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The salts [AsX][As(OTeks)g] and [AsBr][AsF(OTeks)s] (X = ClI, Br) have been prepared by oxidation of AsX
with XOTeFs in the presence of the OTgFacceptors As(OTefs and AsF(OTeE)s. The mixed salts
[AsCl4][Sb(OTeR)s-nClr—2] and [AsCL][Sb(OTeR)s-nCly] (n = 2) have also been prepared. The AsBration
has been fully structurally characterized for the first time inSIB solution by”®As NMR spectroscopy and in
the solid state by a single-crystal X-ray diffraction study of [A§BxsF(OTeR)s]: P1, a= 9.778(4) A,b =
17.731(7) A,c = 18.870(8) A,a. = 103.53(4}, 8 = 103.53(4}, y = 105.10(4}, V = 2915(2) B, Z = 4, and
Ry = 0.0368 at-183°C. The crystal structure determination and solufixs NMR study of the related [AsG]+
[As(OTeR)q] salt have also been carried out: [AsJAs(OTeRs)g], R3, a = 9.8741(14) Ac = 55.301(11) A,
V = 4669(1) B, Z= 6, andR; = 0.0438 at-123°C; andR3, a = 19.688(3) A,c = 55.264(11) AV = 18552(5)
A8 7 =24, andR, = 0.1341 at-183°C. The crystal structure of the As(OTg£§ salt reveals weaker interactions
between the anion and cation than in the previously knownsAsklt. The AsF(OTedjs~ anion is reported for
the first time and is also weakly coordinating with respect to the AsBation. Both cations are undistorted
tetrahedra with bond lengths of 2.041¢%).056(3) A for AsC}* and 2.225(2)2.236(2) A for AsBg". The
Raman spectra are consistent with undistorted Ad¥trahedra and have been assigned uiiglpoint symmetry.
The 35CI/?7Cl isotope shifts have been observed and assigned for,Aséhd the geometrical parameters and
vibrational frequencies of all known and presently unknown Pn®n= P, As, Sb, Bi; X=F, Cl, Br, I) cations
have been calculated using density functional theory methods.
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PBr,,1618.20-22 gnd P}+.23 The PR™ cation has only been
characterized in the solid state by Raman spectros¢efsy.
Several SbGHt salts have been characterized by X-ray
crystallograph$f~28 and vibrational spectroscop$2° We re-
cently reported a full characterization in solution ¥y125b
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NMR spectroscopy and in the solid state of the previously
unknown SbBrt and known ShGl cations as their Sb(OTek~
salts®® The Sbik"™ and Shi™ cations are presently unknown.
All members of the AsX" (X = F, Cl, Br, 1) series have
been synthesiz843> and characterized by Raman spec-
troscopy3®44 and Ask' 4 and AsCl' 3 have also been
characterized by infrared spectroscopy. The salts of,AsRd
AsClgT, namely, [Ask][PtFg],** [AsCl4][SbClg] - AsClz,*> [AsCly]-
[AsFg],364647[AsCI4][AICI 4], and [AsCL][GaCly]3>*Care stable
compounds, but only [AsG[SbCls]-AsCls*®> and [AsCl]-
[AsFg]*¢47have been structurally characterized by single-crystal
X-ray diffraction. Unstable [AsBj[AsFg] is formed by the
reaction of Bp, AsBrs3, and Ask at —196 to—5 °C but begins
to disproportionate at temperatures abeves °C, leading to
the formation of AsBg, Br,, and Ask.41431t has been proposed
that the decomposition is initiated by fluoride ion transfer from
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coordinating anion Sb(OTgfs~ as the countericii and extends

the use of such weakly coordinating anions to the formation of
AsBr,t salts, with the view of providing a fuller structural
characterization of the AsBF cation in the solid state by Raman
spectroscopy and X-ray crystallography and in solutiori¥8g
NMR spectroscopy. The syntheses and characterization of the
related AsCJ" salts are also reported along with the first solution
7>As NMR study of the AsGJ* cation. Density functional theory
calculations have been used to predict the geometrical and
vibrational parameters for all known and presently unknown
PnXs" (Pn= P, As, Sh, Bi) cations.

Results and Discussion

Syntheses and NMR Spectra of [As{[As(OTeFs)g] (X
=Cl,Br),[AsBr 4][AsF(OTeFs)s], and [AsCl4][Sb(OTeFs)s—nCly).
The AsCL"™ and AsBy' salts of the As(OTeffs~ and

the anion to the cation (eq 1), presumably by means of a fluorine AsF(OTek)s~ anions were prepared by the reaction of As-

bridge interaction between AsBr and Ask~, followed by
successive redox eliminations of Bfeqs 2 and 3) and
disproportionation of AsBF to AsBri and Ask (eq 4)%3 It

[AsBrJ[AsF¢] — [AsBr,][F] + Ask; Q)
[AsBr,J[F] — AsBr,F + Br, (2)
AsBr,F + Ask, — 2AsF; + Br, 3
3AsBr,F — 2AsBr; + AsF, (4)

has been shown that stoichiometric mixtures of AsBiBrs,
and Bgin the ratios 1:1:1 and 1:2:1 also give rise to the ASBr
salts, which contain the AIBr anion and possibly the ABr7~
anion®® The bromoaluminate salts are markedly more stable
than the Ask~ salt, surviving briefly as liquids at temperatures
as high as 45C. The As}* cation has been synthesized as the
AICl,~ salt by reaction of ICl with AgJand AICk in anhydrous
HCI at —95 to —78 °C.*2 The salt is highly unstable and has
only been characterized at110 °C by Raman spectroscopy.
The present investigation grew out of our earlier synthesis
and stabilization of the SbBr cation using the weakly
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(OTek)s and AsF(OTek)s with stoichiometric amounts of
AsCl; and CIOTek at room temperature and AsBiand
BrOTeFs at 0°C in SOCIF solvent (egs 5 and 6). The sample

room temp
_—

AsX, + XOTeF, + As(OTeR),
[AsX ]J[As(OTeR) (5)

AsBr; + BrOTeR, + AsF(OTeFk), —
[AsBr J[AsF(OTeR)g] (6)

of AsF(OTek)4 used in this work contained ca-—3.0 mol %
As(OTek)s and resulted in the formation of the more stable
[AsBr4][As(OTekFs)e] salt as a minor product in admixture with
[AsBr][AsF(OTeks)s).

The AsF(OTeB)s™ anion is readily crystallized as the AsBr
salt (see X-ray crystal structure section) and has been observed
in SO,CIF solutions of [AsBi][AsF(OTeks)s] at —70 °C (F-
on-As,—12.1 ppmAvy;, = 150 Hz). AB, patterns of the axial
and equatorial OTefgroups severely overlap each other and
are in the range-40 to—43.5 ppm (A part) anad-43.5 to—45.5
ppm (B part); the weak, severe APBattern of As(OTeF)s™ is
centered at-42.4 ppm 42.4 (A) and—42.0 (B) ppm for
[N(CHa)4][As(OTeFs)g] in SOCIF at 30°C).*8 When either
solution or solid samples of [AsBfAsF(OTek)s] are warmed,
bromine is liberated (intense Raman band at 297 and 303 cm
at—113°C). The room-temperature decomposition of [AgBr
[AsF(OTeR)s] in SO,CIF solvent has been monitored B§F
NMR spectroscopy and occurs considerably more rapidly than
that of [AsBu][As(OTeRs)s], with the AsF(OTeB)s  salt
decomposing within 1 min and the As(OT§ salt requiring
several hours to decompose at room temperature. The room-
temperature decomposition of [Asf{As(OTeRs)s] was also
monitored by’>As NMR spectroscopy (s€€As NMR section),
and because all arsenic containing decomposition products have
local symmetries af’®As that result in rapid quadrupolar
relaxation of the allowed®As nuclear spin transitions, their
75As resonances are too broad to be observed. Only the highly
symmetrical AsBst and As(OTeE)s~ ions have sufficiently
long relaxation times and correspondingly narrow line widths
to be observed. The decomposition study of [AgRs-
(OTeks)g] showed that the cation and anion intensities decreased
at the same rate. These findings are consistent with an initial
decomposition step that is analogous to that proposed for the
thermally less stable [AsBJ{AsF¢] salt (eq 1) and likely

(48) Mercier, H. P. A.; Sanders, J. C. P.; Schrobilgen, @. Am. Chem.
Soc.1994 116, 2921.



