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The extraction in ethylenediamine (en) of “AsS€TIAsSe,”, and “InAsSa”, followed by reaction with cation
sources or 2.2.2-cryptand, has led to the isolation of [NEAs,Se] (1), [enH][AsSg]-2.2.2-cryptand 2),
[NEt4][AsSei] (3), and [(en}in(SeAs(Se)Sg]-en @). These compounds contain ASSits coordinated to $€,
Se?~, and Se?~ ligands inl1 and4, 2, and3, respectively. The [AfSe]?~ anion features two AsSeaunits joined
by Se? ligands; the resultant ASe, ring exhibits a chair conformation. The [As$eanion features an AsSe
unit coordinated in a bidentate fashion by a’Sdigand to create an Asgeing with a chair conformation. The
[AsSg]~ anion contains an AsSeunit coordinated by a bidentate e ligand; the resultant AsSeing has a
crown conformation. [(en)n(SeAs(Se)Sg] features an octahedral In atom bridged by oné& Smd one Sg-
ligand to an AsSe unit; two bidentate en ligands complete the coordination about the In center.

Introduction

Here we report the syntheses and characterization of,[ s,
Se (1), [enH][AsSe]-2.2.2-cryptand Z), [NEt][AsSe] (3),

Activity in main-group chalcogenide chemistry has resulted 4 [(en)in(SeAs(Se)Sg]-en @) formed from the extractions
in the synthesis of several interesting selenoarsenates, including, AsSa, TIAsSe, and InAsSg followed by reaction with

[AsSe]® 1 [As,Se]?,2* [As3Sa]3~,° [AssSa]? 2 [As/Se] .6

and [AsoSe]?".” Several of these species have been obtained
by the extraction of binary arsenic selenides. The extraction

cation sources or 2.2.2-cryptand. We also report séfSe
NMR spectroscopic results that bear on what species are present
in solution.

of solid-state metal chalcogenide phases often affords interesting
compounds unobtainable by means of other experimental Experimental Section

techniques:#21 We set out to investigate if yet more sele-

noarsenates could be isolated by means of extraction techniques. All solvents were dried and degassed before use. Ethylenediamine
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(en) was distilled over CatANEYBr and 4,7,13,16,21,24-hexaoxa-1,-
10-diazabicyclo[8.8.8]hexacosane (2.2.2-cryptand) were recrystallized
from CHsCN. 7’Se NMR spectra were obtained with a Varian 400
MHz Unity Plus spectrometer equipped with a deuterium lock, 10 mm
tunable broad band probe, and a variable temperature apparatus. All
'Se NMR resonances are referenced to the external standagb{CH
Se atd = 0 ppm. A sample was prepared for NMR measurements by
filtering a fresh reaction mixture into an air-free 10 mm NMR tube or
by performing the extraction directly in the NMR tube.

“AsSey", “TIAsSe,”, and “InAsSe” were synthesized from stoichio-
metric amounts of the constituent elements (Tl (Aldrich, pellets, 99.9%),
In (Aesar, 325 mesh, 99.99%), As (Johnson Matthey, 200 mesh,
99.99%), and Se (Aldrich, 100 mesh, 99.5%)) under aatihosphere
by rapid heating with a hydrogen/oxygen flame followed by rapid
cooling. X-ray diffraction powder patterns of these materials were
obtained with a Rigaku diffractometer. TIAsSend AsSe are
amorphous whereas InAsSéhough crystalline, has a powder pattern
that does not match any calculated for reported ternary or binary
indium—arsenie-selenide phases. The starting materials are stable in
air, although most of the final products are air and moisture sensitive.

Synthesis of [NEL],[As,Sej] (1). Compoundl can be formed from
the extraction of any of the three starting materials under similar
conditions. The following is a representative example of the synthe-
sis: en (30 mL) was added to a flask charged with AS®e30 g).

