare
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trast, syn-clinal (= 60°), anti-clinal ( = 120°) andanti-
periplanar (= 180°) arrangements, as well as angles in be-
tween appear to be primarily dependent of the coordination
and packing within the crystal structure. We therefore per-
formed density functional theory (DFT) calculations using the
program system TURBOMOLIES-88lon a tetraselenide anion,
as an example, to elucidate the energy differences of different
conformers characterized by different dihedral angles.

Indeed, the energy difference efn-periplanarand trans-
periplanar conformation is only 7.0 kihot™t (in favor of the
transisomer). As expected, th&yn-clinaland anti-clinal iso-
mers are energetically indistinguishable. However, an isomer
with a dihedral angle of 60° is favored over tlransisomer.

The optimum dihedral angle with lowest energy was found at
84.3°, with an energy difference of 16.8-kbl* with respect
Figure 24. UV/Vis spectrum of {4), and structure of the O thetransisomer. Alongside the stabilization, a distinct con-
-[Fe(en)s]>* enantiomer that is present beside the[Fe(er)y2* traction of the central Se—Se bond and a minor shortening of
enantiomer inl7. Hydrogen atoms are omitted for clarity. the terminal Se—Se bonds are observed, along with a change
of the dihedral angle from 180° to 84.3° (see Figure 26, top).
The UV/Vis spectrum 0B (Egnee:= 1.82 €V, 681 nm; Fig- Regarding the molecular orbital diagrams of both isomers, the
ure 25) is shown as an example for the optical absorption benergy difference can easily be assigned to the repulsive inter-
havior of diselenides in the solid state, which have not be@gtions between the p orbitals of the central and the terminal
reported to date. An experimental verification of the anguldpe atoms in both HOMO and HOMO-1, and between the p
dependence of the UV/Vis absorbance is precluded due to @@itals of the two central Se atoms in HOMO. Within the
obtained crystal sizes. The presented data therefore remdii@s isomer, parallel orientation of the respective p orbitals
qualitative. For absorption energies of compounds with longénhances this repulsion, while tilting of the chain reduces the
polyselenide chains and monoselenide anions, see RéRpulsion, especially along the central Se-Se bond (see Fig-
[71,20], for instance. ure 26, right). Further orbitals are widely unaffected by the
rotation.

Figure 25. UV/Vis spectrum of9 recorded on a suspension of crushed
single crystals in ParatoR¥ oil. Eqnsei= 1.8 €V (689 nm).

Conformational Isomerism within (Se)?~

Anions with x 4 Figure 26. Calculated bond lengths in A for thieans isomer (top,
upper representation) and the isomer with a dihedral angle of 84.3°
As can be deduced in detail from Tables S9-S13 (Suppoftop, lower representation). Representation of molecular orbitals with
ing Information), the dihedral angles within the structurallyihedral angles of 180° (bottom, left) and 84.3° (bottom, right); from
reported polyselenides cover a broad range from 49.5° {@p to bottom: HOMO, HOMO-1, HOMO-2. Amplitudes are plotted
[Sr(15crown5),](Sey)®8! (including secondary intramolecular at+-0.05 au.
interactions) to 180° in [SBN(OH)(H,0)e](Se,).*4 Since no Nevertheless, even with a total energy difference of
syn-periplanar( = 0°) conformation has been reported s®3.7 kJmol* between thesyn-periplanar isomer and the
far, this geometry seems to be energetically disfavored. In coglobal minimum structure (with = 84.3°), the packing ef-
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fects are likely to compensate these rather small energy difféi-a(H20)1d(Se)Se (3): An alloy of the nominal composition
ences. Thereforesyn-periplanarpolyselenides are expected to K 4PbSe” (250 mg, 0.37 mmol) was stirred for 2 h in8 (50 mL).
be found with suitable counterions that allow for an accordinﬁhe reaction mixture was filtered and 10 mL of the resulting solution

stabilization by the packing of the ions within the crystal.  Were layered with an NM&I saturated THF solution (15 mL3. crys-
tallized after 3 d as orange-red sticks in approx. 5% yield.

. [Ba(H;0),]s[Ba(OH)»(H-0),_l(Sek (4): An alloy with the nominal
Conclusions composition “PbSg (59, 13.69 mmol) and elemental Ba (2.43 g,

By this report on 26 new (poly-)selenides with organic ol 7-69 mmol) were stirred iren (50 mL). The regction mixture was
metal complex cations, we have approximately doubled ﬂ%(raporated to dryness and 250 mg of the resulting powder was stirred

number of respective compounds. We have provided a surve 12h in HO (25 mL), filtered and Iay?red .W'th ED (15 mL)'.4
C 5,talllzed after 3 weeks as colorless sticks in approx. 20% yield.

over syntheses and crystal structures along with some select

further properties that show the diversity of these salts. A clagenH),(Se) (5): An alloy with the nominal composition “KTiSe,”

sification according tdbers’ work on related polytellurides (0.5 g, 1.76 mmol) was stirred for 2 d &n (20 mL), filtered and care-

was made, and both the new and the known compounds wéuly layered with toluene (15 mL). After 4 weeks the resulting solu-

assigned to these classes. tion was filtered and slowly evaporated to drynessvas obtained as
red sticks in approx. 10% yield.

Experimental Section [Li(en)3]x(Se) (6): Same procedure as far but with elemental Li
(198 mg, 28.57 mmol) instead of Bécrystallized after slow evapora-

General Remarks on the SynthesesAll manipulations and reactions tion of enas red blocks in approx. 5% yield.

were performed in an argon atmosphere using stan&atdenkor

glovebox techniques. The ternary parent phagedlySe” were pre-  [K(H20)](Sey) (7): An alloy of nominal composition of “KPbSe”

pared by fusion of the elements if not stated otherwise, with an oxygef®00 mg, 1.13 mmol) was heated for 7 d at 150 °C in a Teflon steel

methane burner for at least 15 min until homogeneity was achieved.adntoclave withen (2 mL) and HO (50pL). After turning off the heat-

case of the presence of a metallic by-product phase, this was manudatlg, the autoclave was left for 2 d to slowly cool to room temperature.

removed. The ternary product was pestled and further worked-up Red plates of7 were picked from the reaction mixture.

described below. Solvergn was freshly distilled from Call THF,

toluene and ED from Na/K, and EtOH from Mg. All solvents were [K2(NH3)](Se,) (8): An alloy of the nominal composition “fPbSe”

stored in an argon atmosphere prior to use. Deionized water was ¢eg, 11.28 mmol) obtained by fusion of the elements (882.1 mg,

gassed at least 3 times to a final pressufie  10-3mbar and saturated 22.56 mmol K; 2.34 g, 11.28 mmol Pb; 1.78 g, 22.56 mmol Se) was

with an argon atmosphere. The synthetic procedures are outlinedsipxhlet-extracted with NE(350 mL) and refluxed for 4 h. The solu-

the following for all new compounds. tion was slowly allowed to warm to room temperature and;Nél
evaporate within 1 weel8 crystallized as red needles in approx. 30%

In the case of solvothermal reaction conditions, the bulk phase alwayigld.

contained amorphous (side-)products that were not further investi-

gated. In the presence of‘Kons, K;Se, and K,Se; could always be [K(18-crown-6)],(Sey)-en (9): An alloy of the nominal composition

identified by single crystal diffraction. Binary selenides,Gh, are “PbSe” (0.5 g, 1.37 mmol) and 18rown-6 (1.3 g, 4.92 mmol) were

most likely side-products from extractions of thgvl,Ch, alloys. Cor-  suspended ien (20 mL) and elemental potassium (0.15 g, 3.84 mmol)

responding colors of side-product powder were observed. No metaliias added, stirred for 12 h, filtered and layered with toluene (20 mL).

precipitate was observed. As a consequence, the provision of yield9isrystallized after 4 weeks as red-orange plates in approx. 5% yield.

afflicted with high uncertainty and is therefore omitted for all of the
solvothermal reactions. H[{K(18-crown-6){K(NH 3)}(Se,)] (10): Same procedure as féy yet

the resulting solution (15 mL) and 18ewn6 (493 mg, 1.87 mmol)
Energy dispersive X-ray spectroscopy has been performed for all sawere stirred for 2 d prior to evaporation of solvent over 1 welk.
ples to verify the absence of further metal atoms. All yields are giverrystallized as red blocks in approx. 25% yield.
with respect to Se.

Csy(Se)(Se)-en (11): An alloy of the nominal composition
[Li 5(H20)/]Se (1):A binary solid of the nominal composition “PbSe  “CsPh, »,Se” (0.73 g, 2.75 mmol) andn (2 mL) were heated for 5 d
(19, 2.74 mmol) was suspended in liquid BKL50 mL) at —35°C at 200 °C in a Teflon steel autoclave. After turning off the heating, the
and elemental lithium (40 mg, 5.75 mmol) was added within 2 h. Thautoclave was left another 2 d stand to cool to room temperatare.
resulting suspension was stirred for 12 h. The reaction mixture wass picked manually as red plates.
brought to room temperature and Blevaporated. The resulting gray
powder was extracted with @ (50 mL). 10 mL of the resulting solu- (NMe,),(Se) (12): Same procedure as f@&; yet using an NMgCI
tion was carefully layered with THF (15 mL) crystallized after 1 saturated EtOH solution (15 mL) for layerin® crystallized after 2 d
week as colorless blocks in approx. 20% yield. as red blocks in approx. 15% vyield.

[K(H,0)4.Se (2): A ternary solid of the nominal composition [K(18-crown-6)],(S&)-H,O (13): A solution of [K(18-crown-

“K ,Hg,Se” (250 mg, 0.35 mmol), yielded from fusions of,Re (10g, 6)],[Pb,Se]B1 (10 mL) was carefully layered with a saturated THF —
63.63 mmol) and the elements (9.13 g, 127.26 mmol Hg; 3.59 that was not dried prior use — solution of [Rh(BREI] (10 mL) and
127.26 mmol Se) were stirred for 2 h in,@® (25 mL). The resulting left for 4 weeks. The resulting reaction mixture was filtered and the
solution was filtered and the solvent slowly evaporated to dryrigss.solvents evaporated to dryneds3 crystallized as orange blocks in
crystallized as colorless blocks in approx. 15% vyield. approx. 5% yield.
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[K(18-crown-6)](Se;)-H,O (14): An alloy of nominal composition Single-Crystal X-ray Crystallography: All measurements were per-
“K4PbSg” (0.5 g, 0.74 mmol), 1&rown-6 (400 mg, 1.51 mmol), and formed with a Stoe IPDS-Il or a Stoe IPDS-II/T diffractometer at
trien (2 mL) were heated in a Teflon steel autoclave that was onl§00 K except measurements 4f6, 17 with a Stoe IPDS | at 193 K
lightly closed — enabling certain air/moisture exposition — for 7 d aand 24, 25 with a Bruker Quest at 100 K. All devices applied Mo-
150 °C. After cooling to room temperature for 21d was manually K radiation ( = 0.71073 A) and a graphite monochromator. Upon

picked as red/green pleochroic plates.

[{K(18-crown-6)},(H,0)3](Se3)-2H,0 (15): An alloy of the nominal
composition “KHgSe” (3.28 g, 4.37 mmol), 1&rown6 (6.98 g,
26.41 mmol) and BO (125 mL) were stirred for 12 h and filtered.
25 mL of the resulting solution were added to Pb@0(292 mg,

numerical absorption correction (f@4, 25 semi-empirical SADABS
correction), the structure solution was performed by direct methods,

followed by full-matrix-least-squares refinement agaif$ using

SHELXS-97, SHELXL-97, and OLEX2 softwaf A summary of
crystallographic and refinement details are given in the Supporting
Information (Tables S1-S7).

0.88 mmol) and stirred for 2 h. The reaction mixture was filtered and
the solvent volume decreased to ca. 10 mL and left standing forRirther details of the crystal structure investigations for compodnds

months.15 crystallized as red sticks in approx. 5% vyield.

[K([2.2.2]crypt)]2(Ses)-H,0 (16): Same procedure as f@b, yet using
[2.2.2]crypt (568.5 mg, 1.51 mmol) instead of I8ewn-6. 16 crys-
tallized as red/green pleochroic plates.

[M(en);])(Ses) [M = Fe, Cd] (17, 18):An alloy of the nominal compo-
sition “K,PbSeg” (500 mg, 1.13 mmol), FeGIl(300 mg, 2.37 mmol) or
CdSQ, (400 mg, 1.92 mmol) anen (2 mL) were heated for 7 d at
150 °C in a Teflon steel autoclavé7 and 18 crystallized as red/green
pleochroic sticks.

[K5(H20)](S&) (19): An alloy of the nominal composition “PbSe”
(500 mg, 1.13 mmol), VO(acag)(300 mg, 1.13 mmol) and D
(2 mL) were heated for 7 d at 190 °C in a Teflon steel autocld@e.
was manually picked as black sticks.

[K5(H20),](Ses) (20): An alloy of the nominal composition
“K ,Ph,Se” (250 mg, 0.26 mmol) was stirred with J@ (25 mL) for
12 h and filtered. Upon removal of solver) crystallized as black
sticks in approx. 15% yield.

[K5(NH3)](Sey) (21): Same procedure as f@& yet 11 mL of the re-
sulting reaction solution was added to frozm(7.5 mL). Upon evap-
oration of NH; and slow removal oen over 12 h21 crystallized as
red needles in approx. 15% yield.

[K([2.2.2]cryp)]x(Se) (22): An alloy of the nominal composition
“K,TiSe," (500 mg, 1.76 mmol), [2.2.2Fypt (729 mg, 1.94 mmol)

4, 7-8 19-21 23 may be obtained from the Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (Fax: +49-
7247-808-666; E-Mail: crysdata@fiz-karlsruhe.de, http://www.fiz-
karlsruhe.de/request for deposited data.html) on quoting the depository
number CSD-428547.