[AsCly[As(OTeR)s] and [AsBr][AsSF(OTeR)s]

involves transfer of an OTeFgroup from As(OTeE)s™ to the
AsBr,t cation to form an ion pair [AsBH{OTeFs] or Bry-
AsOTek as an intermediate (eq 7). Elimination of ;Band
ligand redistribution on AY leads to By and As(OTeE)z as

Inorganic Chemistry, Vol. 39, No. 13, 200@815

AsCl, + [Ag][Sb(OTeR)d =
[ASCL][Sb(OTeR)y + AgCl (14)

the major decomposition products (egs 8 and 9). Because As- [ASCL][Sb(OTeR)g + Cl, —X— [AsCI,|[Sb(OTeR)4

[AsBr,|[As(OTeFR)¢] — [AsBr,J[OTeF] + As(OTek);
(7

[AsBr,J[OTeR] — AsBr,(OTek) + Br, (8)

AsBr,(OTekR) + As(OTek); — 2As(OTek); + Br, (9)

(OTeks)3 is common to the decompositions of both [AgfBks-
(OTek)g] and the dominant [ASB{AsF(OTek)s] salts (vide
infra), the As(OTeE)s resulting from eq 9 is masked in tR&F
NMR spectrum and must be inferred.

When an SGCIF solution of [AsBg][AsF(OTeR)s] is
warmed to room temperature, two new ABatterns rapidly
grew in and are assigned to AsF(OEpFrand As(OTeE)s. The
latter product was confirmed by comparison with tfe NMR

spectrum of an authentic sample obtained under the same solven

conditions at 29C (Fa, —45.2 ppm; k5, —36.8 ppm2I(*Fs—
19Fg), 182 Hz;1J(*25Te—1°Fg), 3665 Hz;1J(*25Te—1%,), 3573
Hz). The formation of AsF(OTejy, was confirmed by the
observation of a singlet at40.2 ppm accompanied By5Te
satellites arising fron?J(*25Te—1%F) (56 Hz) with its corre-
sponding AB pattern at—43.7 (A) and —37.9 (B) ppm;
(BI(*FA—1%Fp), 186 Hz;1J(*25Te—19Fg), 3674 Hz). The observed
products are attributed to the decomposition of [AgBsF-
(OTeks)s) according to eqs 1812, which is analogous to the
decomposition scheme proposed for [AgB¥sF¢] (eq 1—3).

[AsBr,][AsF(OTeR)s] — [AsBr,][F] + As(OTeE)s (10)

[AsBr,|[F] — AsBr,F + Br, (12)

AsBr,F + As(OTek); —
AsF(OTeFk), + As(OTeFk); + Br, (12)

The competing disproportionation of the intermediate, AEBr
(egs 11 and 12), to AsBand Ask, proposed in the decomposi-
tion scheme of [AsBj|[AsF¢] (eq 4), was not observed in the
case of [AsB§][AsF(OTeR)s); i.e., noF signal corresponding

(15)

Rather, the interaction of Sb{Wwith [Ag][OTeFs] in SO,CIF
solvent yielded the mixed salts [Ag][Sb(OT£&Cl,] (eq 16)
(see Experimental Section for details of spectroscopic charac-
terization), and no evidence was obtained for the formation of
the AsCh™ cation according to eq 14. Moreover, tfds NMR

SOCIF

ShCL + 6[Ag][OTekR]
[Ag][Sb(OTeR),_Cl] + (6 — nN)AgCI + n[Ag][OTeF]

(n=0) (16)
spectrum (recorded at 30C in SQCIF; see "°As NMR
spectroscopy section) and the solid-state Raman spectrum (see
section on Raman spectroscopy of AgBand AsCi" salts)

showed that the product of the reaction between As®d
EAg][Sb(OTer)HCIn] was an AsCJ" salt (eq 17). Thé?!Sh

SOCIF

AsCl, + 2[Ag][Sh(OTeR),_,Cl,]
Ag" + AsCl," + Sb(OTeR)s_Cl,_, +
Sb(OTeR)s_Cl,” +AgCl  (n=2) (17)

NMR spectrum of the product (eq 17) in gCF solvent at 30

°C failed to provide evidence for the mixed'Slnd SH anions
because their low symmetries (high electric field gradients at
the 121Sh nuclei) are expected to lead to rapid quadrupolar
relaxation. The'?lSb NMR spectrum, however, confirmed the
presence of the Sb(OTgE anion, which gave a broad singlet
at 14.0 ppmAvy, = 1040 Hz), in agreement with the previously
reported value (13.9 ppm in GBN solvent at 30°C).*8 The
oxidation of Ad' to As under these circumstances may be
attributable to the incomplete reaction of Sb@lith [Ag]-
[OTeFs] in SOCIF solvent (eq 16), leading to mixed Sb-
(OTeR)s-nCly~ (n = 0) anions capable of oxidizing Asto
AsY in the absence of gleq 17). The observation of a band at
832 cn1? in the product mixture is characteristic of the-T®
stretching frequency of the unreacted Odefnion, which
occurs at 794 (Raman) and 806 (IR) chin unsolvated and
strongly ion-paired AgOTef° and which rises to 868 and 867
cmtin the weakly ion-paired N(Ckls™ 51 and Nf-Bu),™ 52

to Ask; was observed in the NMR spectrum of the decomposed salts, respectively. Intermediate F© frequencies have been

solution and AsBy was not observed in the low-temperature
Raman spectrum of the decomposed solid sample.

In contrast, solutions of the Asgl salt in SQCIF and the
solid are stable indefinitely at room temperature. T#feNMR
spectrum of [AsCf[[As(OTeks)g] in SO.CIF at 30°C displays
an intense, but severe, ABpattern centered at41.9 ppm,
which is in good agreement with the previously reported véiue.

Because the precursor to the Sb(Od)gFanion, Sb(OTe§)s,
is unstablé? a synthetic route analogous to that used for [A5CI
[As(OTeks)e] could not be used. The proposed alternative route
involved a three-step scheme:

SOCIF

SbCL + 6[Ag][OTeF] [Ag][Sb(OTeR),] + 5AgCl

(13)

(49) Sanders, J. C. P.; Schrobilgen, G. J. Unpublished results.

observed for the solvated metal cation s&ts The high
frequency of the TeO stretch in the initial product mixture
(eq 16) is likely the result of long contacts betweentAgns

and oxygens/fluorines of the OTekRroups of the mixed
Sb(OTek)s-nCly~ anions. Addition of excess &to the final
product mixture (eqs 18 and 19) followed by removal of volatile
materials under vacuum resulted in retention of the Raman
spectrum of AsGI" and the growth of four medium to strong
intensity Raman bands in the SEI stretching (280 and 331

(50) Colsman, M. R.; Newbound, T. D.; Marshall, L. J.; Noirot, M. D.;
Miller, M. M.; Wulfsberg, G. P.; Frye, J. S.; Anderson, O. P.; Strauss,
S. H.J. Am. Chem. S0d.99Q 112 2349.

(51) Christe, K.; Dixon, D. A.; Sanders, J. C. P.; Schrobilgen, G. J.; Wilson,
W. W. Inorg. Chem.1993 32, 4089.

(52) Miller, P. K.; Abney, K. D.; RappeA. K.; Anderson, O. P.; Strauss,
S. H.Inorg. Chem.1988 27, 2255.