The flask was sonicated f@ h ( = 60 °C). The resulting dark red
solution was filtered and layered with 6.0 mL of en saturated with,NEt
Br. The solution was then layered with toluene (20 mL), and large
yellow crystals ofl and small red needles & formed after 2 days.
The 170 mg of product is estimated to be about 100 mg afhd 70

mg of 3; the corresponding yields df and3 (based on As) are then
59% and 22%, respectively. Separation of crystal& fsbm crystals
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Table 1. Crystal Data and Structure Refinement for [DERAS.Se] (1), [enH][AsSg]-2.2.2-cryptand 3), [NEt][AsSe;] (3), and

[(enkIn(SeAs(Se)Sg]-en @)

[NEt4]-[As:Se] [enH][AsSe]-2.2.2-cryptand [NE{[AsSe)] [(en)In(SeAs(Se)Sg]-en
chemical formula @H20ASNSe CooH16ASN4OsSes CsH20ASNSe CsH20AsINNsSe,
fw 442.05 987.29 836.85 681.86
a A 7.465(5) 10.993(2) 9.153(4) 9.032(8)

b, A 8.418(4) 19.660(10) 11.333(1) 11.290(8)
c A 12.873(4) 15.145(7) 10.407(2) 17.329(10)
a, deg 99.46(3) 920 90 90

/3, deg 96.61(4) 95.66(6) 113.05(2) 90

y, deg 114.67(5) 20 90 90

vV, A3 709.7(6) 3257(2) 993.3(5) 1767(2)

A, A 1.54056 1.54056 1.54056 0.7093
space group C'-P1 C2-P2; Car?-P2;/m D*-P2;2,2;

A 2 4 2 4

D(calcd), g cm® 2.069 2.013 2.798 2.563

t,°C —160(2) —160(2) —160(2) —160(2)

u, cmt 118 94 190 114

transm factors 0.178/0.616 0.395/0.571 0.517/0.706 0.402/0.504
Ry(F)?2 0.0581 0.0490 0.0879 0.0712
Ry(F?)P 0.1428 0.1361 0.1988 0.1470

2 Ry(Fo) = SIIFel — IFdll/EIFol; Fo? > 20(F?). ® Ru(Fed) = {S[W(Fe? — FAASWFo} Y2 wt = 0%(Fo?) + (0.04:2, Fo? > 0; Wt = 0%(Fod),

Fo2 < 0.

of 3 must be performed by hand, and hence accurate elemental analyses

cannot be obtained. Semiquantitative analysis of single crystals of
by EDX gave consistent As/Se ratios of 1:3'Se NMR: (manually
separated crystals, 28, CHCN) 6 461, 167 ppm (2:1 intensity);
(manually separated crystals, 25, en)d 468, 144 ppm (2:1 intensity).
Synthesis of [enH][AsSg]-2.2.2-cryptand (2). Crystals of2 have
only been isolated from the extraction of TIAsSeEthylenediamine
(10 mL) was added to a flask charged with TIA$%@.10 g). The
flask was left overnight in a sonicatot £ 60 °C). The resulting

orange-red solution was filtered, and 2.2.2-cryptand (5 mL of a saturated

reaction vessel was identified as,$& from its X-ray diffraction

dark red oil resulted. The volume of the solution was subsequently

Se(1a)
en solution) was added. The black powder (0.05 g) remaining in the Figure 1. Structure of the [AsSe]?~ anion in [NEL]J[As.Se] (1).

' - The anion has an imposed center of symmetry. Here and in succeeding
powder pattern. The solution was layered with toluene (15 mL); a figures, the 50% probability displacement ellipsoids are shown.

reduced to ca. 1 mL, and the remaining residue was redissolved in anjon is disordered over two sites, the distributions being 0.631(5):

CH:CN (15 mL). This solution was layered with ether (60 mL) to
produce large red needles 2f Yield: 38 mg, 18% (based on Se).
Se NMR (25°C, CHCN): & 779, 569, 418, 366 ppm (1:2:1:2
intensity).

Synthesis of [NEL][AsSe;] (3). Crystals of3 can be obtained from
extractions of any of the starting materials under similar conditions,
but they are always mixed with, as noted above EDX analysis of
several crystals o8 gave consistent As/Se ratios of 1:8'Se NMR
(mixture of crystals ofl and 3, 25 °C, en): 6 466, 150 ppm (2:1)
corresponding td; 656, 591, 476, 335, 327, 319, 275, 182 ppm.