Crystallographic data (excluding structure factors) for the structres

6, 9-18 22, 24-26 in this paper have been deposited with the Cam-

bridge Crystallographic Data Centre, CCDC, 12 Union Road, Cam-
bridge CB21EZ, UK. Copies of the data can be obtained free of charge
on quoting the depository numbers CCDC-1027047, CCDC-1027048,
CCDC-1027049, CCDC-1027050, CCDC-1027051, CCDC-1027052,
CCDC-1027053, CCDC-1027054, CCDC-1027055, CCDC-1027056,
CCDC-1027057, CCDC-1027058, CCDC-1027059, CCDC-1027060,
CCDC-1027061, and CCDC-1027062 (Fax: +44-1223-336-033;
E-Mail: deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk).

UV/Vis Spectroscopy:Optical absorption spectra were recorded with
a Varian Cary 5000 spectrometer. Single-crystalline samples were pul-
verized in nujol oil between two quartz plates.

Methods of the Quantum Chemical Inverstigations: All molecular
electronic structure calculations were carried out with the TURBOM-
OLE program package V623 The COSMO model was used for the
compensation of negative chard&8 Structure optimizations were un-
dertaken by employment of the RIDFT program, using the BP86 func-
tional®® and def2-TZVP basis sef! For the TD-DFT calculations,

all geometries were optimized. Contour plots were generated with

anden (25 mL) were stirred for 2 d, filtered and the solvents evapogopenMole?)
rated to dryness22 crystallized as transparent-yellow blocks in ap-

prox. 30% yield.

[Ba(H,0)6](Se&y) (23): Same procedure as fdryet layering with THF

Supporting Information (see footnote on the first page of this article):
X-ray crystallographic data df~26 and selected structural parameters
of all known organic cation and complex cation-stabilized (poly-)sele-

(15 mL) instead of BELO. 23 crystallized as transparent-yellow StiCkSnides, [cation)(Sg),.

in approx. 40 %.

[K(18-crown-6)](Se;)-(18-crown-6)-H,O (24): Same procedure as
20, yet in the presence of an excess ofc8wn-6 (343 mg, 1.3 mmol).
24 crystallized as red sticks in approx. 25% yield.

[K(18-crown-6)],(Se;)-(18-crown-6)-2NH; (25): Same procedure as
for 8, yet 100 mL of the resulting reaction solution was added to 1
crown-6 (350 mg, 1.33 mmol) and stirred for 2h. Upon evaporizatio

of NH3 over 1 week25 crystallized as pale green blocks in approx.

20% yield.

(enH)(Se;) (26): An alloy of the nominal composition “$Hg,Se&”
(0.5 g, 0.69 mmol) and MnSQ(300 mg, 1.98 mmol) were placed in a
Teflon steel autoclave with a 1:1 mixture efitmeda(2 mL) and

heated for 5d to 150 °C. After turning off the heating, the autoclave

was left another 2 d stand to cool to room temperat26evas picked
manually as red sticks.
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Table S . Crystallographic data and refinement details fat .

Compound

[Li (HO)]1(Se)

[K(H O)] (Se)

[K (HO) I(Se)(Se)

[Ba(H O)4 [Ba(OH)
(HO)](Se) ;x|

)

Empirical formula

H Li OSe

K O Se

KO Se

BaO Se

Formula weight /ghol

Crystal color and shape

Colorless stick

Colorless stick

Red stick

Colorless stick

Crystal size /mm

A A

A A

A A

A A

Crystal system

Orthorhombic

Orthorhombic

Monoclinic

Monoclinic

Space group

Pnna

Fddd

Coc

Cm

alA

b/A

c/A

o

VIA

4

lealdg At

Mok ) /mm

Arange/°

Abs. corr. Thin/Tmax

Reflections measured

Independent reflections

R(int)

Indep. Reflections (I>4(1))

Parameters

R (1>2 11))

WR2 (all data)

Goof (all data)

Max. peak/hole /éA - pnt




Table S . Crystallographic data and refinement details fat .

Compound

(enH) (Se

[Li(en) ] (Se

[K (H O)(Se)

[K (NH)](Se),

Empirical formula

CHN Se

CH Li N Se

K OSe

K NSe

JRUPXOD ZHLJKW

Crystal color and shape

Red stick

Red block

Red plate

Red plate

&U\WWDO VL]H PD[/

0.24-0.14-0.08

A A

A A

A A

Crystal system

Monoclinic

Triclinic

Monoclinic

Monoclinic

Space group

Cc

12]

Coc

Cc

a/A

b/A

c/A

o

o

o

VIA

z

lac JAFP

Mok ) /mnm

Arange/°

Abs. corr. Thin/Tmax

Reflections measured

Independent reflections

R(int)

Indep. Reflections (I>41))

Parameters

R (1>2 11))

WR2 (all data)

Goof (all data)

Max. peak/hole /éA - pnt




Table S . Crystallographic data and refinement details far

Compound

[K( -crown-)] (Se dn,

FH( -crown- )}
{K(NH )XSe)],

Cs (Se)(Se) én,

)

(NMe ) (Se) ()

Empirical formula

C H KNO Se

C H K NO Se

C H CsN Se

CH N Se

JRUPXOD ZHLJKW

JAPI

Crystal color and shape

Red plate

Red block

Red plate

Red block

Crystal size /mm

A A

A A

A A

A

A

Crystal system

Triclinic

Orthorhombic

Monoclinic

Cubic

Space group

[0}

Cmc

P

PeD

a/A

b/A

c/A

o

o

VIA

z

lac JAFP

Mok ) /mnm

Arange/°

Abs. corr. Thin/Tmax

Reflections measured

Independent reflections

R(Gnt)

Indep. Reflections (I>4(1))

Parameters

R (152 11))

wR (all data)

Goof (all data)

Max. peak/hole 76\ - pnt




Table S . Crystallographic data and refinement details fort

Compound

[K(18-crown- @be

[K( -crown-)] (Se A®
()

{K( -crown-)} (H O) ]
(Se A ®( )

[K(> cn@)] (Se A @
()

Empirical formula

CHKO Se

C H KO Se

CHKO Se

CHKNO Se

JRUPXOD ZHLJKW

Crystal color and shape

Orange block

Green plate

Red stick

Green block

&U\WVWDO VL]H
/mm

0.21-0.15.0.12

A A

A A

A A

Crystal system

Monoclinic

Monoclinic

Monoclinic

Monoclinic

Space group

P /n

P /n

P /c

Cc

a/A

b/A

c/A

o

o

VIA

Z

lac JAFP

Mok ) /mm

Arange/°

Abs. corr. Thin/Tmax

Reflections measured

Independent reflections

R(int)

Indep. Reflections (I>A(1))

Parameters

R (I>2 11))

wR2 (all data)

Goof (all data)

Max. peak/hole /6 -~ pnv




Table S . Crystallographic data and refinement details fort

Compound [Fe(en) ](Se) [Cd(en) ](Se) K (HO)(Se) ()

Empirical formula SeFeNCH C CdN Se K OSe

JRUPXOD ZHLJKW

Crystal color and shape Red/@reen Qleochroic sticks Red/@reen gleochroic block BIackAstick _

Crystal sizePD[APLGAPL A A A A A A

Crystal system Orthorhombic Monoclinic Monoclinic

Space group Pbcn Cc Cc

a/A

b/A

c/A

o

VIA

Z

lac JAFP

Mok ) /mn

Arange/° 4.3 + - -

Abs. corr. Thin/Tmax

Reflections measured

Independent reflections

R(int)

Indep. Reflections (1>4(1))

Parameters

R (1>2 11))

WR2 (all data)

Goof (all data)

Max. peak/hole /6 - pm - - -




Table S . Crystallographic data and refinement details fort

Compound [K (HO)]Se) () [K_(NH)](Se) () [K(>_ _cr@i] (Se) ) [Ba(H O) J(Se) ()

Empirical formula K O Se K NSe C H KN O Se BaO Se

JRUPXOD ZHLJKW

Crystal color and shape BIackAstick _ Red Qeedle _ BIackAblock _ BIackApIate _

Crystal size /mm A A A A A A A A

Crystal system Monoclinic Monoclinic Triclinic Triclinic

Space group Pc Cc PD PD

a/A

b/A

c/A

o

o

VIA

Z

lac JAFP

Mok ) /mn

Arange/° - - - -

Abs. corr. Thin/Tmax

Reflections measured

Independent reflections

R(int)

Indep. Reflections (1>4(1))

Parameters

R (1>2 11))

WR2 (all data)

Goof (all data)

Max. Peak/hole 7é\ - pnt - - - -




Table S . Crystallographic data and refinement details fort

Compound

[K( -crown-)] (Se A -
crown- A®( )

[K( -crown-)] (Se A -
crown- A 1« )

(enH) (Se )

Empirical formula

C H KO Se

CH K N O Se

CHN Se

JRUPXOD ZHLJKW

Crystal color and shape

Red Qeedleg

Red Qeedleg

Red block

Crystal size /mm

A A

A A

0.12-0.10-0.09

Crystal system

Monoclinic

Monoclinic

Triclinic

Space group

Cc

Cec

PD

a/A

b/A

c/A

o

o

VIA

Z

lac JAFP

Mok ) /mnm

Arange/°

Abs. corr. Thin/Tmax

Reflections measured

Independent reflections

R(int)

Indep. Reflections (1>4(1))

Parameters

R (1>2 11))

WR2 (all data)

Goof (all data)

Max. Peak/hole 7é\ - pnt




Table S . Selected structural parameters of known monoselenide and diselenide compounds.

Compound Anion d(SeiSe) d(SesSe) ASeSesSe) | &SeiSeiSeiSe) | dmin Se« cat/solv
(Al [A] [’] [’] (A
[(Me NH P)N] Se” @ se 3.302(6) (Se...(H)N)
[Mn(cyen ] [H cyeri(SeTe) Se” @ set 2.478(1) (Tet 3.376(5) (Se...(H)N)
(SeTey* Se) (SeTe-Se)
[PhP(NH) ] Se” @ Set (Se«N)
K [Zn SnSe Te @ ASe> @ set 2.454(2) (Se...Zn)
(NMe )(HSe)> @ HSe* ( ) (se...(HO)
Na SeBH O> @ Se* 6H«1D
Na SefH O> @ Se* 6H« + 2
[Li (HO)]Se () Set Se...(H)O)
[KH O)] Se () Set Se...(H)O)
[K (HO) ](se)se () Set (Se)?t | 2.447(1) 3.277(4) (Se...(H)O)
(Se245e2)
[Ba(H O)] [Ba(OH) (H O} ]Se ( ;x| ) set (Se«0)
(erH) (Se) () (Se)?* (Se...(H)N)
[Li(en ] (Se) () (Se)?* 2.648(6) (Se...Li)
[K (HO)(Se) () (Se)?* 3.305(2) (Se.K)
[K (NH)I(Se) () (Se)?* 3.294(4) (SeK)
[K(18-crown @e dn( ) (Se)?* 3.1867(5) (Se.K)
£ FK(18-crown6){K(NH }(Se)] () (Se)?* 3.2828(11) (SeK)
Cs(Se)(Se é( ) (Se)?* Se..Cs)
(NMe) (Se) () (Se) * (Se« H)C)




Table S Selected structural parameters of known triselenide and tetraselenide compounds.

Compound Anion d(SesSq) d(SesSe) &SeSeiSe) | &SeiSesSeiSe) | dmin Se« cat/solv

) A A [’ [’ [A]
Cs(Se)(Se én( ) (Se) * Se...Cs)
[K(18-crown- @se)( ) (Se) * 6 H«.
[SrSn(OH)(H O)](Se A®> @ (Se) * not given
[Mn(NH ) ](Se)> @ (Se) * 3.420(3) (Se.(H)N)
[Ni(tren) J(Se)> @ (Se)?* not given not given not given
[Mn(en) ](Se)> @ (Se)?* 3.572(2) (Se.(H)N)
Li(NH ) Rb(Se)> @ (Se)?* (Se...Rb)
Na(NH) Rb(Se) > @ (Se)?* (Se...(H)N)
[K(18-crownr @e A®( ) (Se) * 1.419(7) (Se...(H)O)
[{K(18-crown (HO)](Se A ®( ) (Se) * 3.286(3) (Se.(H)O)
[K > cn@)] (Se A@( ) (Se)?* 1.369(6) (Se...(H)O)
[Fe(en ](Se) () (Se) * Se...(H)N)
[Cd(en) 1(Se) () (Se) * 3.357(16) (Se...(H)N)
[Sr Sn(OH)(H O) ](Se)> @ (Se)?* Se...(H)0)
[Ba > cry@)](Se én> @ (Se) * 3.4281 (Se.0)
[Ba(OH) (HO) ] (Se)> @ (Se) * (Se...(HD)
[Ba(en) ](Se én> @ (Se) * !
[Calen) ](Se)> @ (Se) * not given not given
[PhPNPPh] (Se A OH& 1@ (Se) * 3.611(19) (Se(H)C);
[Mn(MeNH ) ](Se)> @ (Se)?* 3.514(2) (Se.(H)N)
[K (HO)I(Se) () (Se) * Se...K)
[K (HO)](Se)( ) (Se) * Se...K)
[K (NH)ISe) () (Se) * Se...K)
[K > cry@)] (Se)( ) (Se) * Se...(H)C)
[Ba(HO) [(Se) () (Se) * Se...(H)0)




Table S . Selected structural parameters of known pentaselenide compounds.

Compound Anion d(SesSe) d(SesSe) A(SefSefSe) | &SesSesSeiSe) | dmin Se« cat/solv
_ [Al [Al [°] [°] (Al
[Cs(18crown @e A'0} @ (Se) * Se...Cs)
(Sel-Se2-
Se3): 106.5(2
(Se2-Sel-
Se2A)
[Cs(18crownr @e AOH& 1 (Se) * - Se...Cs)
(NEt) (Se A 6A BH® (Se) * Se...(HO)
(PPh) (Se)> @ (Se) * Se...(H)C)
(NMe) (Se)> @ (Se)?* ) Se...(H)C)
[Na(15crown @se)> @ (Se) * Se...(HD)
[Mn(NH CH) ](Se)> @ 6H« + &

(Se) *




Table S : Selected structural parameters of known hexaselenide compounds.