(53) Kropshofer, H.; Leitzke, O.; Peringer, P.; SladkyORem. Ber1981,
114, 2644.
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Figure 1. 7™As spectra of (a) [AsG][As(OTeRs)e] and (b) [AsBe]-
[As(OTeR)g].

cm™1) and CFSb—Cl bending (164 and 190 cr¥) regions,
with the band at 331 cmt appearing as the most intense line

-60 -100
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Table 1. ">As Spin-Lattice Relaxation TimesTy) and Line Widths
(Avyp) for [AsX4][As(OTeRs)s] (X = ClI, Br)

Ti(°As) [MS]  Avipcac[HZ]2  Avipons[HZ]®
AsCls+ 1.367/1.689 233/188 267
As(OTeR)s”  0.692/0.836 460/381 618
AsBrs* 1.968 162 279
As(OTeR)s-  1.027 310 513

aLine width calculated from\vy, = (nT1)~% P Line width at half-
height measured from the spectruiil; obtained by exponential fitting.
4T, obtained from a semilogarithmic plot.

to give ">As resonances of sufficiently narrow line widths to
be observed. Two relatively narrow signals were observed at
441.7 ppm Avy, = 267 Hz) and—28.7 ppm Avy, = 618 Hz)
for [AsCl4][As(OTeRs)¢] and at—29.2 ppm Qv = 513 Hz)
and —134.3 ppm Qva, = 279 Hz) for [AsBe][As(OTeRs)q,
with integrated relative intensities of cation/anienl:1. The
signals at—29 ppm are assigned to the As(OERF anion by
comparison with the known [N(ChHk][As(OTeFs)g] salt (—29.1
ppm in CHCN at 30°C),*® and the remaining signals are
assigned to the As¢t and AsBy* cations, respectively. The
chemical shift of AsGi" is the most deshieldeAs chemical
shift reported to date and exceeds that of aqueoug\$@y,
for which a chemical shift of 369 ppm\12, = 989 Hz) has
been reporte®56 The observation of two relatively narrow
signals in the’>As NMR spectrum is consistent with the high
symmetries about th€As atoms and low electric field gradients
at the”™As nuclei (see section offAs NMR relaxation). Slow
decomposition of [AsBj][As(OTeks)s] was observed at 30C
with the anion and the cation decomposing at approximately
the same rate (see sections on synthesis of,AsAltsand "°As
NMR relaxation study).

in the spectrum. The bands are in good agreement with the ~The spin-lattice relaxation timesTg) have been determined

[AG/ASCI J[Sb(OTeR)s_,Cly_l + Clay —

[Ag/ASCI][Sb(OTeR)s_,Cll  (N=2) (18)

[Ag][OTeFg] s + Clyqy —~ AgCl,, + ClOTeFR;, (19)

frequencies reported for Shland SbCJ~ 54 and likely arise
from mixed SN anions, Sb(OTefs-nCl,~. The band associated
with the Te-O stretch of unreacted OTgRanished as a result
of Cl, oxidation (eq 19), and CIOTgRvas identified as one of
the volatile products. The reaction of excessWith AgOTeFs
was shown, in a separate experiment, to yield CIGTe0
°C in SQCIF; 1°Fa, —46.1 ppm;1%Fg, —51.0 ppm;2J(1°Fa—
19Fg), 176 Hz;1J(*25Te—1%F), 3744 Hz; 50% of total intensity)
and two other AR patterns {70 °C in SQCIF; 19F,, —49.3
ppm;1°%Fg, —53.9 ppmZI(FFA—1Fg), 175 Hz;1J(*25Te—1%%),
3859 Hz; 33% of total intensity; antfFa, —43.6 ppm;°Fg,
—47.9 ppm;2J(*°FA—19F3), 178 Hz; 17% of total intensity) as
volatile products.

"®As NMR Spectroscopy of [AsX][As(OTeFs)¢] (X = Cl,
Br) and [AsBr4][AsF(OTeFs)s]. The NMR spectra of the
quadrupolar®As (I = 3/5, 100%) nuclei in [AsX][As(OTeFRs)¢]
recorded in S@CIF solvent at 3CC are depicted in Figure 1.
As noted above, it was possible to record only thls NMR
spectrum of [AsBf[As(OTeFs)g] and monitor its decomposition
in mixtures with [AsBE][AsF(OTeks)s] because of the rapid
room-temperature decomposition of the latter salt and failure
of the low-symmetry arsenic-containing decomposition products

(54) Nakamoto, K. Ininfrared and Raman Spectra of Inorganic and
Coordination Compoundsth ed.; J. Wiley & Sons: New York, 1997
Part A, Chapter I, pp 198 and 216 and references therein.

for the "®As environments of [AsBI[As(OTeFs)g] and [AsCL]-
[As(OTeks)g] in SOCIF solutions at 30C using the standard
inversion-recovery sequence (Table 1 and Supporting Informa-
tion) and are the first such studies for tetrahedrally coordinated
arsenic. The spinlattice relaxation times obtained from In(

— |;) versusr plots are generally found to be longer than those
derived from the more accurate exponential fittingahd I,
denote the delay time and the signal intensity using the delay
time 7 in the inversion-recovery pulse sequence;t—"/,—
acquisition).

The guadrupolar relaxation mechanismf#s (100% natural
abundancel = 3/,) is dominant and gives rise to short spin
lattice relaxation times. The AsBrcation has a shortdi value
than the AsC}™ cation because the ionic radius of AgBiis
larger, resulting in a longer molecular correlation time, The
As(OTeR)s~ anion was found to have a shortPAs spin—
lattice relaxation time than either AsClor AsBry*, as is evident
in the "As NMR spectra (Figure 1), where the anion signal is
broader than that of either cation. The additional line broadening
results from the larger radius of the As(OEgF anion and its
correspondingly longer rotational correlation time. &As T;
value of 2.99 ms was previously reported for [N(§HAs-
(OTeks)g) in CH3CN solution at 3CC. This value is 3-4 times
longer than the values obtained in the present study for the
anions of [AsBE][As(OTeR)¢] and [AsCL][As(OTeR)g] in SO
CIF solvent at 3C°C. The differences are likely related to the
higher viscosity and lower polarity of SOIF solvent, with the
latter favoring ion pair formation, and with both increased ion
pairing and higher viscosity serving to increageand, hence,

(55) Balimann, G.; Pregosin, P. $. Magn. Resonl977, 26, 283.
(56) McGarvey, G. B.; Moffat, J. BJ. Magn. Reson199Q 88, 305.
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Table 2. Summary of Crystal Data and Refinement Results for
[AsSCly][As(OTeRs)s] and [AsBrL][AsF(OTek)s)

[ASCl4][As(OTeFRs)g] [AsBr4[AsF(OTek)s)
formula A§C|4F3006T65 A§ZCI4F3OOGTe6 A§zBr4F2505Te5
spe(tce %roup R3(148) R3(148) P1(2)

No.
temp (C) —123 —183 —183
a(A) 9.8741(14) 19.688(3) 9.778(4)
b (A) 9.8741(14) 19.688(3) 17.731(7)
c(A) 55.301(11) 55.264(11) 18.870(8)
o (deg) 90.00 90.00 103.53(4)
p (deg) 90.00 90.00 103.53(4)
y (deg) 120.00 120.00 105.10(4)
V (A3) 4669(1) 18552(5) 2915(2)
z 6 24 4
1A 0.71073 0.710 73 0.71073
Pcalcd 3.677 3.702 3.831
(gen3)
u (mm™1) 8.20 8.26 12.863
R 0.0438 0.1341 0.0368
WRZ? 0.1445 0.4246 0.0513

ARy = (3|IFol — IFcll)/XIFol for I > 20(l). *WR = [ [wW(Fo* —
FAAI s w(F2)?A Y2 for | > 20(l).

T.. A similar solvent effect was found for AgR cations, where
a broadening of théAs resonance was observed on going from
H,O to DMSO solvent>56

X-ray Crystal Structures of [AsCI4][As(OTeFs)g] (—123
and —183°C) and [AsBr4][AsF(OTeFs)s] (—183°C). Details

Inorganic Chemistry, Vol. 39, No. 13, 200@817

The average AsO distances (1.79(1) A) [1.801(6) A] of the
As(OTeFk)s~ anion are comparable to the average’A®
distances observed for hexacoordinate/ As [N(CH3)4][As-
(OTeR)¢] (1.807 AY® and My(As,F1¢00)-H,O (for M = Rb,
As—O0=1.75A; for M= K, As—O = 1.74 A)58 The average
Te—O (1.85(1) A) [1.85(1) A] and TeF (1.81(1) A) [1.80(1)

A] bond distances are comparable to those found in many other
OTek compounds. The AsO—Te angles are very similar to
those reported previously for [N(GHI[As(OTeFs)¢] (140(2).48