Synthesis of [(en)In(SeAs(Se)Sg]-en (4). En (10 mL) was added
to a flask charged with dark gray InAsS@©.13 g). The mixture was
sonicated for 8 h, and the resulting red-brown solution was separate
from a yellow powder by filtration. The solution was layered with
2.2.2-cryptand (yield: 35 mg, 20% (based on In)). EDX analysi of
gave an In/As/Se ratio of 1:1:4. Compouhis moderately air stable.
Since it is insoluble in all the common solvents analysig®e NMR
spectroscopy was precluded.

Crystal Structure Determinations. Details are presented in Table
1. The refinement of the structure dbfwas straightforward. Crystals
of 2 are of marginal quality for data collection. Only 5167 unique
reflections were obtained from the chosen crystal. No solution could
be found in space group..?-P2,/m; averaging among Friedel pairs is
significantly better inP2; (R = 0.029) than inP2;/m (R = 0.060).
The final refinement of 496 variables in space grd®f involves

0.369(5) and 0.679(6):0.321(6). In the penultimate cycle of refinement,
the value of the Flack parameter was 0.76(5). Accordingly, the structure
was refined as a twin, the final ratio of the two components being 0.76-
(5):0.24(5). In3 the [NEY]* cation is disordered over the crystallo-
graphically imposed mirror plane. W all atoms were refined with
anisotropic displacement parameters except for atoms N(1), N(2), C(1),
and C(3) which failed to remain positive definite

Further details of the crystal structure determinations are given in
the Supporting Information.

Results

g The structure of the [ASe]? anion of 1, which has a

crystallographically imposed center of symmetry, contains two
As®t centers, each coordinated by a terminad-Sanion and
joined together by bridging $& units. Alternatively, the anion
may be described as two trigonal-pyramidal AsGeits joined
through Se-Se bonds (Figure 1). The ASe ring exhibits a
chair conformation. The [ASe]?~ anion has been previously
characterized as the [PRh?2 and [A(2.2.2-cryptand)] salts
(A = Na2 K#%. The metrical details (Table 2) for the anion of
1 are consistent with those reported for the other salts of
[As,Se]?.

The structure of the [AsSE anion in compoun@ comprises

anisotropic displacement parameters for As and Se atoms only. Thea trigonal-pyramidal A¥" center coordinated by a terminal’Se

structure contains two unique [enHtations, two unique [AsSSE
anions, and two unique 2.2.2-cryptand adducts. The MISSYM
algorithn?? in the PLATON suite of program$did not detect any
additional symmetry relating the unique structural units. Each [§5Se

(22) Le Page, YJ. Appl. Crystallogr.1987, 20, 264—269.

ligand and a bidentate e ligand (Figure 2). The AsSeing
has a chair conformation with annular angles (ranging from
94.3(2) to 107.9(8) similar to those of the ASe ring of 1.

(23) Spek, A. L.Acta Crystallogr., Sect. A: Found. Crystallogt99Q
46, C34.
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Table 2. Selected Bond Distances (A) and Angles (deg) for the.$&3%

Smith et al.

Anion in Various Salts

[NEt] ™2 [PPh]™® [Na(2.2.2-crypt)f © [K(2.2.2-crypt)]" ¢
As(1)—Se(3) 2.293(1) 2.271(2) 2.276(2) 2.268(4)
As(1)—Se(2) 2.415(2) 2.411(2) 2.412(2) 2.438(3)
As(1)—Se(1) 2.415(2) 2.421(2) 2.416(2) 2.417(3)
Se(1)-Se(2) 2.352(1) 2.353(2) 2.345(2) 2.350(3)
Se(3)-As(1)-Se(2) 95.07(4) 97.4(1) 95.10(8) 96.39(12)
Se(3)-As(1)-Se(1) 98.88(6) 99.2(1) 96.51(8) 93.81(12)
Se(2)-As(1)-Se(1) 101.48(6) 100.3(1) 101.32(7) 102.87(11)
Se(2)-Se(1)-As(1) 97.62(6) 100.9(2) 101.09(7) 100.21(11)
Se(1)-Se(2)-As(1) 100.59(4) 101.7(2) 101.04(8) 100.89(11)

a present work? Reference 2¢ Reference 3¢ Reference 4.
Se(24) Se(4A)

Figure 2. Structure of one of the [Asge anions in [enH][AsSg-2.2.2-
cryptand ).