Compound Anion d(SesSe) d(SesfSe) &SefSefSe) | &SeiSesSeiSe) | dmin Se« cat/solv

[Al [Al [°] [°] (Al
(PPh) (Se)” @ (Se) * : - Se..(HL)
[Ba(15crown ](Se A'0} @ (Se) * Se...(H)C)
[Rb([2.2.2]crypt)] (Se)> @ (Se) * 3.551(9) (S&« +C)
[NMe | (Se)> @ (Se) * Se..(H)C)
(NBu) (Se)” @ (Se) * Se..(HD)
[Me N(Td)] (Se)” ! (Se) * Se..(HD)
[Mn(NH ) [(Se)> @ (Se) * (Se...()N)
[Fe(NH) [(Se)> @ (Se) * (Se...(H)N)
[Mn(cyen ](Se)”> @ (Se) * Se...(H)N)
Mg ( -OH) ( - ) (Se) * Se...(H)0)
MeO) (MeO) (MeOH) ](Se A OH2+@
[K(18-crownr @e A -crown A®( ) (Se) * Se...K)
[K(18-crownr @e A -crown A 14 ) (Se) * Se...K)
(erH) (Se) () (Se) * )f Se...(H)N)




Table S : Selected structural parameters of known heptaselenide and nonaselenide compounds.

Compound Anion d(SesSq) d(SesSe) &SeSeiSe) | &SeiSesSeiSe) | dmin Se« cat/solv
(Al [A] [’] [’] (Al

[Na(12crown ] (Se)> @ (Se) * Se...(H)C)

[K > crny@] (Se A®> @ (Se) * Se...0)

[Sr(15crown ](Se)> @ (Se) * Se...(H)C)

Table S : Selected structural parameters of known mixed polychalcogenide compounds.

Compound Anion d(SefSe) d(SesSe) a(SefSefSe) | &SesSeiSeiSe) | dmin Se« cat/solv
(Al [Al [°] [°] (Al

[MNn(MeNH) (S) (S Se ) > @ (S Se )** () (Se...(H)N)

[MN(NH ) ](S Se )> @ (S Se )** (Se...(H)N)

[Mn(en) ](SeTe)> @ (SeTe) * 2.5025(7) 102.50(2) Se...(HN)
(Sefe) (Sedesse)

(NBu) (SeSSe)> @ (SeSSe)?* - Se...(H)C)

[K( c@p)] >6H7 HEH® A (SeTeSe)* 2.5018- 111.32 (Set Se...(H)N)
25038 (S« TeiSe)

Te)
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Abbildung " bAusschnitt aus der Kristallstruktur von
K [PbSe]-enNH .
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K,[PbSe,]-en-NH ;: A Non-Oxide, Non-Halide Inorganic Lead(IV)

Compound**

G nther Thiele, Thomas Kr ger, and Stefanie Dehnen*

Dedicated to Professor Walter Thiel on the occasion of his 65th birthday

Abstract: The first inorganic lead(IV) compound without
oxygen, nitrogen or halogen ligands attached to the lead atom

was obtained as the potassium salt of the tetraselenidoplum-

bate(IV) anion [Pb"VSeg]* . It is stable under inert conditions
which may enable the transfer of the chemistry of chalcoge-
nidogermanate(lV) or chalcogenidostannate(lV) materials, to
the lead homologues.

The chemistry of lead is both very traditional, going back to
the late 7th millennium B.C. and ancient metallurgy,™ and
also highly topical, for instance in the synthesis of low-valence
organometallic lead compounds? chalcogenide or pnictoge-
nide clusters® or the use of Zintl polyanions of lead as
precursors to form intermetalloid clusters.

However, most academic as well as technical develop-
ments are correlated with formal oxidation states of the Pb
atoms from | to + Il. Of course, this is a well-established
feature, and textbooks attribute this situation to the relativ-
istic effect that strongly stabilizes the 6s atomic orbital (AO),
thus making it fairly unavailable to chemistry; exceptions are
limited to salts with extremely high electronegativity non-
metal partners provided suitable crystal lattices exist which
can overcompensate the high ionization energy through the
corresponding lattice energies, and to lead(IV) organic
compounds, such as PbEtthat was used in petrol.

By ab initio calculations on the series RPbX, , (R = H,
Me; X = F, Cl; x=0...4) and RPbX, , (x= 0...2), the concept
of stable sorganic Pb"'Z compounds, in addition to stable
sinorganic Pb"Z compounds has been illustrated. According
to these studies, an increase of the metal charge caused by
more electronegative ligands leads to the 6p AO becoming
unfavorable for covalent bonding.®® These results are in
excellent agreement with the empirically found decrease of
stability in the order R ,Pb> R;PbX > R,PbX, @RPbX;>
PhX 4%

[*] Dipl.-Chem. G. Thiele, T. Kr ger, Prof. Dr. S. Dehnen
Fachbereich Chemie und Wissenschaftliches Zentrum fr
Materialwissenschaften, Philipps-Universit t Marburg
Hans-Meerwein-Strasse, 35032 Marburg (Germany)
E-mail: dehnen@chemie.uni-marburg.de
Homepage: http://www.uni-marburg.de/fb15/ag-dehnen

Thus, the only known sinorganic Pb" Z compounds can be
listed in a few lines® PbO,, as the minerals scrutinyite and
plattnerite,! or as the prominent anode material in car
batteries as well as several binary oxides, such as p®; and
Pb;0,, various oxoplumbates, as first described by Zintl and
co-works!® Pb(OAc) ,, an oxidizing agent for organic synthe-
ses” Pb"Y salts with anions of high symmetry, such as
[HAsO ,)? , [HPOJ? , [SeO4? , plumbate anions with sub-
stituents of high group electronegativity,
(AsPh,),[Pb(N 3)e],M K, [Pb(OH) ¢,*" and the corresponding
acid Pb(OH) ,, characterized by infrared spectroscopy in solid
argon*? For the halides, only PbX, (X = F, C)!*® and salts of
the [PbX¢? ions with X = F, CI, (10 ¢) have been crystallo-
graphically determined.*¥ In conclusion, no (isolable) chal-
cogenides PbE (E=S, Se, Te) and no tetrahedral P /E
aggregates are known to date.

It thus is quite unexpected to find a tetrahedral unit in the
first chalcogenidoplumbate(lV), K ,JPbSe]-en-NH; (1,
Figure 1; en= ethane-1,2-diamine), which was obtained by
solvothermal extraction of a homogeneous phase with the
nominal composition *K ,PbSgZ. The reaction was performed

[**] This work was supported by the Deutsche Forschungsgemeinschaft
(SPP 1415) and the Friedrich Ebert Stiftung. We thank Dr. Johanna

Heine, N. Mohri and Prof. Dr. W. Tremel for fruitful discussion, and

Dr. K. Harms and R. Riedel for their help with X-ray measurements.rigyre 1.Fragment of the crystal structure (top) and thermal ellipsoid

en= ethane-1,2-diamine.
(@) Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201310455.
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plot (ellipsoids set at 50 % probability) of the [PtSe]* ion (bottom)

in 1. Selected structure parameters: Pb-Se 2.600(2)...2.610(1) ; Se-Pb-

Se 107.71(6)-110.79(8)
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based on our expertise on the chemistry of chalcogenidote-
trelates(IV), ™ and on the extraction of ternary phases A/T/E
(A = alkali metals, T= Group 13...14 (semi-)metal, E pnic-
togen, chalcogen) by means of basic solvents®

The title compound was obtained as deep red crystals
(Figure 2). The crystal structure (triclinic space group P1)
contains near tetrahedral [PbSeg]* ions that are embedded

Figure 2. EDX spectrum ofl along with the analysis data; the inset
shows a photograph of partially crushed crystals bfas used for the
structural and elemental analyses.

between four K* counterions (K:--Se 3.282...3.412 ) and two
solvent molecules (NH; and en; Se---(H)N 3.346...3.969 ) per
formula unit. The atomic K:Pb:Se ratio of 1 was confirmed by
means of EDX analyses of the crystals (Figure 2). The formal
+ IV oxidation state at the Pb atom was rationalized by
quantum chemical calculations using Mgller...Plesset 2nd
order perturbation theory (MP2) methods ! implemented
in the program system Turbomole, 8 which show unreason-
able elongations of the Pb Se bonds for a hypothetic
s[Pb"Se]® Z ion (Supporting Information, Table S3).

Single-crystals of the title compound are rapidly covered
by a metallic film upon contact with air, but are stable under
inert conditions for months. They are stable enough to be kept
as a suspension in nujol oil between two quartz plates for
several hours; over more than 12 h, the solid-state UV/Vis
spectrum (Figure 3) remained the same. Neither room
temperature, nor illumination by visible light changed the
situation. Only upon exposure of the suspension to air, the
sample color turned black and the absorption signal dimin-
ished, indicating decomposition of the compound. In agree-
ment with the visible color (Figure 2), the measured optical
excitation energy, given as onset of absorption, amounts to
Eonset= 2.0 €V.

Quantum chemical calculations using time-dependent
DFT methods (TDDFT, singlet excitations) % also imple-
mented in the program system Tirbomole ™8 were performed
to rationalize the measured excitation energy, and to compare
it to the E,. Values of the entire [TE,]* series with T= Si...
Pb and E= O...Te (Figure S1). The calculations show a con-

www.angewandte.org
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Figure 3.Solid state UV/Vis spectrum ol, recorded from a suspension
of pulverized crystals in nujol oil.

tinuous development of E . along the tetrel family and, for
a given tetrel element, along the chalcogen family®® As
expected from the color of the deep red crystals, [PbSg* and
[SnTe,]* 2-chave the same absorption energy. In both cases,
the calculated values (1.9 eV) differ by only 0.1 eV from the
measured ones (2.0 eV).

More detailed information about the electronic situation
was gained by further MP2 calculations and consecutive
inspection of the molecular orbitals (MOs) of all possible
[TE,* combinations (T= Si...Pb; E O...Te) by means of
Mulliken population analysis.?! The highest occupied MOs
(HOMO, HOMO 1, HOMO 2) and the lowest energy
valence MO (HOMO 5) have distinct lone-pair character at
the terminal chalcogenide ligands, whereas HOMO 3 and
HOMO 4areT E bonding in nature. Most developments of
MO energies are steady along the T or E series (Figure S2),
indicating slight destabilization of the HOMO along Pb ! Si,
nearly no change for HOMO 1 and HOMO 2, and a slight
stabilization for HOMO 3, however, the HOMO 4 energies
reflect the distinct stabilization of the 6s and 6p AO at Pb. As
an example, we compare the MOs for [PbSg]* and [SnSg]*
(Figure 4) into detail.

In [PbSe,]* , HOMO and HOMO 1 (t,, t,) are nearly the
same energy, HOMO 2 (e) is lower by 0.7 eV. The higher-
energy Pb Se bonding orbital (HOMO 3, t,) is below the
«lone pairsZ by another 1.2 eV. As expected, a very stable,
Pb Se bonding MO (HOMO 4, &) with a significant Pb6s
contribution is found another 5 eV lower, that is, 7 eV below
the HOMO energy level; according to population analyses,
the contributions to this MO are 23.3% Pb6s and 23.3%
Pb6p, along with 40.8% Se4s, and 12.6% Se4p (all four Se
atoms in total). Apart from the energetic order of the highest
t, and t; MOs (t, is higher in energy than t, by 0.002 eV for
[PbSe]* ), both the energy differences and AO contributions
found for HOMO, HOMO 1, HOMO 2, and HOMO 3
are very similar for [PbSe,]* and [SnSg]* . In contrast, the
situation for HOMO 4 differs significantly: for the Sn/Se
combination, not only the orbital contributions of the central
atom are lower (19.0% Sn5s and 19.0% Sn5p along with
50.5% Se4s and 11.5% Se4p), but this MO is also by only
4 eV lower in energy than HOMO-3, and by only 6 eV below
the HOMO level in [SnSe ,]* . Both the energies of the T E
bonding MOs HOMO 3 and HOMO 4, and the electron-

Angew. Chem. Int. EQ014 53 4699 ...4703



Figure 4. MO schemes along with the visualization of representative
occupied orbitals in [PbSg* (left) and [SnSg* (right). MO plots

from top: HOMO ([PbSg]* : t,, [SnSg]* : t;), HOMO 3 (ty),

HOMO 4 (a,). Amplitudes are drawn at 0.033 a.u.; note that only
one of the degenerate MOs is shown for all examples. The lowest
energy valence orbitals (HOMOS) that represent the 5s AOs from Se
atoms in both cases are not shown.

density distribution in HOMO 3 may be made responsible
for the observed stability. In the particular case of [PbSe]” ,
although the higher energy bonding MO (t,, HOMO 3) is
slightly destabilized (with respect to the situation in
[SnSe]* ), the plumbate(lV) anion is not that reactive as
a consequence of the high stability of the lower energy
bonding MO (a,, HOMO 4), which is indeed the lowest
energy HOMO 4 in the entire [TE J]* series (Figure S2). By
inspection of the relative energies, our recent observation that
a preparation of [PbTe,]* is not possible using the described
method can be explained, whereas the synthesis of [Ph¥
should, in general, be possible. Our efforts so far have failed
because no homogenous parent phase (such as sRbS,7)
could be obtained. In addition to these molecular effects, we
assume a considerable influence of the lattice energy of the
solid 1. This assumption is supported by the observation that
1 precipitates from the mother liquor during the solvothermal
treatment and does not re-dissolve in en, which can be
understood in terms of suitable molecular measures: the Pb
Se bond lengths in1 (2.600(2)...2.610(1) ) are right within the

Sn E bond lengths observed inortho-selenidostannate (2.50...

2.54 ) and ortho-telluridostannate anions (2.72...2.80 )3
the potassium salts (hydrates) of which are known?°*2?hence
rationalizing the stability of the corresponding crystal lattice
for 1.

To further elucidate the stability or reactivity of ortho-
chalcogenidotetrelate anions, including the anion in 1, we
calculated reaction energies E, (Table 1) for all possible

Table 1:Reaction energie&. [kJmol Y] for the reactions given in Equation (1§

Angewandte

intemationaldition. CNEME

permutations of elements in reactions of the following type
[Eq. (1)].