The As’—Cl bond lengths of AsGl" are identical within 3,
and the average €lAs—CI angles are close to the ideal
tetrahedral value. The structural parameters of the Astion
are in agreement with those previously reported ([AS$F],
As—Cl, 2.0545(9) A and G+As—Cl, 108.03(5), 110.20(3);*7
[AsCl4][SbClg]-AsCl;, As—Cl, 2.03(2)-2.07(2) A)#5 Each
cation in [AsCK][As(OTeFs)¢] has three long As-F contacts
with three fluorine atoms belonging to three different ordered
anions (As(1)--F(2), 3.413(4) Ax 3) [As(2)-++F(20), 3.377(7)

A x 3, and As(1)--F(5,7,12), 3.411(7), 3.447(7), 3.432(7) A]
that pass through the centers of three of the faces of the
tetrahedron (those containing the halogen atom positioned on
the C; axis (CI(2)) [CI(6)]), whereas the face containing the
three symmetry-related halogen atoms (Cl(1)) [CI(5)] does not
have any long As-F contacts (Figure 2). In the-183 °C
structure, one of the cations is no longer positioned dz a
axis but still maintains three long aniegation contacts (As(1)).

of the data collection parameters and other crystallographic |, the previously reported structure of [AsflAsFg],47 the
information are given in Table 2. Important bond lengths and AsCl;* cation has four long #-AsCls+ contacts, with each

angles for the AsX' cations (X= Cl, Br), together with average
bond lengths and angles for the As(O§rFand AsF(OTek)s~

contacting fluorine approaching the center of one of the four
faces of the AsGlI" tetrahedron so that a regular tetrahedron of

anions, are listed in Table 3. The bond valences for individual f,orines surrounds the Asgl tetrahedron (3.445 Ax 4).
bonds in the cations and for their long contacts as defined by Although the F--AsCl;* distances to AsGl in [AsCl[As-
Brown are also included in Table 3. The geometrical parameters g Ter)] are at the limit of the sum of the van der Waals radii
(bond lengths, angles, contacts) of both the high-temperature(3.3559_3_4oeoA), bond valence calculations indicate that these

and low-temperature phases of [Ag[[As(OTeks)¢] are es-

long contact interactions are weaker in the As(Og)gFsalt;

sentially identical; consequently, the numerical values for the j o “the total bond valence for each arsenic atom of As@l
structure at-123°C are reported in parentheses, and those for (4.955) [4.906, 5.013] v.u. (bond valence units), with contribu-

the —183 °C structure are given in square brackets.

(a) [AsCl4][As(OTeFs)q]. The structures of the As@l cation
and As(OTeE)s~ anion have been reported previously in [A4CI
[AsF¢]#647 and [AsCh][SbClg]-AsCl:*> and in [N(CH)4][As-
(OTeRs)gl.#8 The compound [AsG][As(OTeRs)s] consists of
well-separated AsGt cations and As(OTefs~ anions (Figure
2). In this structure and in the crystal structure of [NE4H

tions of (1.24%1.205) [1.255-1.208, 1.238-1.258] v.u./Cl
atom and (0.009) [0.009, 0.06®.009] v.u./long fluorine
contact. The corresponding value for the Askalt is 4.87
(1.210 v.u./Cl atom and 0.008 v.u./long fluorine contact). The
more weakly coordinating character of the As(O3)gFanion

is reflected in the smaller number of long aniaration contacts
and in the smaller contribution to the total bond valence of the

[As(OTefs)e], the central arsenic atom is octahedrally coordi- ag atom of the cation (Table 3). The occurrence of contacts

nated to the six oxygen atoms and each of the six tellurium penyeen the central atom of the cation and fluorines of the anion
atoms is octahedrally coordinated to an oxygen and five fluorines js 5150 a feature encountered in the related [FE8H(OTeR)e3°

so that each anion can be described as an octahedron obng [Shcy|[Sh,F:,]? salts where the Sb atom has three long

octahedra. The As(OTgf anions in the present structure

Skr+-F contacts at 3.346(2) A and four long St contacts at

display features in common with the two crystallographically 3.0 A respectively. Other aniercation contacts occur between

nonequivalent Sb(OTeg}s~ anions in [SbX][Sb(OTek)e] (X
= Cl, Br).2%While the AsC}* cations are ordered at123 and

the halogen atoms and several fluorine atoms of both ordered
and disordered anions that are at the limit of the €lvan der

—183°C and have the expected tetrahedral geometry, one [tWo]\y/aals distance (3.1%—3.20%° A), ranging from 3.022(9) to

of the two [four] crystallographically independent anions is-

[are] perfectly ordered and the other[s] suffers from an orien-

3.312(5) A 123°C) and 3.01(1) to 3.303(7)183 °C).
The crystal structure of [AsG[As(OTeks)g] is dominated

tational disorder (Figure 3). The degree of disorder is lower at by the larger As(OTefls~ anions and consists of a hexagonal

—183 °C than at—123 °C, which is expected for a phase
transition that occurs at155°C. This disorder can be described

closest-packed anion lattice with the cations occupying what
are formally octahedral interstitial sites which are, in fact,

as the superposition of four (two) anions where the As and Te yigona| prismatic holes with three anions from each layer
atoms occupy the same positions; their respective thermal yefining the site. Interestingly, the AsClcations are not located

parameters are as low as those observed in the nondisordered

anions. In contrast to the anions in [SfpEb(OTek)e], where

both fluorine and oxygen positions are distinguishable, only the
oxygen positions could be resolved in the present structure (se

Experimental Section).

(57) Brown, I. D.J. Solid State Chenl974 11, 214.
(58) Haase, WActa Crystallogr.1974 B30, 1722.
(59) Bondi, A.J. Phys. Cheml964 68, 441.

€60) Pauling, L.The Nature of the Chemical Bon@rd ed.; Cornell

University Press: Ithaca, NY, 1960; p 260.
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Table 3. Selected Bond Lengths (A), Bond Valences (véand Bond Angles (deg) in [As@[As(OTeRs)s] (—123 and—183°C) and
[AsBr4)[AsF(OTek)s)

[ASCI][As(OTeRs)s] (—123°C)

As(1)-CI(1) 2.045(2)x 3[1.241x 3] As(1)-ClI(2) 2.056(3) [1.205]
As(1y--F 3.413(4)x 3[0.009x 3]
total bond valence As(1) 4.955
CI(1)#1-As(1)-CI(1) 108.72(5)x 3 CI(1)-As(1)—-CI(2) 110.21(5)x 3
[ASCIg[As(OTeFs)s] (—183°C)
As(1)-ClI(2) 2.042(3) [1.251] As(1)CI(1) 2.040(5) [1.258]
As(1)-CI(3) 2.045(3) [1.241] As()ClI(4) 2.046(3) [1.238]
As(2)—CI(5) 2.041(5) [1.255] As(2)CI(6) 2.055(3)x 3[1.208x 3]
As(1)--F 3.411(7), 3.447(7), 3.432(7) [0.009, 0.008, 0.008]
As(2)--F 3.377(7)x 3[0.009x 3]
total bond valence As(1) 5.013 As(2) 4.906
Cl(2)—As(1)—Cl(1) 110.16(12) Cl(2yAs(1)—CI(3) 108.90(12)
CI(1)—As(1)—CI(3) 110.36(11) Cl(2yAs(1)—Cl(4) 108.56(13)
Cl(1)—As(1)—Cl(4) 110.29(11) CI(3)As(1)—Cl(4) 108.53(11)
CI(5)—As(2)—CI(6) 110.41(10) Cl(6)#1-As(2)CI(6) 108.52(10)
[AsBr4][AsF(OTekR)s)
As(1)-Br(1) 2.233(2) [1.248] As(2)Br(5) 2.233(2) [1.248]
As(1)—-Br(2) 2.235(2) [1.241] As(2)Br(6) 2.234(2) [1.245]
As(1)—Br(3) 2.233(2) [1.248] As(2)Br(7) 2.236(2) [1.238]
As(1)—-Br(4) 2.227(2) [1.269] As(2)Br(8) 2.225(2) [1.275]
As(1)--F 3.826(7) [0.003]
total bond valence As(1) 5.009 As(2) 5.006
Br(4)—As(1)—Br(3) 110.32(7) Br(4yAs(1)—Br(1) 108.29(7)
Br(3)—As(1)-Br(1) 109.88(6) Br(4)-As(1)—Br(2) 108.88(7)
Br(3)—As(1)—Br(2) 108.92(7) Br(1)As(1)—Br(2) 110.54(6)
Br(8)—As(2)—Br(5) 109.24(8) Br(8)-As(2)—Br(6) 110.52(7)
Br(5)—As(2)—Br(6) 110.19(7) Br(8)As(2)—Br(7) 110.70(7)
Br(5)—As(2)—Br(7) 108.63(7) Br(6Y-As(2)—Br(7) 107.53(6)

aBond valence units (v.u.) are defined in ref $%.= 2.125 (As-Cl), R, = 1.65 (As—F), R, = 2.315 (As-Br) andB = 0.37 were used.