Bidentate S&~ species have been previously observed chelating
C,24 Ti,25’26 Fe,27’28 CU,29 Zn,30 Se,31733 Zr,25 pd;’-i4 Te,35 and

Hf 26 centers. Of these structures, only [FRICu.Sa ] features

a Se?” ligand attached to a three-coordinate ceteflhe unit

cell of 2 contains two unique [ASSE anions, two unique 2.2.2-
cryptand adducts, and two unique [eriHations. To achieve

charge balance it is necessary that the en be monoprotonated.

The [enH]" species has been observed in several other chal-
cogenide compound§:38

The [AsSg]~ anion of3 contains a trigonal-pyramidal As
center coordinated by a terminalSdigand and a bidentate
Se?~ ligand (Figure 3). The [AsSE anion has crystallo-
graphically imposedn symmetry. The anion is very similar to
the [SAsS]~ anion in [PPB][AsSg].3° However, the sulfide
compound was made from the reaction of [E]s,SCk] with
K2Ssin CH:CN. The [AsSg]~ anion contains the first example
of a bidentate S8~ chain. Structures containing trident#te
and bidentat® S;2- ligands, in addition to the [As$~ anion,

(24) Chivers, T.; Parvez, M.; Peach, M.; Vollmerhaus JRChem. Soc.,
Chem. Commuril992 21, 1539-1540.

(25) Fenske, D.; Adel, J.; Dehnicke, K. Naturforsch. B: Chem. Sdi987,
42h, 931-933.

(26) Albrecht, N.; Weiss, EJ. Organomet. Chen1988 355 89-98.

(27) Strasdeit, H.; Krebs, B.; Henkel, Gorg. Chim. Actal984 89, L11-
L13.

(28) Mtller, U.; Ha-Eierdanz, M.-L.; Krater, G.; Dehnicke, K.Z.
Naturforsch. B: Chem. Scil99], 46, 175-182.

(29) Mtller, U.; Ha-Eierdanz, M.-L.; Krater, G.; Dehnicke, K.Z.
Naturforsch. B: Chem. Sci99Q 45, 1128-1132.

(30) Fenske, D.; Magull, S.; Dehnicke, K. Naturforsch. B: Chem. Sci.
1991, 46, 1011-1014.

(31) Kanatzidis, M. G.; Huang, S.-fhorg. Chem1989 28, 4667-4669.

(32) Huang, S.-P.; Dhingra, S.; Kanatzidis, M. Bolyhedron1992 11,
1869-1875.

(33) Krebs, B.; Linrs, E.; Willmer, R.; Ahlers, F.-RZ. Anorg. Allg. Chem.
1991 592 17—-34.

(34) McConnachie, J. M.; Ansari, M. A.; Ibers, J. lorg. Chem.1993
32, 3250-3255.

(35) Zagler, R.; Eisenmann, E. Naturforsch. B: Chem. Scl991], 46,
593-601.

(36) Bdatcher, P.; Buchkremer-Hermanns, HA. Naturforsch. B: Anorg.
Chem., Org. Chenll987, 42, 267-271.

(37) Bdtcher, P.; Buchkremer-Hermanns, HLess-Common Metal988
137, 1—11.

(38) Park, C.-W.; Pell, M. A;; Ibers, J. Anorg. Chem.1996 35, 4555~
4558.

(39) Ketelaar, J. A. A.; tHart, W. H.; Moerel, M.; Polder, B. Kristallogr.,
Kristallgeom., Kristallphys., Kristallcheml939 101, 396-405.

Figure 3. [AsSe]~ anion in [NEL][AsSes] (3). The anion has imposed
m symmetry.