BE,* p TP WBTE,* p T* DE %4 E, alp

For a given chalcogen E, all reactions forming a lighter
[T2E,]* homologue are exoenergetic; for given tetrel atoms
T and T2, the reactions become more exoenergetic as the
chalcogen E is replaced by a lighter congener; as expected,
a maximum step in E, is observed when changing from E= S
to E= 0O, in accordance with the extraordinary stability of
oxotetrelates compared to all of their heavier homologues. In
contrast, the E, values differ only marginally between [TE ,]*
species comprising the heavier elemental combinations, such
as [PbSg]* versus [SnSgl* (5.2 kImol 1), suggesting similar
stabilities and reactivities of the respective anions.

In summary, it was possible to prepare and unambiguously
characterize the first non-oxide, non-halide inorganic PB"
compound. The potassium salt of the tetraselenidoplumba-
te(IV) anion can be kept under inert conditions (inert gas or
oil) without change to date. This stability should enable the
previously unexpected transfer of the chemistry of chalcoge-
nidogermanate(IV) or chalcogenidostannate(lV) materials,
which has been comprehensively investigated in recent times,
to the homologues of the heaviest tetrel congener, with
accordingly varied photophysical, photochemical, and redox
behavior of the resulting compounds.

Experimental Section

General: All manipulations and reactions were performed under an

Ar atmosphere using standard Schlenk or glove box techniques. The
ternary parent phase *K,PbSeZ was prepared by fusion of potassium
and lead in a 2:1 molar ratio, subsequent addition of granular
selenium (2 equiv), and heating with an oxygen/methane burner for
15 min, which yielded an amorphous black powder upon grinding.
Ethane-1,2-diamine (en) was freshly distilled and stored under Ar

prior to use.

1: «K ,PbSeZ (500 mg) and en (2 mL) were placed in a glass vial
within a Teflon-lined autoclave; the autoclave was tightly closed and
heated for 7 days at 15@C. After turning off the heating, the
autoclave was left for another 2 days to slowly cool down to room
temperature. Compound 1 appeared as deep red crystals along with
orange polyselenide by-products.

Single-crystal X-ray diffraction: Data collection was performed
using a Stoe IPDSI diffractometer at 193 K with Mo ,, radiation and
graphite monochromatization (I = 0.71073). Structure solution was
realized by direct methods, refinement with full-matrix-least-squares
against P using SHELXS-97, SHELXL-97, and Olex2 software.**!
Crystal data for C,H;;K,N,PbSe (1, M, = 756.6gmoll): a=
8.055(2), b=8.292(2), c= 12.790(3) , a= 92.64(2), b= 103.69(2),
g=92.45(28 CCDC 970129 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/

data_request/cif.

™ Pb Pb Pb Pb Pb Pb Pb Pb Pb Pb Pb Pb Quantum chemical methods DFT
T S Ge  Sn Si  Ge Sn Si  Ge Sn Si Ge S C?écffﬂogsst:'nir%rﬁirr‘?ége[g] :;t: tt';‘z
E o 0 o S S S Se Se  Se eT ® * nggFT rg ram 2% and emplo ingthe
E 328 154 102 139 88 63 113 74 52 78 55 39 prog ploying

Becke...Perdew 86 (BP86) function&F

[a] Values for all further permutations with*E Sn, Ge, or Si, respectively, or with ¥ T2 for different
types of E can be calculated according to Born...Haber c{&lésm the given numbers.
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with def2-TZVP bases?” and respective
fitting bases?® for the evaluation of the
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Coulomb matrix. MP2 calculations were undertaken with the
program RIMP2,?% ysing def2-TZVP base&” and the corresponding
fitting bases*” Effective core potentials (ECPs) were used for Sn, Te,
and Pb atoms (ECP-28, ECP-28, and ECP-60, respectivelyj!
Counterions were modeled by application of Cosmo with default
parameters® Mulliken population analyses®® served to evaluate
atomic orbital contributions to the molecular orbitals. MO plots were

generated using the visualization tool gOpenMol &2
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1 Details of the Single-Crystal Data Collection, Structure Solution and Refinement

'DWD FROOHFWLRQ ZDV SHUIRUPHG XVLQJ D 6WRH ,3'6 GLIIUDFWRPH
PRQRFKURPDWL]DWLRQ 6WUXFWXUH VROXWLRQ -mbtkix-UHD O
least-squares against fising SHELXS-97, SHELXL-97 and Olex2 softwéfélable S1 summarizes the relevant

data.

Table S1. X-ray measurement, structure solution and refinement of 1.

Compound 1
Empirical formula C,KsN;PbSe,
Formula weight /g-mol® 745.48
Crystal color, shape Red Block
Crystal size /mm?® 0.16 x 0.09 x 0.04
Crystal system Triclinic
Space group P-1

alA 8.0555 (16) A
b /A 8.292 (2) A
c/A 12.790 (3) A
Dre 92.643 (18)°
g° 103.692 (16)°
JI° 92.445 (18)°
VA 827.8 (3)
V4 2

L /g-cm® 2.991
Aoy ) Imm™* 19.96

2 4range /° 4.92 452.24
Reflections measured 7773
Independent reflections 2848
R(int) 0.076
Ind. reflections (1 > 2 1¢1)) 1864
Parameters 123
Restraints 0

R, (I >2 1)) 0.052
WR; (all data) 0.127
GooF (all data) 0.92
Max. peak/hole /e *A® 2.03
Absorption correction type psi-scan
Min. /Max. transmission 0.012/0.052




2 Solid State UV-Visible Spectroscopy
UV-vis spectra were recorded on a Perkin-Elmer Cary 800®is-near-infrared spectrometer in the range of 800-
200 nm employing a double-beam technique. The samples were prepared as suspensions in Nujol oil between twi

quartz plates.

3 Energy Dispersive X-ray (EDX) Spectroscopy Analyses

EDX analysis on was performed using the EDX device Voyager 4.0 of Noran Instruments coupled with the
electron microscope CamScan CS 4DV. Data aquisition was performed with an acceleratge ofo0 kV and

100 s accumulation time. Results are summarized in Table S2.

Table S2. EDX analysis of 1 (K, Se, Pb).

Element- . Atomic ratio Element wt % Err.
edge k-ratio ZAF Atom % observed (calc) wt % (1-sigma)
K-K 0.1815 1.332 46.32 4.11 (4) 24.17 +/- 0.33
Se-L 0.3130 1.428 42.42 3.77 (4) 44.70 +/- 0.43
Pb-L 0.2539 1.226 11.26 1.00 (1) 31.13 +/- 2.99
Total 100 8.88 (9) 100

4 Details of the Quantum Chemical Investigations

4.1 Computational Methods

DFT calculations were done with the program RIBFimplemented in the program system TURBOMJLE
employing the BeckéPerdew 86 (BP86) functiodlwith def2-TZVP basé3 and respective fitting bas&dor the
evaluation of the Coulomb matrix. MP2 calculations were undertaken with the préyMR2” using def2-
TZVP bases and according fitting bases for the evaluation of the J flaffiective core potentials (ECPs) were
used for Sn, Te and Pb atoms (ECP-28 and ECP-60, respectivEly)inter ions were modeled by COSMO with
default parametefd” Electronic excitation energies were calculated using the TDDFT mbBduMulliken
Population analys€d served to evaluate atomic orbital contributions to the molecular orbitalouEqots were
generated with gOpenM#&f!

4.2 Structural parameters within [PbSe  4]%*(experimental and MP2-calcuations; g = 4, 6)

In Table S3, the experimentally found structure parameters within the JPb&eion are given along with
parameters calculated by means of MP2 calculations for [P6S2QG IRU WKH K\SRWSeHW LFOWCSH
calculations were done i6, symmetry. However, for [Pbg&* the calculation ran into perfe@; symmetry.
'LVWLQFW ERQG HORQJBWLRP BHB@ D WH BYREBMHE O H

Table S3. Structural parameters of [PbSe,]* *(exp.), [Pb"VSe,'* 03 DQG"Se,fEB 03

Species [PbSe,]** (X-ray) [PbSe,]** (MP2) 3>3EPH 03
Pb #Se /A 2.600(2)-2.610(1) 2.571 2.975-3.033
Se #b 1Se /° 107.71(6)-110.79(6) 109.5 107.1-111.2




4.3 Electronic Excitation Energies forthe [TE  ,J**6HULHV ZLWK 7

6L«3E DQG ( 2«7H

Figure S1 shows calculated and experimentally reported electronic excitation enertjied T&]** series with T

6L«3E DQG ( 2«7H

57 —e—TDDFT

IN
1

\

Absorption Energy / eV
N w
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— 4 — Exp. literature
\ *  Exp. this work

IRVAVY

E: 0 5§68 Te0 S8 TED 56T’
To -==-Skeeee - --G&pypcigg SN ---Pb---
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Figure S1. Calculated and measured optical absorption energies for the series [TE4]4*. Experimental values,

except those of [PbSe,]** were taken from Ref. [14].

4.4 MO-Energies for the [TE ,**6 HULHV ZLWK 7
Figure S2 shows the energies of the five highest occupied molecular orbitals for /il MBULHV ZLWK 7 6
DQG ( 2«7H DV FDOFXODWHG E\trérgls &#diuntrarzad beleaw HUYDE O
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The following trends were observed when going from T=Pbto T = Si:

1) energy differences between HOMO, HOMOD HOMO=®, and HOMOS increase
(exception Pb/O A£Sn/O; for Sn/O, energies of HOMO, HOM#Dare nearly equal)

2) HOMO (Wenergies increase for given E

3) HOMO 4 (Wenergies decrease for givendxgeption:unsteady for E = O)

4) HOMO 2 (Y energies decrease for given&¢eption:unsteady for E = O)

5) HOMO 8 (Wenergies decrease for given E

6) HOMO # (D) energies decrease for givendxg¢eption 1for T = Pb, HOMO# energies aralways significantly
lower (1); exception 2Ge/S,Se, TeESI/S,Se, Te)

The following trends were observed when going fromE =0 to E = Te:
1) MO energies increaseXceptionfor D(Pb, Sn, Ge): O>S>Se<Te, whereas fSi) O<S>Se<Te)
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Abbildung ” cAusschnitt aus der Kristallstruktur von [Pb(C-H N A Au-Cl) 4n.
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Solvothermal reactions andin situ reductions in acetonitrile
yield a variety of new metal salts and organometallic
compounds including ligands of dimers and tetramers of
acetonitrile upon oxidative C4# and/or C#\ bond formation
and its specific decomposition

Acetonitrile is an extensively used solvent both
in common organic chemistry and inorganic
chemistry, due to its favorable solvation

(MMS = main group (heavy) metal,Ch = S, Se, Te)
in the presence of transition metal (M™) salts
under solvothermal conditions, with the purpose
to use these for the generation and further
reactions of multinary, isolated or extended
metalate anions!IL For this, we are exploring the
behavior of various solvents. In contrast to the
syntheses and reactions of binary and multinary

parameters. Besides, it has also been investigatedgallates, indatesl!! germanates and stannate$!®

as synthon for hydrogenation of cyclization

processes. Especially considering the hydration,

various catalysts have been exploited ranging
from homogenous Os! or Ru” compounds to
heterogeneous Au- or Pd = systems. Cyclization
of acetonitrile into pyrimidine has been reported
applying mesoporous carbon nitridel 2 or Sml~ P as
catalysts In contrast, the usage of acetonitrile or
more complex organic nitriles in solvothermal
reactions, that is under elevated temperature and

pressure, has been applied only rarely: in most in
cases, such reactions included the nitriles as chalcogenidometalates,

ligands' ¢4 or reactands towards carboxylic acid$d
oxadiazole, 1} hydrazines!!! azides or ammoniall?
A dimerization towards imidazole or a
corresponding tetramerization has not been
reported to date.

Our current interests include the extraction of
ternary phases of the general type AMMS,Ch;,

This journal is © The Royal Society of Chemistry 2012

these syntheses of metalates of the heavy main
group elements cannot be performed in alcoholic
solvents that are too reactive and only afford
decomposition into undefined powders. Amines
have extendedly been used!? but usually take
place in sequestration reactions to form
[M ™ (amine)y]9* cations' !¢ or adducts of the latter
with the binary metalate substructures. In order to
explore the influence of another solvent on the
course of the reactions and their product spectra
the supercritical treatment of
we have been using
acetonitrile in according solvothermal reactions
and obtained quite unexpected side products
which we would like to report about herein.

In a typical solvothermal synthesis, we applya\\
mg of a ternary phase *—...S fe 0 , 10
equivalent of a (transition) metal salt per main
group metal atom, and 2 mL of the chosen

a

J NameX U Tiinu-ii| i



solvent. All is combined under inert gas
conditions in a glass vial within a Teflon vessel
which is then placed in a stainless steel autoclave
The latter is tightly closed, heated for one week at
150°C, and then allowed to cool down to room
temperature within one day.

Instead of the originally targeted multinary
metalates, in a reaction*~ 0 , wdth NiCl ~we
obtained the acetonitrile tetramer, as a ligand to
the dinuclear Ni complex, [(C H ;N )NICl(u-Cl)]
(J Figure 1).

Figure 1 Molecular structure of the dinuclear complex inEllipsoids are drawn
at 50% probability, H atoms are omitted for claritpselected structural
parameters [A°:NitN X 8 AfiXiisi T~N#tCl 71X 176 06,0NieCl 2.4032(7)-

2.4266(8), NvNivN 91.34(9), NV u-Clv Ni 97.31(2), GINivpu-Cl 8T X 08 ~ i X

In ] one tetrameric ligand each coordinates to a
Ni ion (fomally Ni-¥via one of the pyrimidine N
atoms and one NH! group of the anionic
CH C(NH =N substituent, beside a terminal CI
ligand. Another Cl ligands per subunit acts as p-
bridge to form the dinuclear complex, which
comprises five-coordinated Ni atoms Similar
dinuclear and five-coordinated Ni complexes have
been discussed for their unusual coordination
geometry ¥ as well as for catalytic properties”?
and magnetism!™ However, very small yields so
far prevented further investigation into these
directions in the case of ] Still, the product
exhibits an excellent crystallinity, the new
synthesis is straight forward and does not require

Y

)\
Scheme 1. Suggested reaction scheme for the tetraragon of acetonitrile in
§Z %o E Vv }oA<w od o

moieties from originally separate GEN molecules are discriminated by different
colors in the product.