&
Figure 3. Packing of [AsCJ][As(OTeR)g] at (a) —123°C and at (b)

Figure 2. Geometry of the AsGl cation and ordered As(OTek™ _183°C

anion at—183°C. The coordination environment of the AgCtation
with fluorine atoms of three different anions is denoted by dashed lines. ] )
Thermal ellipsoids are shown at the 50% probability level. was previously encountered in the crystal structures of [FbX

[Sb(OTeR)g] (X = CI, Br).3°
in the middle of the trigonal prismatic holes in either structure  (b) [AsBr4][AsF(OTeFs)s]. The structures of the AsBr
but are closer to the layer containing the nondisordered (As(1)) cation and AsF(OTeffs~ anion are both reported for the first
[As(1)—As(3)] anions than to the layer containing the disordered time. The AsF(OTefjs~ anion is isovalent and isostructural with
(As(5)) [As(2)-As(4)] anions. This displacement can be TeF(OTek)s, which has been characterized ¥ NMR spec-
understood by considering the total bond valence around arseniaroscopy?! The compound consists of well-separated ASBr
in the AsCL* cations. If the cations were positioned at the cations and AsF(OTeJs~ anions (Figure 4). The two crystallog-
centers of the trigonal prismatic sites, the cations would have raphically independent AsBr cations have the expected tetra-
long As-+F contacts with fluorines of both the disordered and hedral geometry, with the BrAs—Br angles close to the ideal
nondisordered anions. The contacts would be too long to tetrahedral value (range: 107.53¢&)10.70(7)). All the As¥—
contribute to the total bond valence of (As(1)) [As(1), As(3)] Br bond lengths are equal withins3ranging from 2.225(2) to
so that the total bond valence of five for the (As(1)) [As(1), 2.236(2) A, and are in excellent agreement with our previous
As(3)] atoms would not be met. It appears that the-As empirically predicted value of 2.2213%and theoretical values
contacts serve to constrain the ordered anion in one orientation,(see Computational Results). TheVA<Br bond length reported
while the absence of contacts with the fluorines of the other
anion account for the disorder on this anion. Similar behavior (61) Lentz, D.; Pritzkow, H.; Seppelt, Knorg. Chem.1978 17, 1926.
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in this paper is presently the only AsBr bond length known, ~ Figure 5. Raman spectra of microcrystalline (a) [AslPAs(OTeFs)e]
and as expected, it is shorter than the terminal ABr bond (—124°C), (b) [Ag/ASCL][Sh(OTek)snClr] (24 °C) recorded using

. — 514.5 nm excitation, and (c) [AsBfAsF(OTek)s] (—110°C) recorded
lengths observed in AsB(2.322(1) A)%? AsBrg®~ (2.347(1)- using 1064 nm excitation. Labels—v, denote cation bands. Enlarge-

2.387(1) A)%® and [AsBy ], (2.393(1) A)% ments show the natural abundance chlorine isotopic shifts om;the
The central A% atom in the AsF(OTefJs~ anion is coordi- (A1) andwvs(T,) bands.

nated to five crystallographically nonequivalent O§gFoups

and to a fluorine atom so that the gross geometry can be ! f .

described as a pseudo-octahedron in which all the @geftips group, the relatlve conform_au_ons of the eq_uatonal Q,T@Eups

of the anion have the pseudo-octahedral geometry observed i ASF(OTGE)5 are very S|mllar to those in Te(OTQ_E . The

other OTek compounds (vide supra). The %sO (av 1.805(9) axial OTe(5/10)F group points toward the equatorial OTe(3/

A), TeV—0 (av 1.849(8) A), and Té—F (av 1.827(9) A) bond 9)Fs group, which, in turn, is directed away from the OTe(5/
lengths are identical to those observed in As(G)eF(vide 10)F group; the two OTekgroups are, however, not perfectly

: - - eclipsed. The two equatoritfans-OTeks groups, OTe(2/8)F
?f_grzal(aér)]dar%ug%oﬂ?(% 'l&n)f%rcr)?%“g;l)étﬁ r:g etgﬁarnvlv?tl;i—ﬁg and O'I_'e(4/6)E are cis to OTe(3/9)and also point away from
the As’—F bond length in the AsF anion%* It is worth noting the aplcaI_OTe(5/1_O)Fgroup so that they adopt a trans, syn
that the A¥—Oeq and A¥—Oa bond lengths are found to be conformation relatlvg to one another._ The OTe(1£7gFoup
equal, in contrast to the Te-O bond lengths in Te(OTeJz~ trans to OTe(3/9)Epoints toward the apical OTe(5/1Q)§roup

where the equatorial -0 bonds were found to be longer S that these two equatorial groups have a trans, anti confor-
than the axial T€ —0 bond. The difference presumably arises mational relationship apparently imposed by OTe(5/20)F

; . . . OTe(3/9)k steric interactions.
because the lone paiequatorial Te-O bond pair repulsions . .
: - L The closest anionAcation contacts occur at 3.157(6) [F(%)
in .TE(OTEE)5. are S|gn|f|cantly greater tha_n the A& bo?d Br(1)], 3.530(6) [F(2)--Br(8)], and 3.346(6) [As(2)-F(71)] A
pair—equatorial Te-O bond pair repulsions in AsF(OTegk . d he limit of the Br-F der Waals di 33
The latter appears to be very similar and is supported by the and are at the limit of the BrF van der Waals distance (3.

cbsenvaton ha the @ AS-Ouy and F As O angles are 19, UrIKe e ASCIsiucture e ave rofastry anon
all equal, within , to 90, while in Te(OTek)s", the Qi is 5.01 and 5.00 v.u., with contributions of 1:24.27 and 1.24
1.28 v.u./Br atom and where the shortest-KsBr,+ distance
is 3.826(7) A (As(1)-+F(94)). Moreover, it is worth noting that
(62) Schmidbaur, H. Bublak, W.; Huber, B.. Mer, G. Angew. Chem., there are no (HeOyAs—F---AsBr, contacts, with the shortest
Int. Ed. Engl.1987, 26, 234. distances at As(3)F(1)+-As(1) = 4.960 A and As(4)F(2)--
(63) Kaub, J.; Sheldrick, W. &. Naturforsch.1984 39h, 1257. As(2) = 5.422 A.
©4) ﬁa'lk'”' A';c\rﬁvardigglal_i%B%gi%m' R.N.; Templeton, D. H.; Bartlett, Raman Spectra of AsBy™ and AsCl;+ Salts. The solid-
(65) I\/I.ernc(i)ég,. H. IgmA Sanders, J. C. P.; Schrobilgen, Gndrg. Chem. state Raman spectra of the title compounds are shown in Figure
1995 34, 5261. 5. The observed frequencies and their assignments are sum-