Table 3. Selected Bond Distances (A) and Angles (deg) for the
Anion of [NEy][AsSej] (3)

As(l)-Se(l)  2.276(6)  Se(BAs(1)-Se(2) 88.85(16)
As(1)-Se(2)  2.409(4)  Se(DAs(1)-Se(2)  103.85(17)
Se(2-Se(3)  2.336(5) Se(3)Se(2)-As(l)  108.52(18)
Se(3)-Se(4)  2.350(5) Se(2Se(3)-Se(d)  104.05(17)
Se(4y-Se(5)  2.320(4)  Se(5)Se(4)-Se(3)  105.78(19)
Se(4y-Se(5)-Se(4)  108.3(2)

aThe primed atoms are at —y + Y5, z.

have been reported. An uncoordinated?Sechain has been
structurally characterize?. The compound Ré(CO)(Se)-
0.5GH3s features a Sering that bridges two Re centet$The
present AsSgring has a crown conformation similar to thg Q
(Q=S, Se, Te) rings in §'*46 a-Se*" 48 3-Set* 0 CyTey,,5
and the Bi$ rings in BbSs4 [(S7)2Bi(Se)Bi(S7)2].4* Metrical
details are given in Table 3.

Compound4, [(en)kIn(SeAs(Se)S#-en, features an octahedral
In atom bridged by one Seand one S£- ligand to an AsSé
unit; two bidentate en ligands complete the coordination about
the In center (Figure 4). For the crystal chosen the conformation
of the In-containing molecule iA116. Because of the en
solvate, ambiguity exists in assigning formal charges to the metal
atoms: [(engin" (SeAd! (Se)Se)]-en, [(em)In'(SeAd(Se)Se)]-en,
and [enH][(en)In'(SeAd! (Se)Se)] are all possible descriptions,
with the first seeming to us to be the most reasonable. Thus,

(40) Gotzig, J.; Rheingold, A. L.; Werner, lAngew. Chem., Int. Ed. Engl.
1984 23, 814-815.

(41) Miuller, A.; Zimmermann, M.; Bgge, H.Angew. Chem., Int. Ed. Engl.
1986 25, 273.

(42) Muiler, V.; Dehnicke, K.; Fenske, D.; Baum, &. Naturforsch. B:
Chem. Sci199], 46, 63—67.

(43) Bacchi, A.; Baratta, W.; Calderazzo, F.; Marchetti, F.; Pelizzi, G.
Angew. Chem., Int. Ed. Endl994 33, 193-195.

(44) Mark, H.; Wigner, EZ. Phys. Chem., Abt. A924 111, 398-414.

(45) Warren, B. E.; Burwell, J. TJ. Chem. Phys1935 3, 6—8.

(46) Abrahams, S. CActa Crystallogr.1955 8, 661-671.

(47) Halla, F.; Bosch, F. X.; Mehl, EZ. Phys. Chem., Abt. B93Q 11,
455-463.

(48) Burbank, R. DActa Crystallogr.1951 4, 140-148.

(49) Klug, H. P.Z. Kristallogr. 1934 88, 128-135.

(50) Marsh, R. E.; Pauling, L.; McCullough, J. Bcta Crystallogr.1953
6, 71-75.

(51) Sheldrick, W. S.; Wachhold, Mingew. Chem., Int. Ed. Endl995
34, 450-451.
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Table 5. 7’Se NMR Chemical Shifts (ppm) fdt—3 and the
Different Reaction Mixtures (25C)