Ni2*, Pp2*

g

Ni®*, Pb®

4 R

We assume that oxidized lead atoms (formally
Pb"F "7'e —St —t"ef"> 'Sfet 0
acted as sacrificial oxidant for the oxidation of Ni
atoms under formation of elemental lead. Te&
anions and in situ formed (HTe) might have
acted as base to care for the transfer of protons
that did not reductively couple to form H 1 To
L teTc"e St ef feec—> 7
we performed corresponding solvothermal
reaction of only NiCl~in CH CN, which almost
quantitatively  yielded, single crystalline
(NH )[NICI ] with perovskite structure, which has
been obtained previously in a much more drastic
conditions (400°C, 1 kbar)."" Assumedly, the Ni
complex has catalyzed the decomposition of
acetonitrile to form the ammonium counterion.

To check the influence of the pH value on the
reaction, we used NiCh6H O without drying by
(acidic) SOCI» However, this did not lead to the
formation of crystalline products. We therefore
added 1 equivalent of LIOH to the dried NiCh

Under these conditions, another product,
[NI(CNHJ( CNHJICI (~ Figure 2) was
obtained in approx. 15% vyield Here, a

dimerization of the solvent took place under
inclusion of another N atom again gained upon
cleavage of acetonitrile, however not yielding
(NH -)* under these basic conditions (Scheme 2)
Additionally,  (partial)  deprotonation  was
observed, producing the monoanionic ligand
HN=C(CH ) N=C(CH)=NH!}, similar to a

high temperatures: nevertheless, the synthesis is corresponding  reaction involving  Cr(lll) -~ at

still being optimized to overcome the quoted
drawbacks

The oligomerization reaction is atom-neutral;
while one of the methyl groups was integrated as
CH moiety into the pyrimidine cycle, two of its H
atoms have been transferred to the NH group of
the CHC(NHAJ=N group attached to the
pyrimidine ring (Scheme 1)
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OH~, <Ni#*>
- C,H,0,

Scheme 1. Suggested reaction scheme for the formation of @&§H;; ligand
from S}v]SE]o v §Z % CE * v
The different CCN moieties from originally separ@&CN molecules are
discriminated by different colors in the product.ef8re formation of the
complex in 1, the ligand underwent partial deprotonation. Theentity of the
organic byproduct could not be elucidated so farisforms a solid, insoluble
residue that points to the formation of a polymer.

Figure 2. Molecular structure of the complex cationi. Ellipsoids are drawn at
50% probability, H atoms are omitted for clarity. $#del structural parameters
[Al:NitN iX6iH+886 6 ANVNivN 88.9(2)01Xd~1eX

Again, Ni"%ons beside a base (here (OH) have
caused oligomerization of acetonitrile. Within *
an asymmetric protonation of the two ligands
appears uncommon, Yyet quantum chemical
calculation with and without partial protonation
and thereby comparing Ni' versus NI'  only
yields the asymmetry of the different bond lengths
(see SI) that is found within the crystal structure
for a Ni ““eompound. Corresponding bond lengths
for Ni-“are almost completely shorter than has
been determined which for DFT  supports our
assumption of a wrong oxidation state.
Furthermore, within the crystal structure only one
H atom at the non-coordination N can be assigned
via the electron density and a resulting hydrogen
bond towards the Cl counte”«*e a
can only be formed on one side of the complex.

To get further insight in the potential role of
Pb"“%ons during the original synthesis of ] we
performed a similar reaction with only PbCla
instead of NiCl~that yielded the acetonitrile dimer
imidazole, which coordinated to Pb"%ons in the
crystalline product of this reaction,
[Pb(C-H N A Au-Cl) 4n (; Figure ) in
approximately 40% vyield. In , the lead atoms
achieve a distorted octahedral coordination
environment through coordination by two

This journal is © The Royal Society of Chemistry 2012

imidazole molecules and four chloride ions each
The octahedra are edge-bridgingvia two chlorid e
ions, thereby forming a coordination polymer
along the crystallographic c axis.

O ASWvd}( Ju@sdiyiev (JE U

Figurei. Fragment of one of the coordination polymer stdsnn i. Ellipsoids are
drawn at 50% probability, H atoms on Pb-coordinatingdazole ligands are
omitted for clarity. Imidazole molecules that arencrected via H-bridges are
drawn in wire/stick mode. Selected structural paraters [A,°]:PbvN 2.470(6),
PbvCl 2.892(2), NPbvN 81.1(3), N\VPbv Cl 89.85(15)-94.78(15), €Pbv Cl
6T X0Bi~06X

The formation of _suggests that the lead atoms
do not only act as oxidatant to Ni ions, but also
trigger the C C and CN bond formations that
come along with the observed oligomerizations.
Hence, Ni atoms are only welcome central atoms
for the formation of relatively stable coordination
compounds and do not seem to b necessary for the
organic reactions themselves.

3 7 ~A) ¢ To finally elucidate the impact of chalcogenide

anions on the original reaction to form ] we
investigated the treatment of NiClin acetonitrile
in the presence of ACh (A = Li, Na, K; Ch = S, Se,
Te) under the same solvothermal reactions.
However, no crystalline product could be obtained
upon corresponding reactions so far, again
indicating the obvious necessity of the metalate
phase.

Another attempt for generating metalates that
we are currently developing is the in situ-
reduction of binary metal chalcogenide/chalcogen

J. NameX U Tiifiu-ii| i1



mixed phases, such aso , ¥ ,ivdth elemental

alkali metals in room temperature amines. Again,

we transferred the corresponding reaction strategy
to acetonitrile to test the impact of using another

solvent. Since the alkali metals caused immediate
decomposition of the solvent, we utilized CoCp~

as a more gentle reduction agent. Upon reflux for
2 days, [CpCo(CH N)] ( ; Figure ) was obtained

in approximately 35% yield

Figure & Molecular structure of & Ellipsoids are drawn at 50% probability.
Selected structural parameters [AJov C 1.970(4)-2.098(4),\ON 1.155(5).

Under the given conditions, an oxidative C C
coupling reaction was observed that led to a
functionalization of one of the Cp rings under
formation of a cyclopentadiene (CHR)
derivative. Since H~ generation was not observed
during the reaction, we assume that the role of the
0 , 10 'Sfef ™Mfe —' f.— feo feoi
of (HTe) . According investigations are underway.

Conclusions

Solvothermal —"f f—efe— ‘"~ 0
or Co"“%compounds in acetonitrile as both
solvent and synthon vyielded heterocyclic
acetonitrile oligomers and derivatives that act
as ligands to new coordination compounds ]
A, and . Apparently, the nature of the very
metal cations, which undergo redox side
reactions, and/or chalcogenide anions, as well
as the presence of OH present during the
reaction is proposed to be responsible for the
very type of heterocycle formed under the
given conditions. Additionally, the reactions
afforded a simple method for preparing the
perovskite-type (NH)[NICl ] with  high
crystallinity and yields, and the synthesis ofa
nitrile functionalized cobaltocene complex.

A
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Electronic Supplementary Information (ESI) availableystal structure
refinement, results from energy dispersive X-ray spascopy and details
on syntheses and all experimental meth&kse DOI: c000000x/

M. L. Buil, V. Cadierno, M. A. Esteruelas, J. GinoerG. Herrero, S.

Izquierdo, E. OfateQrganometallics

R. Garcia-Alvarez, M. Zablocka, P. Crochet, C. DuhaydnP.

Majoral, V. CadiernoGreen Chem

Y.-M. Liu, L. He, M.M. Wang, Y. Cao, H.-Y. He, K.-N. Fan,

ChemSusChem

K.-i. Shimizu, T. Kubo, A. Satsuma, T. Kamachi, K. Yaswa,

ACS Catal.

F. Goettmann, A. Fischer, M. Antonietti, A. Thoma&gw. J. Chem
_o'l' yonin, —<‘e

F. Xu, J.-H. Sun, H.-B. Yan, Q. SheByn. Commun

C. D.Molek, J. A. Halfen, J. C Loe, R. W. McGatthem. Commun.

M. R. Razali, A. Urbatsch, G. B. Deacon, S.Batten,Polyhedron,

<
K. M. L: Rai, M. S. Babu, K. Byrapp&sian J. Chem.

Y. Djebli, S. Mosbah, S. Boufas, L. Bencharif, T. Roisn&tta
Crystallogr., Sect. E , m410.

L. Cheng, W.-X. Zhang, B.-H. Ye, J.-B. Lin, X.-M. Chelmorg.
Chem

X.-M. Chen,M.-L. Tong,Acc. Chem. Res.

Z. H. Fard, R. Clérac, S. Dehnedhem. Eur. J.,

indate, gallate (Johanna?)

JHUPDQDWH VWDQQDWH«

W. S. Sheldrick, M. WachholdAngew. Chem. Int. Ed. Engl.

, 206; G. Thiele, T. Krliger, S. DehneAngew. Chem. Int. Ed.
G. Thiele, S. Santner, C. Donsbach, M. Assmann, MlleviuS.
Dehnen,Z. Kristallogr. 2014, in the print; G. Thiele, L. Vondung, C.
Donsbach, S. Krisch, S. Pulz, S. Dehnemnuscript in preparation
J. Pietikdinen, A. Maaninen, R. S. Laitinen, R. Oilurikam, J.
Valkonen Polyhedron

This journal is © The Royal Society of Chemistry 2012



G. J. Long, E. O. Schlempdnorg. Chem. H. T. Witteveen, J. A. R. v. Veed, Phys. Chem. Solids
A. O. Eseola, M. Zhang, J.-F. Xiang, W. Zuo, Y. LiAJ.O. Woods,

W.-H. Sun,Inorg. Chim. Acta R. Gao, L. Xiao, X. L. J. Batchelor, M. Sander, F. Tuna, M. Helliwell, Moro, J. v.
Hao, W.-H. Sun, F. Wandpalton Trans Slageren, E. Burzuri, O. Montero, M. Evangelisti, F. Luis, E..J. L
G. A. v. Albada, J. J. A. Kolnaar, W. J. J. Smeets, A. LekS@. Mcinnes,Dalton Tran

Reedijk,Eur. J. Inorg. Chem

This journal is © The Royal Society of Chemistry 2012 J. NameX U Tiifu-ii| i



Journal Name RSCPublishing

COMMUNICATION

Reactions In and With Acetonitrile

Gunther Thiele and Stefanie Dehnen

Fachbereich Chemie, Wissenschaftliches Zentrum fételalwissenschaften, Philipps-Universitat Marburg, $#dfeerwein-Strale, 35043
Marburg, Germany, emailehnen@chemie.uni-marburg.de

SUPPLEMENTARY INFORMATION

Contents:

Synthesis details

Single crystal X-ray crystallography
Energy dispersive X-Ray spectroscopy
Quantum chemical calculations

References for the Supporting Information

This journal is © The Royal Society of Chemistry 2013 J NameX U T1jiiiU-ii] o



Synthesis details

General: All synthesis steps were performed with strict excluson of air and moisture. Acetonitrile
was dried with CaH~ fet ""1eSZ> tce—<ZZtT '7"<¢'" f='t —de t & waHgenérated by fusion
of the elements in a 1:1:1 and 1:2 ratio in a quartz ampule ugian oxygen/butane. NiCl-was generated
from NiCl ~6H O in excess SOCireflux for 5 h, subsequent filtration and dynamic vacuum for 12h at p
< 1-1®bar. All other salts were dried at a dynamic vacuum for 12 h gi < 1-1®bar and subsequent store
in a Ar operating glovebox.

Standard procedure for solvothermal treatment will place allreagents in a glass within a Teflon vessel,
which is then placed in a stainless steel autoclave. Théatter is tightly closed, heated for one week at
150°C, and then allowed to cool down to room temperature witin one day. Products can manually be
picked.

Synthesis of [CH N ) Ni Cl ]( ):

059 (.37 mmol, 1eq)o 0 , fdéamyga.38 mmol, 1.1 eq) of Nichnd 2 mL of acetonitrile were
treated according to the solvothermal method, yielding orange-green blocks.

Synthesis of [Ni(CN H )(C N H)]CI( ):

500 mg (3.85 mmol) of NiCl, 150 mg (6.27 mmol) of LIOH and 2 mL of acetonitrile weretreated
according to the solvothermal method, yielding yellow blocks in ~ 15% vyield.

Synthesis ofC H N ) PbCI ( ):

500 mg (1.80 mmol) of PbCland 2 mL of acetonitrile were treated according to thesolvothermal
method, yielding colorless blocks in ~ 40% vyield.

Synthesis of [(CH )(C H N)Co] ( ):

500 mg (.08 mmol, 1eq)” 0 , ¥ F6é&g (A.17 mmol, 2 eq) of CoCpand 100 mL of acetonitrile
were heated at reflux for 5 h. The resulting reaction mixtire was filtered and slowly evaporated until
only a small residue of approx.. 5 mL solvent was still prsent. 4 crystallizes as brown sticks in ~ 35%
yield.