As a consequence of the steric effects of the axial @QTeF

As—0Ocq angles are compressed from the idedl 8Agle to an
average angle of 81
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Table 4. Raman Frequencies and Assignments in [A§8$(OTeR)q], [AsBr4[AsF(OTekR)s], [Ag/AsCL,][Sb(OTek)s-nCly-2], and [Ag/
AsCL][Sb(OTeR)s-nClr] (n = 2)2

frequency, cm*

[Ag/AsCl,) .
[AsBr] [Sb(OTeR)s_«Cl2/ [Ag/ASCLy] assignment
[AsCl][As(OTeRs)q] [AsF(OTeFR)s)® Sh(OTek)s-nCl© [Sb(OTek)s-nCln@ catiorf aniori
503(29) 356(12) 502(15) 499(17) va(T2), Vas
353(12)
420(100) 247(100) 419(100) 419(65) vi(A1), s
186(59) 120(64) 185(83) 185(53) va(T2), Oas
116(68)
151(41) 85(79) 146(63) 147(60) va(E), ds
741(7) 736(10) 737(2) ve(E), vad TEFy)
729(9) 727(sh)
723(11)
714(28) 712(8) 715(33) (A1), v(TeF)
706(70) 705(sh) 700(61) 704(33)
698(48) 699(76) 696(sh)
694(sh)
664(64) 660(47) 660(68) 658(84) va(Ar), v(TeFy)
649(24) 644(19) 645(sh) 647(sh) v5(B1), vad TEF)
643(21) 640(14)
614(5)
514(4)
449(19) 473(18) 440(sh) 449(6) v3(A1), v{Te—0)
440(sh) coupled withrs(M—0O)
414(sh) 406(3) 395(43) 405(sh)
400(5) 395(25)
372(5) 362(12) 365(2)
342(5)
331(14) 332(12) 332(24) 331(100) vo(E), S(FTeR)
307(26) 306(13) 305(24) 304(16) va(A1), 0FTeR)
297(6) 280(17
243(9) 239(sh) 233(22) 237(11) v11(E), 0adTeFy)
226(sh)
190(shy
164(6)
144(30) 137(12) 139(54) 140(31) 7(TeOM)
131(11)
124(29)
103(9) 110(sh) 106(10) lattice mode
97(38) 86(10)

2Values in parentheses denote relative intensities and sh denotes a sHoGl®ains 5-10 mol % [AsBr][As(OTeRs)q]. ¢ Mixture derived
from eq 17. An additional peak assigned to the-Testretching frequency of unreacted OFeRvas also observed at 832(4) thind Mixture
derived from eq 18° The frequencies reported feg(T,) andvi(A,) for AsCls™ correspond to those of the RE1,3"Cl,+ and AS®CI3’CIT isotopomers,
respectively! The vibrational modes of the OTegroups are assigned undéx, symmetry (see refs 33 and FlAssigned to Sk-Cl stretching
(331 and 280 cmt) and CHSb—Cl bending (190 and 164 cr¥) modes; cf. ref 54.

. - . Table 5. Raman Frequencies and Assignments for the Chlorine
marized in Table 4. The frequency assignments for the @TeF Isotopic Splitting onva(Ar) andvs(T>) of AsCl* in [Ag/

groups of ASF(OTe§57, AS(OTer)ei, and Sb(OTeEG—nC|n7/ ASC|4][Sb(OTeE,)G—nC|n] and [ASCh][AS(OTer)e]
Sb(OTek)s-nCln—2~ anions were made by comparison with the

assignments for [N(CH4[M(OTeFs)s] (M = As, Sb¥® and frequencies, crrt
require no further comment. In the case of the assignment of assignment Sb As®
the As—F stretching mode of [AsBJAsF(OTeR)s], no defini- v1(A1) band

tive assignment of this mode is possible because several bands vi(A1), As*Cls* 421.4 423.0
arising from Te-F stretching motions also appear in the — Vi(Ax), ASPCICI" 418.5 420.1
anticipated region (ca. 68700 cnT?) and are expected to be Zlgﬁ%’ ﬁg%gtﬁli iig'g iﬂé
considerably more intense than the-A5 stretch. The ShCl vi(Ai): ASTOL* 4100 .
stretching and C+Sb—CI bending modes of the mixed Cl/

OTeks antimony(V) anions have not been explicitly assigned, va(T2), ASSCly*; va(E) Asagé;!%;cgihd 502.0 507.0

but bands that compare favorably with their counterparts in the ve(B1), ASBCI3Cl,+
SbCl,~ and SbGJ~ anion&” are indicated in Table 4 (also see  vy(A1), As*CI*CI*

sections on syntheses and NMR spectra). The assignments of V2§A1;, Ag:g:nglli* 499.0 503.0
the AsCht and AsBgt cation vibrations were made b va(Ag), A Cls 495.4 498.0
: b y v3(T2), ASCls+: va(E), ASSCICl3*; 490.0 493.0

comparison with the vibrational spectra of [AgAsFe] (X = 3701
Cl, Br) 354143 AsCl,][SbFe], % [ASCLJ[MCI ] (M = Al, Ga)40 va(Ba), ASECICl:

and [AsBg][Al ;Br7]4 and were confirmed by theoretical 2Values observed for the Sb(OT9ECly~ salt.® Values are for
calculations (see Computational Results and Table 6). Splittingst€ AS(OTek)s™ salt.© Too weak to be observed.

arising from the®*37Cl isotope effect, which were not reported  (T,) of the AsCL* cation for both the As(OTefs~ and

in previous studies, were, however, observed{A;) andvs- Sb(OTek)s-nCly~ salts, although they were better resolved in
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Table 6. Calculated (LDFT/DZVP) and Experimentdbeometries and Vibrational Frequencies for the MXations (M= P, As, Sb, Bi; X

=F, Cl,Br, )
Bond Distance (A)
PR* 1.505[1.480, 1.470] Asf 1.666 [1.606] SbhF 1.870 BiR" 1.917
PCl,* 1.967 [1.927(2)] AsCIf 2.089 [2.040(5)-2.056(3)] SbCyt 2.275[2.221(2)] BiCJ* 2.367
PBIy* 2.145 [2.17(1)] AsBr+ 2.258 [2.225(2)-2.236(2)] SbBy* 2.426 [2.385(2)] BBy 2.506
Pl* 2.397 [2.396(9)] Asf" 2.498 [2.449] Shit 2.660 Bil," 2.750
frequency (cm?)?
symmetry PE" PCl" PBr,* Pt
A 858(0) [906] 437(0) [458] 255(0) [254] 173(0) [193.5]
E 284(0) [275] 162(0) [178] 90(0) [116] 58(0) [71]
T 1134(693)  [1167] 640(496)  [662] 504(353)  [503,496] 408(80)  [410]
412(130)  [358] 242(16) [255] 141(3) [148] 92(1) [89]
symmetry Askt AsCly* AsBrs* Asly*t
A 725(0) [748] 402(0) [422] 242(0) [245] 166(0) [183]
E 192(0) [272] 129(0) [151] 76(0) [83] 52(0) [72]
T 837(223)  [825] 483(213)  [503] 353(148)  [352] 279(105)  [319]
258(84) [287] 173(12) [186] 111(3) [115] 77(2) [87]
frequency (cm?)?
symmetry SbE" ShCl* SbBr,* Sbl,*
A 654(0) 377(0) [395.6] 232(0) [234.4] 161(0)
E 132(0) 95(0) [121.5] 60(0) [76.2] 42(0)
T 720(127) 431(141) [450.7] 306(105) [304.9] 238(81)
177(96) 124(16) [139.4] 86(6) [92.1] 62(2)
frequency (cm?)®
symmetry BiR" BiCl,* BiBrs" Bil 4"
A 573(0) 323(0) 204(0) 142(0)
E 125(0) 86(0) 55(0) 38(0)
T 608(81) 352(21) 244(51) 183(38)
163(69) 99(14) 70(5) 51(2)

aExperimental (ref 30) values are reported in square brackéatfrared intensities, in km mot, are given in parentheses.

the latter case. In the case of thgA1) mode, all five of the

(OTeR)q] reveals that none of the Asgl cation modes are

expected isotopically shifted bands were observed (Table 5) evenexpected to be split, thus helping to facilitate the observation

though the spectrum of the As(OT£§ salt suffers from
overlap between the AXCl," band ofv;(A;) and an anion band

of 3%37C| isotope splittings.
Computational Results.The results of the density functional

at 423 cml. The assignments of these chlorine isotopic theory calculations at the local (LDFT/DZVP) level for the
splittings to their corresponding isotopomers are given in Table PnX,* cations are summarized in Table 6. Overall, there is good