compound or

reaction mixture chemical shift solvent
[NEt4][As:Se] 468, 144 en
461, 167 CHCN
[enH][AsSeg] 779, 569, 418, 366 en
[NEty][AsSe] 656, 591, 476, 335, en
327, 319, 275, 182
[K(18-crown-6)L[As.Se]*> 466, 169 CHCN
K,SeP 278, 308 en
K SeP 608, 321 en
AsSe 468, 181, 140 en
; ; As;Se 462, 174, 135 en
Figure 4. Structure of [(ern(SeAs(Se)Sg] in (4). TIASSe 470, 182, 142 en
Table 4. Bond Distances (A) and Angles (deg) for InAsSe 4447181, 99 en
[(en)In(SeAs(Se)S9]-en @) As t+4Se 180 en
As,Sed 568, 422, 338, 205, 216 en
In(1)—-N(2) 2.268(16) N(1FIn(1)—N(3) 82.3(6)
In(1)—N(4) 2.297(15) N(2)In(1)—Se(4) 93.7(4) aReference 4° Reference 55¢Broad resonancé.These were
In(1)—N(1) 2.315(16) N(4)In(1)-Se(4) 96.2(4) previously report_ed to occur at 465, 180, and 139 ppm (see ref 2); the
In(1)—-N(3) 2.337(16) N(1}In(1)-Se(4) 165.7(4) reason for the discrepancy is not known.
In(1)—Se(4) 2.631(3) N(3}In(1)-Se(d)  88.6(5) _ .
In(1)—Se(3) 2.661(3) N(2)In(1)-Se(3) 100.6(4) of [NEt4]2[As,Ses] (1) redissolved in en has two resonances at
As(1)-Se(1) 2.302(3) N(#In(1)—Se(3) 88.4(4) 0 = 468 and 144 ppm; when the crystals are redissolved in
ﬁsgg—gegg gig;g “g}):n%_ge% lggg((i% CHsCN these resonances aredat 461 and 167 ppm. Cation
S(1—>e : nib)—oe : hoi I r h little eff n the resonan
Se(2)-5e(3) 2330(3) Se(#in(l)-Se(3) 103.04(9) choice also appears to have little effect on the resonances, as

Se(1)}-As(1)-Se(d) 107.30(11) these are fqund ab = 466, 169 ppm for [K(18-crown-6}

N(2)-In(1)-N(4) 164.8(6)  Se(HAs(1)-Se(2) 104.41(12)  [AszSej] redissolved in CHCN.
N(2)—In(1)-N(1) 75.7(6) Se(4yAs(1)-Se(2) 101.39(11) Crystals of [enH][AsSg (2) dissolved in en display four
N(4)—In(1)-N(1)  92.5(6) Se(3}Se(2)-As(1) 104.19(11) 7Se NMR resonances & 779, 569, 418, 366 ppm), consistent
N(2)~In(1)-N(3)  91.5(6) Se(2ySe(3)-In(1)  98.26(11) with the four unique Se atom environments observed in the
N)=In(1)=NE)  77.2(6) As(1)y-Se(4)-In(1)  101.47(10) crystal structure. However, th&Se NMR spectrum of a
mixture of crystals ofl and [NEL][AsSes] (3) dissolved in en
shows six peaks ascribable3pwhereas only five are expected.
Either the anion does not retain its structure in solution or there
is another product present. None of these resonances matches
those observed for §& specie$>6 At first glance, the absence
of multiple resonances in tHéSe NMR spectra along with the
similarity of resonance locations for each reaction mixture (Table
5) suggests that the predominant soluble selenoarsenate species
generated are the same for all the extractions. Isolation of a
given product is then dependent on the choice of cation and

[NEts]2[As,Se] (1) and [NEL][AsSeg] (3) can be isolated  |ayering solvent, as in the In/§e family of compound$? If
from the extraction of each of the three mixtures AgSe this were the case, one would expect to be able to isolate the
TIAsSe, and InAsSg in en by the addition of NEBr and same products from reaction mixtures treated in the same
toluene. The inclusion of the second metal in the starting manner. For most of the extractions this is true: howeRés,
mixture may allow for the formation of other products, as [enH]- isolated only from the extraction of TIAs$and3 is not isolated
[AsSe]-2.2.2-cryptand 3) is not isolated from the extraction  from the extraction of AsSes. This suggests that while the
of AsSe. The extracted en solution of TIAsSaltimately leads  predominant species are the same for each extraction, other
to CrySta'S of2 whereas a similar treatment of the extracted en p0|y5e|enide SpecieS, undetected 7B$e NMR Spectroscopy'

solution of AsSg yields only crystals of [enH[As,Se;].>* are also present and have a bearing on which products are
Limited insight into the formation chemistry has been jsglated from the reaction mixtures.

obtained from a series 6fSe NMR experiments (Table 5) on )
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(1) A) observed for In(@H:1sN,0Se},52 which also features
octahedrally coordinated 'lh atoms. Moreover, the AsSe
distances (S£2.302(3) A ux-Se: 2.357(3) Aur-Se: 2.425-

(3) A) are comparable to those in other arsenic(lll) selenide
complexe&:53

Discussion
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