This journal is © The Royal Society of Chemistry 2012 J. NameX U Tiifiu-ii| 6



Single crystal X-ray diffraction

General: Data of the X-ray structure analysis: T="e K (} ) or ~& K (°), graphite monochromator,
imaging plate detector Stoe IPDS ( ) or IPDS” (). All structures were solves by direct methods in
WinGX 1land OLEX2 " refined by fullfull-matrix least-squares refinement against 2 in SHELXL-"\][1a
Absorption correction were performed numerically including shape optimization with STOE X-
AREA. Table S1 summarizes the crystallographic data of all crystallineompounds. CCDC XXX - XXX
contain the supplementary crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre viavww.ccdc.cam.ac.uk/data_request/cif

Tabel S1: Crystallographic and refinement details for Compound§

Compound [(CH N)NiCI] |[N(CNH)CNH)CI |[(CHN)PbCI [(CH)(C H N)Co@

Empirical formula C H CuyN Ni CH CIN Ni CH CiNPb C H CoN

Formula weight
/g ol

Crystal color and shap( Orange-green block | Yellow block Colorless block Brown stick

Crystal size /mm 0.25-0.22.0.19 0.12-0.11-0.08 0.32-0.25-0.21 0.20-0.13-0.09

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic

Space group P Ic P /n Cc P /c

a/A

b/A

c/A

o

VIA )

4

leald g AnT

Mok ) /mm

Arange/° - - - -

Abs. corr. Tnin/Tmax / / /

Reflections measured

Independent reflection

R(int)

Indep. Reflections

(I>2.X1)

Parameters

R (152 11))

wR2 (all data)

Goof (all data)

Max. peak/hole /- /- - -
le A pm

6| J NameX U T1iifu-i This journal is © The Royal Society of Chemistry 2012



Energy dispersive X-Ray spectroscopy

EDX analyses were carried out using an EDX-device VoyagdrO of Noran Instruments coupled with
an electron microscope CamScan CS 4DV. Data acquisitionag performed with an acceleration voltage
of 20 kV and 100 s accumulation time. Differences in obseed and calculated atomic composition is
caused by inhomogenous decomposition of applied single crstals due to contact with air and moisture
during sample preparation.

Table xx. EDX results for 2.

Element k-ratio ZAF Atom % Element Wt | Wt % Err.
(calc.) % (:-Sigma)
Cl-K \ab\b\ lajl_d cdabn bdaea £ \deb
Ni-K \a~dchb ]avd\ n"l1a_d _]a\a £ lab
Total ]\ 1\
This journal is © The Royal Society of Chemistry 2012 J. NameX U Tiifiu-ii| o




Quantum chemical calculations

General: DFT calculations were done with the program RIDFT? implemented in the program system
TURBOMOLE" employing the Becke Perdew 86 (BP86) functionald with def2-TZVP base&! and

respective fitting base$d for the evaluation of the Coulomb matrix. Counter ions were modelled by
COSMO with default parameters. 1"

+

Cia—Ny Nip—C
\ / a a\Ni / 1b\N
3a 3b
N\ N\ /
Coa—N2, N2p—Cop

Fig. S2: Labelling scheme for optimizes compounds. N3b has erH atom attached (protonated) or no
H atom (deprotonated).

Starting from the crystal structure as determined experimentally the monocation in 2 (see Fig. S2)
has been optimized to minimize external forces, resulting n a minimum structure. While one
calculation has been done with two symmetric ligands that areboth deprotonated at N3 (therefore
Ni3+) a cooresponding calculated started from an asymmetric depraination of the ligands (N(3a
deprotonated, N(3b) protonated, therefore Ni"% The resulting bond length and those from X-ray
diffraction results are summarized in table S3. Applied symmetryC;

Table S3: Comparision of calculated and determined bond lendtt in the cation in 2. All values in A.

X-ray results Protonated N(3b) Deprotonated
a b a b a b
<a | ]ad ]Jadca | Jada\ ladc] ]Jad_d lad_e
<ca n ]lad®_ ° ]Jadac °| Jada\ ladc] lad_e lad_d
N3 C1 l]la_"e a| ]Ja_b] a|] ]Ja_'c la_c° la_"a la_"a
N3 C2 ]la__da ]Ja_c\ a|] Ja_'c la_c° ]la_"a la_"a
ii1] 3 NameXU Tiifiu-i
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VIl KHgSe; A Novel Selenidomercurate(ll) for
Photothermoelectric Applications

Gunther Thiele, Sina Lippert, Philipp Bron, Felix Fahrenbauer, Maik Assmann, Phil Rosenow,
Ralf Tonner, Oliver Oeckler, Arash Rahimi-lIman, Martin Koch, Bernhard Roling, Stefanie
Dehnen, Manuskript in Vorbereitung.

KHg Se has been obtained in quantitative yields by means of solvothermal extraction of the
corresponding parental alloy and analyzed for its photoelectric, electrochemical and
thermoelectric properties.
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Abbildung " dAusschnitt aus der Kristallstruktur von K Hg Se.
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ABSTRACT: KHg-Se has been obtained in quantitative
yields by means of solvothermal extraction of the correspond-
ing parental alloy and analyzed for its photoelectric, eletro-

chemical and thermoelectric properties.

The chemistry of mercury is fascinating due to its structural
diversity and unique properties, yetneglected for its tox-
icity. B"But whereas organic compounds of mercury often ex-
hibit high vapor pressures and thus are easily inhaled or -
sorbed via the skin, most inorganic compounds especially its
salts are fairly easy to handle if care is taken to avoid con-
tamination of skin or inhalation of dusts. In addition, the co m-
bination of Hg and Seis known to be antagonistic at a toxico-
logical significance. -

In terms of unique properties and application heavy metal
chalcogenides and chalcogenidometallates are discussefbr
their thermoelectric properties,! defined by the figure of
merit, zT = S™\M,T/ W (with the Seebeck coefficientSand the
electrical and thermal conductivity \, and \which is
known to largely depend besides structural composition
on particle size and composition for binary and multinary ma-
terials. @

Isolated binary ortho- and meta-mercurate anions
[HgCh ] blP4@Ch = chalcogen) and [HgCh] "[das well as linear
[HgCh 4" and planar [HgCh] - units within [Hg Ch] 4are
long known yet most often only been discussed for their struc-
tural features.More complex mercurates such as one dimen-
sional (1D) [HgCh]*1'4I3D [HgChd* [11#land the 1D
[Hg &e;] - 111 were reported as wide-band-gap semiconduc-
tors or discussed for band gap engineering respectivelyHow-
ever, within the divers structural library of mercurate anions,
only multinarymercurates, such asTI HgGeTe!ld have so far
been examined considering their thermoelectric application.

Extending our previous studies on heavy chalcogenido-
metallates, B we examined solvothermal reaction conditions
to the K-Hg-Se system. Upon aminothermal reaction of a pa-
rental alloy of the same composition KHgSe (] can be ob-
tained in quantitative yield.

In contrast to a sulfidocadmate with a corresponding stoi-
chiometry K Cd-S[1? that exhibits two dimensional (2D) lay-
ers of [CdS] “that are interconnected by potassium ions, ]Jex-
hibits a 3D structure incorporating channels with K* ions
along the crystallographicc-axis (see figure 1).

Figure 1: Crystal structure of]with representation of channels
along the crystallographic c axis. Ellipsoids are drawn at 50%
probability.

] crystallizes in tetragonal space groupP “/ncm with cell
constants a = 15.0690(4)A, ¢ = 7.1060(3)A. The Hg atom ob-
tains distorted tetrahedral coordination with three Se atoms
in close proximity (2.5758(13p26634(12)A) and one Se atom
with an extended Hg Se bond length of 2.9595(12). Selenium
atoms in turn interconnect the [HgSe '] tetrahedral units to an
anionic uninodal net (6-c, 6/3/t30) of the topological type
whp.l1¥ The corresponding vertex symbol for the Hg sublattic
(point symbol) is {373.4"5.5"5.6.7}. Potassium ions aredcated
within the three different anionic channels with distorted oc-
tahedral or square antiprismatic coordination by Se atoms
(see fig. 2).



Thermogravimetric analysis and diffential scanning
calometry suggest a thermal stability of Jup to 387.4 °C with-
out alteration of the structure. With an onset of 430 °C an
overall mass change of -54.54% is observed (see SI1). UV-
visible spectroscopy reveals the onset of absorption dgset = 2.0
eV (see SI2).

Figure 2: Coordinationpolyhedra of Kt ions and tetrahedral
[HgSe] unit with the elongated bond drawn with fragmenta-
tion. Ellipsoids are drawn at 50% probability.

Impedance spectroscopy

Charge transport in KHg-Se may take place via electronic
charge carriers and/or via mobile K ions. lon transport is gen-
erally not desirable for many semiconductor applications,
since it can result in changes in the properties of junctims as
well as influence the concentration of traps and other features
of the semiconductor microstructure.

On the other hand, mixed conductors with very high ionic
conductivity, such as cuprous and silver chalcogenidesgex-
hibit a phonon-liquid electron-crystal (PLEC) behavior with
excellent values of zT, as demonstrated for p-type Cu.Se
This material reaches a value of zT = 1.6 at 1000 K, the highes
value among all bulk TE materialsl’l However, it was also
e—f—tta —S f—tenb &ffdd bf %anic mobility on the TE
properties in these ion conductors should be addressed Here

Lteed L (fZ<Bf-<teid

A simple method for determining electronic and ionic con-
ductivities of mixed conductors is based on impedance spec
troscopy using ionically-blocking electrodes. As shown by
Jamnik et al., the Nyquist plot of a mixed conductor between
ion-blocking electrodes exhibts a high frequency semi-circle
followed by either a low-frequency semicircle or a finite-
length Warburg impedance, depending on the electronic car-
rier density.[P" The diameter of the high-frequency semicircle
is identical to the parallel resistance Ryar Of ionic (ion) and
electronic (eon) carriers 4 L :4’3E 47575 whereas the
resistance measured in the limit of low frequencies is the &c-
tronic resistance.

At high electronic charge carrier concentrations, a War-
burg-like low frequency response is observed, which is gov-
erned by the electronic resistance and a chemical capacitarc

Cehem, the latter reflecting the storage of chemical energy in
the sample due to stoichiometry changes. The chemical capac-
itance is proportional to the sample thicknessL and hence the
corresponding relaxation time of the Warburg impedance is
proportional to L".P"

If, on the other hand, the electronic carrier concentration is
several orders of magnitude lower than the ionic carrier on-
centration, the electrostatic energy stored in the ionic double
layers is much larger than the chemical energy. In this cas, a
low-frequency semicircle determined by the electronic re-
sistance and the ionic double layer capacitance is obseed.
The double layer capacitanceCy is independent of the sample
thickness. Hence the relaxation time is proportional to L. P"

The latter was observed in our case and thus the pictured
equivalent circuit on the left-hand side of figure P Jcan be used
for fitting the impedance spectra, with Cgiel denoting the die-
lectric capacitance of the sample. The simplified equivalent
circuit on the right-hand side allows to obtain the Ryar values,
if the low frequency semicircle is not completely resolved n
the frequency window of the experiment.

Ciel

Reon Ciet

Cel
Rion Roar
Figure P] &eft: Complete equivalent circuit for fitting the
impedance spectra. Right: Simplified circuit for fitting the
high-frequency semicircle at temperatures at which the low-
frequency semicircle is not fully visible.

In the case of KHg -Se, the semicircle are suppressed, and
therefore constant-phase elements (CPE) had to be used in-
stead of capacitancesThe impedance of a CPE is given bycpe
=Q1 Jn ™m-S «The ¢épacitance value< were calcu-
lated from the parametersRi, Qi and ni according to the Brug

. 50 44
formula %L k%?®® ) ®P_ For both equivalent circuits
exemplary Nyquist plots comparing the measured data points
with the obtained fit values are shown in fig. P* &

Figure P &epresentative Nyquist plots for pellet 2 at two
different temperatures.

The strong dependence of the electronic conductivity on
carrier concentration makes materials sensitive to impurities
and dopant concentrations. Small inhomogeneities can result
in large variations within a sample. Therefore measurements



on three different pellets P1-P3 were performed to determine
the reproducibility. Figure P3 and P4 show that all pellets ex-
hibit very similar conductivities. For the parallel conducti on
of both ions and electrons, the activation energies & is around
0.8 eV, and the parallel conductivities amount to 10se "FStm®
lat 200 °C (see figure P3). As can be seen in figure e par-
allel conduction is governed by the electronic conduction, and
the ionic contribution is almost negligible. Up to 200 °C the
electronic transference numberteon = Rion/( Ron + Reon) is well
above 0.95. At temperatures above 210 & drops slightly be-
low \&e drhis temperature dependence is related to the
higher activation energy of the ionic conduction process.

We expect that the tuning of the electron carrier concentra-
tion in this novel material class will result in a drastic increase
of zT. Although the Seebeck coefficient will suffer from an in-
crease in the carrier concentration, the resulting higher eles-
tronic conductivity should overcompensate by far the effect
on zT. The most favorable carrier concentration is typically
between 10¢and ] \"lcarriers per cm-and thus in the range of
heavily doped semiconductors.[P” The shape of the low-fre-
quency semicircle in our impedance spectra reveals that the
electronic carrier concentration KHg-Se is several orders of
magnitude lower.

Figure P_Arrhenius plot of the parallel conductivity \B4.

Figure P" &rrhenius plot for the ionic and electronic con-
ductivity of different pellets as well as the temperature de-
pendence of the electronic transference number.

Warmeleitung/Seebeckkoeffizienten

Photoleitfahigkeit

In this section, we present photocurrent spectroscopy
measurements which allow for the characterization of
the photoexcitation wavelength. The setup employed
for this experiment is placed in a nitrogen-filled box.
The sample is contacted via Tungsten needles with a tip
diameter of 5 um. The detection sensitivity limit lies at
50 fA. Light is shed on the sample from a white-light
source via a monochromator (model/type: stanford re-
search SR 850) and the photocurrent scan is performed
with a maximum wavelength resolution of 3nm. We de-
tected the current with a lock-in after amplification by
a femto-current amplifier (Modell:DLCPA ae )\

The measurements were performed at an external volt-
age of 10 V with a wavelength scan in steps of 10 nm.
Two different samples of the investigated structure were
probed in order to rule out a sample specific response.
The recorded spectrum presented in Fig. xy clearly
shows a dominant peak at 890 nm which we attribute
to pronounced absorption and a rise in the electrical
conductivity induced by photoexcitation. A representa-
tive absorption spectrum is presented as inset in Fig. .
The absorption spectrum clearly shows an edge corre-
o tetce% —' —SH%df Fie it « Retharkably, the ex-
perimental data well agrees with theoretical modeling

Y _8f eferZtie fet o—"— ... ——"Dtodxe ™S ...

citation energy can be derived.