5 and have been made by analogy with those of $b®land
with the isotopically splitvy(A1) mode of PCJ*.5 The relative

agreement between the calculated and observed geometrical
parameters even though the calculated bond lengths tend to be

intensities of the isotopomer bands are in agreement with their longer than the experimental ones except forJ°Bvhere they
relative natural abundances (see ref 30). The average isotopicare shorter, and P, where the two values are in excellent

shifts per mass unit are 1.4 ciamu? (v1(A;)) and 1.9 cm?
amu! (v3(T>)) following the anticipated mass trend; i.e., they
are correspondingly smaller than in RC{1.5 cnTt amu? for
v1(A1)) and larger than in Sb¢t (1.3 and 1.6 cm! amu?,
respectively). The values observed for the AgGtation are
equal, within experimental erro#0.1 cnt?), to those obtained
for the isoelectronic Geglmolecule (1.8% and 1.97 cm™?
amul, respectively). As in SbBr, splittings arising from the
79818y isotope effect could not be resolved for AgBrlt is
worth noting, however, that the;(T2) and v4(T,) modes for
AsBr,t do reveal some splitting. A factor-group analysis

agreement. Consequently, the calculated vibrational frequencies
are in general found to be lower than the experimental values.
For the known cations, the expected bond length trends-(Pn
F) < (Pn=ClI) < (Pn—Br) < (Pn—I) and (P-X) < (As—X) <
(Sb—X) < (Bi—X) and the reverse trends for the frequencies
are observed. On the basis of comparisons of the calculated
and available experimental values, we expect the other predicted
bond lengths to be too long and the frequencies to be lower
than the experimental values, but still of use in assigning the
spectra of new halide cations. For comparison, we also note
that the calculated bond lengths for A%K1.666 A) and Asit

(Supporting Information) shows that the splitting does not result (2.498 A) are somewhat longer than our previous empirically

from vibrational coupling within the unit cell of [AsB){AsF-

estimated values of 1.606 and 2.449 A, respecti¥ely.

(OTeks)s] but from the occupation of two equally populated

but inequivalent sites for the AsBr cations havingC; site
symmetry. In contrast, a factor-group analysis of [AgBls-

Conclusions

The known AsCJt and AsBg* cations have been synthesized

(66) Chumaevskii, N. ARuss. J. Inorg. Cheni991, 36, 1491. Chumae-
vskii, N. A. Zh. Neorg. Khim1991, 36, 2655.
(67) Tevault, D.; Brown, J. D.; Nakamoto, Kppl. Spectrosc1976 30,

461.

and characterized by X-ray crystallography as their As(Q)seF

and AsF(OTeB)s~ salts, respectively. The AsBr cation
represents the second tetrahaloarsonium(V) cation to have been
fully structurally characterized. Both AsBrand AsCl+ have
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been characterized for the first time in solution s NMR
spectroscopy. While [AsG[As(OTeks)g] is stable, [AsBj][As-

Gerken et al.

ClOTeks (1.7750 g, 9.104 mmol; 5.3 mol % excess) was condensed at
—196°C into a preweighed 100 mL Pyrex glass bulb equipped with a

but is kinetically more stable than the previously reportedgAsF
salt and the presently reported AsF(O3)gF salt, which rapidly

decompose upon warming to room temperature. Analysis of the

bond valence parameters associated with the long caéinion
contacts reveals that the As(OTF anion is more weakly
coordinating toward AsGl than Ask~. Density functional

mmol) into the bulb at-196 °C. The mixture was allowed to react at
room temperature in the dark for 12 h, forming an orange-brown vapor
over a dark-red liquid. The reaction vessel was connected to a series
of two dry glass U-traps, and the vessel was cooled- 20 °C. The
contents were slowly pumped through traps cooled-#b and—78

°C, respectively, to remove excess CIO%ek ruby-red liquid was
collected at—45 °C, whereas an orange solid was collected-a@8

theory calculations have been used to calculate the geometricaPC. The —45 °C trap was warmed to room temperature, and all the

parameters and vibrational frequencies of known Preétions

material was distilled into the-78 °C trap. The cold baths were then

and have been used to predict those of the presently unknownexchanged and the product pumped in the opposite direction over a

BiX4*, SbR™, and Sbhit cations.

Experimental Section

Materials and Apparatus. Manipulations involving volatile materi-

period of 90 min, collecting the product in the45 °C trap. The final
product was a deep-ruby-red liquid; yield 2.7375 g (8.595 mmol, 99.5%
based on the total amount of Brmp —52 °C (reported value-75
°C).”2The'% NMR spectrum of the product in SOIF solvent at-50.3
°C showed a single ABpattern (&, —47.2 ppm; g, —53.9 ppm;

als were performed under strictly anhydrous conditions as described 2(19r, —195;), 180 Hz;1J(125Te—19F4), 3419 Hz;1J(125Te—19Fg), 3788

previously3® Caution Most of the compounds described in this work

Hz) and no detectable impurities.

are highly toxic and must be handled on vacuum systems or in dryboxes  Syntheses of [ASGI[AS(OTeFs)q], [ASBr J[AS(OTeFs)q], [ASBr 4-
that have pumps and ports that are correctly vented and in Iaboratories[ASF(OTeFS)S]’ and [AsCl4][Sb(OTeFs)s_nCly]. () [ASCl4[As-
equipped with adequate ventilation and fume hoods. In addition, work (OTeFs)g]. In the drybox As(OTeds (1.0573 g, 0.8339 mmol) was

involving the handling of glass vessels pressurized withGB and
liquid Cl, should be conducted with proper shielding in place.

Sulfurylchlorofluoride, S@CIF (Columbia Organic Chemical Co.),
was purified according to the literature metHf8dChlorine gas
(Matheson) was dried by bubbling through concentrated sulfuric acid
followed by condensation at78 °C into a dry glass U-tube equipped
with J. Young glass/Teflon stopcocks and stored-a@8 °C until it

loaded inb a 7 mmglass tube equipped wia 4 mm JYoung stopcock.

On the vacuum line, 0.1576 g (0.8693 mmol) of As@hd 0.2909 g
(1.0615 mmol) of ClIOTekwere distilled into the tube at196 °C

and the mixture was allowed to warm to and remain at room temperature
overnight. Excess CIOTgRvas removed by pumping first at78 °C

and then at room temperature to give a white powder. The product
was returned to the drybox and loaded into a two-arm glass crystal-

was used. Arsenic tribromide (Strem Chemical, 99.9%) was used |ization vessel where it was recrystallized from B0F. To obtain

without further purification. Arsenic trichloride, As€(BDH, >99%)
and Sbd (Eastman Kodak) were vacuum-distilled twice and stored

crystals suitable for X-ray crystallography, the solution was cooled from
45 °C to room temperature over several days in a water bath.

in Pyrex glass vessels prior to use. Literature methods were used tOTransparent, well-defined, hexagonal crystals appeared and were

prepare ClIOTe§?® B(OTeR)s,%® As(OTek)s,’° and AgOTek.5%7t
Preparation of AsF(OTeFs)s. It was not possible to obtain AsF-
(OTeks)4 completely free of As(OTefJs. The preparation was similar
to that used to prepare As(OT€££° which has been previously
obtained in high purity. In a typical preparation, 1.3275 g (7.81 mmol)
of Asks was condensed onto 9.4889 g (13.05 mmol) of B(OJ£it
—196 °C contained in one bulb of a dry double-bulb (100 mL each)

glass reaction vessel equipped with a magnetic stirring bar, with a J.

isolated by sealing off one arm of the reactor.

(b) [AsBr 4J[As(OTeFs)g] and [AsBr ][AsF(OTeFs)g]. In the drybox,
AsF(OTek), containing ca. 510 mol % As(OTeE)s (0.8021 g) was
transferred in a two arrf in. 0.d. FEP tube. The tube was cooled to
below —100°C, and AsBs (0.2016 g, 0.6407 mmol) was added. The
cold tube was removed from the drybox and maintainee-a8 °C
until SO,CIF (ca. 3 mL) was distilled into the tube. The BrOFefas
distilled into a preweighed graduated glass tube, and 0.2111 g (0.6628