Next, we provide current-voltage (1-V) characteristics of
KHgSe in order to compare their electrical properties
to semiconductors. As prominent material with direct
band gap, GaAs is chosen to provide a representative
photo-induced current curve of semiconductor mate-
rial. The current is measured for both materials,
K2Hg2Se3(solid line) and GaAs (dashed line), in a dark
environment (dark color line) and under white-light ex-
posure (bright color line), applying maximum voltages
of +/-10 V. Thereby, a similar performance of both ma-
terials is revealed which is attributed to the semicon-
ductor-like properties of K2Hg2Se3 All curves show a
clear Schottky behavior for positive and negative bias
voltage. In a dark environment, the conductivity is little,
while under light exposure, a significant rise is obtained,
as can be seen in Fig. xy. Additionally, light of 890 nm
is shed on our novel material system (red thick curve in
Fig. xy) which reveals a pronounced modification of the
electrical conductivity in the sample compared to an or-
dinary white-light excitation. In this case, a particularly
high amount of charge carriers seems to be injected by
resonant excitation. This leads to a situation where
K2Hg2Se3 even overcomes the performance of GaAs.
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Figure _. a) Photocurrent spectrum for two different samples

of the investigated structure. The spectrum shows a dominant

peak at 1.39 eV. b) Current-Voltage characteristic of Kig Se_

(red) and GaAs (green). Both materials are measured ia dark

environment and under whitelight exposure. Additional,
KHg Se is measured with light of 892 nm.

We attribute the small asymmetry observed in the
measur#ed|-V-curves to the individual contacts estab-

lished between the sample and the contact needles:

Since these contacts are of Schottky type, a minor dif-
ference in the contact quality at each junction leads to
a change in the current with respect to its direction.

Experimental Section
All experimental steps were performed with strong ex-

clusion of air and moisture. Ethan-1,2-diamine was

dried and freshly destilled prior to use. Elements were

purchased from Sigma Aldrich (>98%) and used as re-
ceived. K-Se was synthezised from the elements in lig-

uid ammonia, HgSe from fusion of the elements.

suitable for single crystal diffraction or photoelectric
measurements can manually be picked from the reac-
tion mixture.

Larger quantities of powder samples offan be obtained
by subsequent separation of reaction solution and solid
product. Jwas washed with ethanegggdiamine until no
further colored components were dissolved. The reac-
tion can be scaled from 0.5 g to 50 g (which is the limit-
ing volume of the glass vial), yieldingupto e~ A&
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Details on crystallographic data and refinement, energydis-
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Table SI1 Crystal data and structure refinement for}
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Table 2 Fractional Atomic Coordinates (x10 and Equivalent Isotropic Displacement Parameters (Ax10) for Compound 1. Uy
is defined as 1/3 of of the trace of the orthogonalised lJtensor.
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Table 3 Anisotropic Displacement Parameters (Ax10) for Compound 1. The Anisotropic displacement factor exponat takes
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NAGA/DSC results

Figure SI1: Thermogravimetric Analysis and Differential Scanning Calorimetry Results of .

3. UV-Vis results

Figure SI2: UV-visible spectra ofjwith extrapolation towards onset of absorption Eonset.



IX Solvothermal and lonothermal Syntheses and Structures
Of Amine- and/or (Poly-) Chalcogenide Coordinated Metal
Complexes

Gunther Thiele, Silke Santner, Carsten Donsbach, Maik Assmann, Marcus Miller, Stefanie
Dehnen, Z. Kristallogr. “\], b bi489 " e aTitelbild).

A series of five compounds, namely [Bé(ien) 4 [SbSe] ~trien ] (trien = diethylenetriamine),
[(Se)Cr(en) (Se)Cr(en) (Se)] ~ "~ (en=ethylenediamine),[(pren) Eu(Te ) Eu(pren) ] _ (pren
= 1,3-diaminopropane), [eén) ‘Ba(pren)Ba(en) J(Te )~ ~ and [enH] [Sn-Sed a, which illustrate
the transition of classical polychalcogenides to metalates, are presented, where mige
amine/(poly-)chalcogenide interaction with metal centers are in the focus of interest. A
conventional aminothermal synthesis is discussed in comparison with ionothermal
approaches. The compounds are considered useful precursors to studg-situ interconversion
of selenido- and telluridometalates under ionothermal conditions.
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Abbildung ” eAusschnitt der Kristallstruktur von
[(pren) Eu(Te) Eu(pren) ].
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Introduction

Syntheses of new materials by smooth transformation of
metastable compounds at relatively low temperatures is
a highly desirable method for minimizing energetic costs.
One methodology that has attracted considerable impact
is the solvothermal synthesis under moderate tempera
tures (up to 200 C) leading to a considerable pressure,
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namely which produces structural results that are not available by

standard solvent chemistry, although temperatures are far
below those applied in common solid state chemistry [1-3].

A new area that emerges in the same spirit employs
ionic liquids (ILs) as solvent [4-7]. Due to an negligible
vapor pressure of ILs, no pressure is generated during
the reaction — in contrast to classical solvothermal
approaches, yet anion and/or cation of the solvent can
adopt templating properties or even be reagent at the
same time.

Since a combination of temperature and pressure
in classical solvothermal reactions affects the solvent’s
dielectric constant, therefore dramatically varying the
solvent’s properties, this method has been extensively
employed for extraction of multinary phases or reaction of
otherwise insoluable components, and has led to a variety
of different M/Ch phases in our work (M metal, Ch chal-
cogen) [8-10]. In contrast, utilization of ILs is restricted to
a variation of temperatures with approximately constant
pressure unless further volatile auxiliaries are added.

Our current interest in the usage of ILs points at the
syntheses of selenido- and telluridometalates and their
in situ interconversion, where standard procedure starts
from a chalcogenide source, a (main group) metal ion
source, and an amine for tuning the pH value for appropri-
ate synthesis conditions. Further investigations towards
incorporation of transition metal ions are underway for
controlling and fine tuning of optoelectronic proper-
ties. Reactions of the binary precursor [GSe |* with
tin salts in [BM(M)Im][BF,] (BM(M)Im 1-butyl-(2,)3-(di)
methylimidazolium) in the presence of amines led to the
formation of a variety of materials with different composi-
tions including binary and ternary systems with topolo-
gies varying from discrete clusters, through 1D chains, 2D
layered strutures to 3D extended frameworks [11, 12]. In
contrast to this bottom-up strategy, a temperature-induced
top-down approach caused the stepwise deconstruc-
tion of the 3D selenidostannate network in K[Sn,Se] [13]
through a layered phase to infinite double-chain anions.
In turn, synergistic effects of temperature and addition of
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auxiliary amines lead to an inversion of the phase trans- [Mn(en),][SnSg] in BMIm[BF,] affords [Mn(en),|[BF,], and
formation direction under increase of the dimensionality [BMIm],[SnSg]. Therefore, we thought about introduction
back from the 1D chains into another 3D open-framework of heteroleptic metal complexes including polyselenide or
selenidostannate [14, 15]. polytelluride moieties beside amine ligands as synthons.
However, so far we did not succeed in establishing Only a small number of those alkali/alkaline earth ion-
atom economic reactions to facilitate either continuous free compounds so far has been reported in the literature.
flow or at least be able to recycle reaction media. Whereas Some of these compounds, such as [{{¥(Se)}( *Se)]
[BF,]- salts can be filtered off due to precipitation, espe- (R* 2,6-(2,6'Pr,CH.N CPh)-CH,N) [18] or {RCr( - ?

cially halide containing byproducts form well soluable
compounds that change solvent properties considerably
and prevent reusage of the reaction medium.

We are therefore interested in the provision of com-
pounds, that allow the introduction of metal and chal-
cogen atoms, as well as the auxiliary amine by the least
possible number of synthons. Ensuring reaction would
ideally accord to equations 1 or 2.

T™M amine M Ch,

Xy

™ " Ch, M, Ch, vamine 1)
z Xy z
TM amine My ChW
v Xy
T™ " Ch, M, Ch, vamine 2)
z Xy z

Suitable compounds should thus

a. incorporate polychalcogenide anions or ligands for
high reactivity and tendency to re-arrange into new
(TYM—Ch-M aggregates,

as cations, include (partly) solvated metal and/or
transition metal ions without (too strong and thus
inreactive) (T)M—-C or Ch—C bonds,

comprise amine solvent molecules or ligands that are
restricted to a small to medium sterical demand, and
that do not form a symmetric, dense coordination
sphere around the metal ions,

if possible, exlude further, uncoordintated alkaline
or alkaline earth metal cations or any kind of non-
polychalcogenide anion, likely to be substituted by the
IL counterpart and have to be removed after synthesis.

A group of compounds that comply with these requirements
are solvated polychalcogenide metalates and polychalce
genides of the formulae [TM(aming][M Ch] [1-3, 16] or
[TM(amine) J[Ch,] [17], respectively. However, most of these
compounds include well-separated and fairly stable anions
and cations that do not undergo the desired rearragements
to larger aggregates. For instance, [Me(),J** (en 1,2-diami
noethane) cations or [SnSg* anions remain intact, leading
to simple ions exchange in ILs of ions such that treatment of

(Ch)CrR} (R substituted terphenyle) [19], include amines
that appear to be too bulky for further reactions.

In contrast, SheldricKs series of [{MQ(Sey)(amine)}Z],
x 1,2, y4-6, z 1, 2 [20, 21], [Mxlﬁamine)XAsySeZ] with
xlylz 3218 or 2/2/6 [22], as well as [M{n),][In,Te]
(M Fe, zZn) or [Mg(en),( >Te),( *>Te)( >-O)][In,Te] [23]
appear suitable, with the Mo compound providing three
metal ions at once. Further potential precursor com-
plexes are [(- *Te)( -N'Bu),V,Cp] [24], [RNi( - ?(Se)
NiR®] (R CH-(CMeN{2,6Pr,CH}).) [25], and [ZnS¢N-
Melm),] (N-Melm N-methylimidazole), synthesized in
an elegant way by in situ degeneration of N-Melm and
redox reaction of elemental Zn and Se [26]. As not all reac-
tions within ILs that have been reported today require
amine auxiliaries, further non-amine ligated precursors
such as {M[MeSiCp]Se} (M Ti, Zr, Hf) [27], [Cp*Re(Sg
( -Se)l, [28], [CpiMo( *Se)] [29] would be also worth
trying. Finally, further auxiliaries in ionothermal reac-
tions still have to be exploited, expanding the field of
possible synthons to phosphine coordinated compounds,
such as [ppp)Ni(Te,)Pt(PPh).] (ppp bis(2-diphenylphos-
phino-ethyl)phenylphosphane) [30], and amine/phos-
phine bifunctional auxiliaries releasing synthons like
[(N(CHCH,PPh),)PdTe], [31].

Herein we report on several compounds that might
have similar potential for further transformations in
that they combine at least two of the aforementioned
prerequisites.

Results and discussion

To contribute to the named class of synthons, we
recently produced the following series of compounds:
[Ba(trien),] [SbSg].-trien (1) (trien diethylenetriamine),
[(Se)Cr(en)(Se)Cr(en)(Se)l, (2), [(pren) Eu(Te) Eu
(pren),] (3) (pren 1,3-diaminopropane), [En),Ba(pren)
Ba(en),|(Te,), (4) and [enH],[Sn,Se] (5) that fulfill at least
two of the criteria quoted above, yet might prove able to
successively identify different kind of reactive sites and
requirements for a profound understanding of ionother-
mal prospects.
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Apart from 5, all compounds have been obtained from
solvothermal reactions from ternary alloys “AMChH” with
A K, Ba, Eu; M Pb, Sb; Ch Se, Te (in case of transition metal
compounds under addition of one equivalent of TM(SQ),
TM Cao, Cr), with the coordinating amines as solvent. In one
case (), also the main group metal of the ternary alloy was
transferred into the product, whereas in the other cases, the
main group metal was not part of the crystalline product.
Here, the alloy served as transition metalZ, 3) or barium (4)
as well as (poly-)chalcogenide source2—4). 5 was synthe
sized from Li,[Sn,Se] [32] by means of ionothermal recrys
tallization from the above mentioned [BMIm][BF] in the
presence ofen. All compounds were structurally character
ized by means of single-crystal X-ray diffraction. The struc
tures will be presented in the following.

Fig. 1:Fragment of the crystal structure of 1 Thermal ellipsoids
are drawn at 50% possibility. Hydrogen atoms are omitted for
clarity.

[Ba(trien),],[SbSe,],trien (1)

Compound 1 crystallizes in monoclinic space groupP2/c

with four molecules in the unit cell. The two independent

[SbSg]* anions exhibit Sb—Se distances in the expected between two selenium atoms that coordinate one Crions

range (2.461(2)-2.477(2) A) and coordinate to three adjacenin cis fashion are much longer (3.2808(9) and 3.4698(9) A

[Ba(trien),]** cations each. While one of the selenium ligands for Se3...Se4 and Seb...Se6, respectively). Cr—Se distances

each (Sel, Se7) bridges two of the cations, the other threeare in the range 2.4896(10)-2.5226(12) A, Cr...N distances

either coordinate to one complex fragment (Se2-Se5, Se8;amount to 2.080(5)-2.130(5) A, causing distorted octa-

Ba...Se 3.359(2)-3.665(2) A), or do not coordinate the cationitiedral coordination of the chromium ion. Terminal sele-

complex (Se6). All B& ions possess coordination numbers nium atoms Sel and Se8 of the (9& anions interact with

(c.n.) 9 by two tridentate trien molecules and two adjacent hydrogen atoms from adjacenten molecules, and Se8' has

antimonate anions that clearly disturb a pure hexa-coor a relatively short distance to Se3 in the neighboring (S

dination by N donors. The coordination bytrien molecules fragment (Se8 ...Se3 3.6758(9)A).

differs by the ligands’ constitutions, leading either to a half-

sphere (Bal, Ba2) or an equatorial coordination (Ba3). The

entire assembly forms double strands along the crystallo [(pren),Eu(Te),Eufren).] (3)

graphic a axis (see Figure 1). An additional molecule dfien

is incorporated within the structure as crystal solvent. Compound 3 crystallizes in orthorhombic space group
Pbca with eight formula units per unit cell. The com
pound represents a dimeric complex [pren),Eu(Te),

[(Se,)Cr(en),(Se,)Cren),(Se)l, (2) Eu(pren),] with the two (Te)> fragments bridging two
[Eu(pren),]** counterions; the Tel-Te2 and Te2-Te3 dis

Compound 2 crystallizes in monoclinic space groupC2/c tances (2.7544(12) and 2.7698(11) A, respectively) are

with eight monomeric formula units per unit cell. These can much shorter than that of Te3...Te3' with 3.3615(12) A (see

be described as arrangement into dimers [(SECren),(Se) Figure 3), yet the difference between primary and sec

Cr(en),(Se)]., thus as a dimeric arrangement of a dimer of ondary distances is not as large as ir2. Eu-Te distances

[Cr(en)J** units with two terminal (Se,)* and one bridging amount to 3.4761(10)-3.5165(9) A. 1t should be noted that

(Se)* ligands (see Figure 2). Distances Sel-Se2 and Se'so far, structurally determined compounds that comprise

Se8 are 2.3409(8) and 2.3540(10) A, respectively, whichEu-Te bonds besides organic ligands can only be found

are slightly smaller than Se2-Se3 and Se6-Se7 (2.3685(10h three further compounds: {Eu[TeSi(SiMg),](dmpe),},

and 2.3583(8) A, respectively), comprising coordination ( -dmpe)] [33] @dmpe Me,PCHCHPMe), [(thf).Eu(TeGH,),

of an adjacent chromium ion each. The bridging (Sg*~ NaTePh], and [thf),Eu(TeGH,),] [34] with Eu-Te distances in

ligand has a Se-Se distance of 2.3788(9) A. Distanceghe range of 3.160-3.231A, 3.335-3.359A, and 3.324-3.426A.
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Fig. 2: Fragment of the crystal structure of 2. Thermal ellipsoids are
drawn at 50% possibility. Hydrogen atoms are omitted for clarity.

Fig. 3: Fragment of the crystal structure of 3. Thermal ellipsoids are
drawn at 50% possibility. Hydrogen atoms are omitted for clarity.

The europium ions obtain c.n. 8, by coordination of
two of the Te atoms, two chelatingoren molecules and two
further pren molecules in end-on coordination mode. The
latter act as bridges to two adjacent Eti ions, thus gener-
ating a 2D coordination polymer that runs parallel to the
crystallographic ab-plane (see Figure 4).

[(en),Ba(pren)Ba(n),|(Te,), (4)

Compound4 crystallizes in triclinic space groupP1 with one
molecule per unit cell and well-separated [en),Ba(pren)

DE GRUYTER

Fig. 4: 2D layers formed by coordination network in 2. Atoms
are drawn in wire/sticks model, hydrogen atoms are omitted for
clarity.

Fig. 5:Fragment of the crystal structure of 4. Thermal ellipsoids
are drawn at 50% possibility. Hydrogen atoms are omitted for
clarity.

The space group was rationalized by application of Platon
software [35]; it is obvious that no inversion symmetry is
present anywhere within or between the complexes.

[enH],[Sn,Se] (5)

Finally, a compound without any metallic counterion
that still might provide an amine for coordination beside
a main group chalcogenide moiety is compound5. It
crystallizes upon ionothermal treatment of Li[SnSeg]
in BMIm[BF,] in triclinic spacegroup P1 with 2 formula

Ba(en),]** cations besides (Tg* anions. Te-Te distances units in the unit cell (Figure 6). It is a solvent isomer of
are in the range 2.7330(8)-2.7520(8) A, Te-Te-Te anglethe known salt [enH] ISnSe]-en[36]. Hence, the synthesis

amount to 109.01(3)-112.64(3) B&* ions obtain c.n. 9
from four chelating en molecules and onepren molecule
that bridges two adjacent [Bagén),]** fragments (Figure 5).

accords with a simple cation exchange in IL in the pres-
ence ofen and therefore much more convenient than as
described in literature. It is worth noting that the IL cation
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Fig. 6: Fragment of the crystal structure of 5 indicating the relative
orientation of the anion and the enH counterions within one formula
unit in the crystal. Thermal ellipsoids are drawn at 50% possibility.
Hydrogen atoms are omitted for clarity.

had not been incorporated into the compound. All bond
lengths and angles are similar to the reported ones.

Conclusion

Five potential synthons and their prerequisites for an effi-
cient and continuous flow ionothermal synthesis have
been presented, with compound3 incorporating a rare
Eu...Te interaction.

Experimental section

General

As all of the title compounds are highly sensitive to air and mois-
ture, in that they would decompose into binary metal chalcogenides,
(alkaline earth) metal oxides/hydroxides, higher polychalcogenides
and/or elemental chalcogens, all manipulations and reactions were
performed under an Ar atmosphere using standard Schlenk or glove
box techniques. All precursor materials for solvothermal reactions have

been obtained by fusion of the elements in the respective equivalents.

BMIm[BF,] has been degassed at @0® mbar for at least 12 h, all amines
have been distilled from CaH prior to use. Solvothermal reactions were
performed in a glass vial that was placed within a Te on cylinder that

G. Thiele et al.: Solvothermal and ionothermal syntheses and structures of amine=—— 493

Syntheses

[Baftrien),] [SbSg], trien (1): 500 mg of an alloy of the nominal com-
position K(Sb/Pb)Sg and 2 mL oftrien were reacted under solvother-
mal conditions as mentioned to yield1 as yellow blocks.

[(Se)Cr(en),(Se)Cr(en),(Se)], (2): 500 mg of an alloy of the nom-
inal composition K,PbSg, 300 mg Ci[SQ],-H,O and 2 mLen were
reacted under solvothermal conditions to yield2 as black blocks.

[(pren),Eu(Te),Eu(pren),] (3): 500 mg of an alloy of the nominal
composition EuPbSgand 2 mLprenwere reacted under solvothermal
conditions to yield 3 as black blocks.

[(en),Ba(pren)Ba(en),]J(Te,), (4): 500 mg of an alloy of the nomi-
nal composition BaPbTe and 2 mL of a 1:1 mixture efVpren were
reacted under solvothermal conditions to yield4 as black blocks.

[enH],[SnSg] (5): 120 mg Lj[SnSg], 20 L en and 1 mL
BMIm[BF,] were sealed under vacuum in a pyrex ampule and heated
to 100 C for 4 days5 can manually be picked as orange plates.

X-ray crystallography

Data collection was performed on a STOE IPDS#H)(or IPDS-II (—
4) diractometers with graphite-monochromated MoK radiation
( 0.71073 A) at 193 K or 100 K. The structures were solved by direct
methods and re ned by full-matrix least-squares methods against=,
using WinGX and OLEX2 so ware [37, 38]. Crystal data:

1 (M, 1966.07 g-mot): monoclinic, space group P2/c,
a 8.2838(2), b 27.3069(9), c 26.9354(9) A, 90.889(2),
V 6092.2(3) A Z 4, _ 2.144 gcn?, 7605 mm?, 50,084 re ec-
tions measured (R(int) 0.14), 12,866 unique, 9514 with 2 (I)
and nal RvaluesR1l 0.11231( 2 (I)); wR2 0.2422 (all data). The
compound su ers from poor crystal quality, hence the individual
with best scattering properties that we could nd (data given
here) showed three-fold twinning. The respective domains contain
65.0%, 8.3%, and 5.8% of the peaks, respectively. The remaining
20.9% of peaks could not be assigned. We assume the twinning and
an overlap of 19.9% during integration to be the main reason for
the poor data quality besides heavy disorder of solvent and ligand
molecules.

2 (M, 966.01 g-mot): monoclinic, space group C2/c,
a 27.0402(10), b 8.1733(3), c 24.1854(12) A,  110.462(3),
V 50079(4) R z 8, . 2.563 gcn?,  12.509 mmt, 32,820 re ec-
tions measured R(int) 0.0618), 5314 unique, 4066 with 2 (1) and
nal RvaluesR1 0.0488 (I 2 (I)); wR2 0.0987 (all data).

3 (M, 745.05 g-mot): orthorhombic, space group Pbca
a 15.6072(11),b 10.7546(5), ¢ 23.6570(15) A,V 3970.8(4) A&
Z 8, 2493 gcn?, 7477 mmt, 33,289 re ections measured
(R(int) 0.1233), 4205 unique, 2238 with 2 (I) and nal R values
R1 0.0458 ( 2 (I)); wR2 0.1006 (all data).

4 (M, 1591.21 g-md): triclinic, space group P1,a 9.2783(10),
b 9.7068(10),c 16.1630(16) A, 82.799(6), 74.795(8), 61.45,
V 12339(2) Az 1, _ 2141 g-cnf, 5096 mnt, 18,738 re ections

was tightly enclosed by a stainless steel autoclave. The autoclave was measured R(int) 0.0285), 9211 unique, 8835 with 2 (I) and nal R

then heated to 150 C for 7 days and allowed to cool to room tempera

ture for 2 days. Products were manually picked under a light microscope.

Due to the co-precipitation of di erently-colored, inhomogeneous and
usually amorphous by-products, the estimation of yields is di cult.

valuesR1 0.0273 ( 2 (l)); wR2 0.0664 (all data).
5 (M, 879.36 g-mot"): triclinic, space group P1,a 8.8572(13),
b 11.0142(18), ¢ 12.5583(18) A, 75.121(12), 73.836(11),
89.939(13), V 11340(3) A z 2, _ 2575 genf,  11.83 mm,

Energy-dispersive X-ray spectroscopy of the single-crystalline products 12,844 re ections measured R(int) 0.0511), 3915 unique, 2647 with

con rmed the given compositions of the heavy atoms in all cases.

I 2 () and nal Rvalues R10.0286 ( 2 (1)); wR2 0.0567 (all data).
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The supplementary crystallographic data CCDC 989397-989401[16] S. Dehnen, M. Melullis, A coordination chemistry approach

for 1-5can be obtained free of charge from The Cambridge Crystallo-

graphic Data Center via www.ccdc.cam.ac.uk.data_request.cif.
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The new chalcogenidomercurate KHg Se has been prepared Y posesses a close structural relationship to its lightsngener
by ionothermal treatment of K Hg Se. The structure is closely KHg-S!1 (see Fig. 1) yet with a disorder of two of the three
related to its lighter congener KHg S though cannot be crystallographically independent Se atoms (see Fig. different
synthezised on classical pathways. Accordingly, the reaoti tetragonal space groupsP\Zmnm (KHg-S: P\Zm) with a =
conditions are mimicked, though smoothed by application of a 14.2241(16) A, ¢ = 4.2075(5) AH&S: 13.805(8) A, 4.080(3) A).
(SH)*based ionic liquid, thepseudoflux. However, upon translation upon [0,%,%] and neglection d$atder,
lonothermal reactions that is syntheses in ionic liquids have both structures can be brought to congruence upon natimation of
attracted considerable attention in recent times. Amg the many the unit cell

advantages of this new technique are the reusability ofveat, low

reaction temperatures and new structural motifs of piect

compoundslY We have been investigating the phase transitions of

chalcogenidostannates in ionic liquids to gain a prodwnderstanding

of reaction pathways and equilibria in the still new aref low

temperature inorganic synthesis;l and have now extended this wor

to chalcogenidomercurates. Those are promising matexiébr e.g.

thermoelectric applications! or hard radiation detectiofl

Common ionothermal reactions apply organic cationsthwihalide

anions or weakly coordinating halide containing aniof@ur previous

investigations1 revealed the salt metathesis of educt metalates (WE

and ionic liquids (IL) to be a major side reaction, &®r reducing the Figure 1. Crystal structure df(left) and KHgSe(right). Ellipsoids are drawn at
efficiency of new reaction conditions (see equatioredlZThus the 50% (left) or 90% (right) probability (see experinzisection).

reusage of ionic liquid solvent is prevented.

KHg-S, in contrasthas been prepared using flux reaction conditions

(Catven[Anwer] + (Cai)(Any) ZE(Cat)[Anver] + (Caten[An. af [ "XCl3and can also be recrystallized via solvothermal reaesil YX

K\[SnSe] + \BMIM[BF] /4 K[BR] + (BMIM)[SnSe] The corresponding Se Y analogue could not be prepared in the same
manner via classical flux methods, which the authaltecate to the K

Therefore we applied ionic liquids with chalcogenide @ining anions, 0ns tobe too small to support the enlarged tunnels.

namely the hydrogensulfide, (SHand hydrogenselenide (SeHj1to Our own solvothermal attempts for any #g-Ch_(A = alkali metal, Ch

yield KHgSe (Y in 90% crystalline yield (see equatign = chalcogen) failed, too, although ev could obtain various
selenidomercurates under aminothermal reactions, such addSef 1Y
K HgSe(--—-EMIM(SH}-> KHg-Se + 4 KSe of KHgSel

....TGA Messung der Phase hier::..
We therefore conclude, that the unique chalcogen-floanditions are
necessary for the structural constitution of the cosponding AHg-Ch_

This journal is © The Royal Society of Chemistry 2012 J NameX U TiifiuUri| i



structures, while the thermainstability at elevated temperaturesf

the compound prevents the respective reaction conalits. However,
the present EMIM(SH) solvent mimics the salt melt Mhithe

temperatures are below those of product degradation atah thus be
calledpseuddflux.

This is supported by preceding attempts within commamic liquids,
such as EMIM- and BMIM salts with,@r and [BF4] anions, that did
not yield any crystalline samples, nor could the preserof Ybe

elucidated from powder diffraction experiments. Reamt of KHg-S_
within EMIM(SH) only resulted in recrystallization, Vehreactions in
EMIM(SeH) did not yield homogenous and analysabledpct.

Investigations are underway, whether AHgTe-composnzhn, too, be
obtained with typical AHgS structural motifs upon trieaent under
pseudosulphur flux conditions.
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