Young stopcock on one side and a medium porosity glass frit separating mmol) was distilled from there into the reaction tube. The sample was
the two bulbs. The vessel and contents were allowed to warm to room yarmed briefly to 0°C and mixed, and about 0.5 mL of STIF was

temperature, whereupon the mixture liquified ands Birolution took
place. The mixture was allowed to stand for 24 h prior to condensing
ca. 20 mL of S@ onto the reaction mixture, which was stirred for a
further 48 h. Purification by recrystallization from liquid @as
identical to that previously reported for As(OTg The melting point

of the product ranged from 25 to 3. The®F NMR spectrum at
—70 °C consisted of a well-resolved ABspin coupling pattern (&
—48.6 ppm; g, —39.8 ppm;2I(*9Fa—1%Fg), 182 Hz;J(**5Te—1%F,),
3643 Hz;3)(**Te—19Fg), 3722 Hz) that is very similar to that of As-
(OTek)s except that a broadened singlet (12.6 pgmi, = 125 Hz)

rapidly pumped off. Crystals were grown-aB80 °C, slowly decreasing

the temperature to-38 °C over a period of 8 h. During this period
large well-formed tablet-shaped crystals were deposited on the walls.
The sample was cooled te45 °C, and the solvent was decanted into
the sidearm. The sidearm was then cooled with liquidaNd heat-
sealed off under vacuum. Samples for Raman 8RANMR spectro-
scopic studies were prepared in a similar manner by mixing the reagents
at —78 °C in SQCIF and rapidly pumping to dryness at°C. The
resulting pale-yellow powder was transferred at low temperature (ca.
—100 to—120°C) inside a drybox into the appropriate glass sample

corresponding to fluorine directly bonded to arsenic also appears. Theypes, which were closed and removed from the drybox. In the case of

relative integrated intensities of the F-on-Te region (inclusiv&dte
and?°Te satellites) to the F-on-As region was 20:1. The singlet was

the NMR samples, S€CIF solvent was condensed into the sample tubes
at —196 °C and all tubes were heat-sealed-&t96 °C. Samples for

presumably broadened by the unresolved four-bond scalar couplingszsas NMR spectroscopy were prepared directly from the reagents

to the axial and equatorial fluorines on tellurium and/or by the nearly

quadrupole collapsed("®As—1°F) coupling. The observation of a single

AB, pattern at low temperature is consistent with a trigonal pyramidal

arrangement of F and OTgkgands undergoing rapid intramolecular

exchange by means of a Berry-style pseudorotation mechanism.
Preparation of High-Purity BrOTeF s. The synthesis of BrOTeF

is an improved version of the published metH&th a typical synthesis,

(68) Schrobilgen, G. J.; Holloway, J. H.; Granger, P.; BrevardinGrg.
Chem.1978 17, 980.

(69) Seppelt, K.; Turowsky, LZ. Anorg. Allg. Chem199Q 590, 37.

(70) Collins, M. J.; Schrobilgen, G. Inorg. Chem.1985 24, 2608.

(71) Strauss, S. H.; Noirot, M. O.; Anderson, O.|Rorg. Chem.1985
24, 4307.

BrOTeks and AsF(OTeE)s, as described above, in 10 mm thin-wall
glass NMR tubes and heat-sealed with,S{ solvent. All samples
were stored at-78 °C or lower until their spectra or crystal structure
could be determined.

(c) [AsCl4][Sb(OTeFs)s-nCln]. The procedure for the preparation
of AgSb(OTek)s was similar to that reported previously except that
the reaction was carried out in 9CIF solvent. The reagents SkCI
(0.5098 g, 1.705 mmol) and AgOTek5.5612 g, 10.28 mmol) were
transferred into the central arm and into one of the sidearms of a three-
arm glass reaction vessel, which was equipped with three 4 mm J.
Young stopcocks and two medium porosity glass frits separating the

(72) Seppelt, KChem. Ber1973 106, 1920.
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central arm from the two sidearms. After 15 mL of 8IF was distilled
onto the ShG]| the resulting clear solution was poured through one
frit onto the AgOTeE, yielding a pale-yellow precipitate of AgCl and
a pale-yellow solution. After the reaction mixture was agitated in the
dark over a period of 3 days, the solution above the precipitate was
filtered through one frit into the central arm. The volume of the filtrate
was reduced, resulting in further precipitation. After repeated extraction
of the reaction mixture, the solution in the central arm was filtered
into the third arm of the reaction vessel. The ;8% solvent was
removed under dynamic vacuum, yielding a white solid that was studied
by F NMR spectroscopy and Raman spectroscopy. FPReNMR
spectrum of the product (eq 16) redissolved in,GIB revealed that it
contained several weak, severely overlapping p&tterns in the range
—39 to —52 ppm with a strong central feature at42.7 ppm
corresponding to Sb(OTek (—42.5 ppm in the N(Ck)4" salt in CHs-
CN solvent at 30C). The additional AB patterns are attributed to the
mixed anion series Sb(OTgE,Cl,". Weak Raman bands assigned
to Sb—ClI stretchs were observed at 329 and 337 &in the solid.

In a drybox, 1.057 g [Ag][Sb(OTefs-nCly] was loaded into one
arm of a dry two-arm glass reaction vessel equipped with a medium
porosity glass frit. Arsenic trichloride (0.1208 g, 0.666 mmol) was

Inorganic Chemistry, Vol. 39, No. 13, 200@823

19.6881(14) A and = 55.264(11) A). The reflections became broader
and were split at higher angles. A total of 47 032 reflections could be
reduced to 11 012 unique reflections.

The temperature for the phase transition was determined by warming
the crystal slowly and determining the orientation matrix. A reversible
phase transition takes place-al55 °C.

(b) [AsBr4][AsF(OTeFs)s]. Crystal data were collected on a single
crystal with dimensions 0.17 mm 0.15 mmx 0.11 mm. A lattice
constant determination at183 °C yielded a triclinic unit cell witha
=0.778(4) A\b = 17.731(7) A,c = 18.870(8) A,o. = 103.53(43,
= 103.53(4}, andy = 105.10(4y. Data were collected in two stages:
440 exposures of 3 min were obtained at 75 mm witA 3020 <
140> and with the crystal oscillated through 0.5n A¢, and 183
exposures of 2 min were obtained at 125 mm withi 3026 < 140
and with the crystal oscillated through 1.2 A¢. The two data sets
were merged to yield a total of 10 508 reflections, which could be
reduced to 7008 unique reflections. It should be noted that 20 crystals
from two different samples were examined, and they all gave rise to
the same unit cell; i.e., no evidence for the [AgBXs(OTeF)e] salt
could be found.

Solution and Refinement of the Structures All calculations were

condensed into the opposite arm from a preweighed vessel, and ca. 1(gerformed on a Silicon Graphics, Inc., model 4600PC workstation using

mL of SO,CIF was condensed onto the As@nd warmed to room
temperature. The solution was poured through the frit onto the
[Ag][Sb(OTekR)s-nClr], whereupon a precipitate of AgCl formed. The
mixture was agitated in the dark for 24 h and filtered back through the
glass frit. The precipitate was washed several times with aliquots of
back-distilled SQCIF. Removal of the solvent under vacuum yielded
0.6813 g of a white powder. After removal of a sample for Raman

the SHELXTL-Plus package (Sheldrick, 1994)for structure deter-
mination, refinement, and molecular graphics. The numerical values
for the —183°C data set (AsGl), when they differ from those of the
—123°C data set (AsGl), are given in parentheses; those for ASBr
at —183°C are given in square brackets.

The XPREP prografiwas used to confirm the unit cell dimensions
and the crystal lattices. The solutions were obtained by using

spectroscopy, the remaining sample (0.6263 g) was transferred to aconventional direct methods that located the general and/or special

dry 10 mm glass tube glass-blown onto a length/gfin. o.d. glass
tubing and attachedta 4 mm JYoung stopcock by means of'4 in.
stainless steel Cajon Ultra-Torr union and 1.1238 g (15.85 mmol) of
Cl, was condensed onto the sample. Upon heat-sealinythe o.d.
portion of the sample tube under dynamic vacuum-a06 °C, the
reaction tube was slowly warmed to and allowed to stand at room
temperature for 5 days under a layer of liquid.dlhe reaction vessel
was cut open on th#, in. portion of the reactor inside a drybox at
—100 to—120°C, a dry J. Young stopcock was reattached through a
Cajon Ultra-Torr union, and the cold sample was removed from the
drybox. The C} was removed by pumping the sample first-at8 °C
and then at room temperature, yielding a white powder.

Crystal Structure Determinations of [ASCIl4][As(OTeFs)g] (—123
and —183°C) and [AsBr4][AsF(OTeFs)s] (—183°C). Collection and
Reduction of X-ray Data. Crystals of both salts were stored-a78
°C prior to mounting on the diffractometer. The data were collected
on a Stoe imaging plate diffractometer system equipped with a one-
circle goniometer and a graphite monochromator. Monochromatic Mo
Ko radiation at2 = 0.710 73 A was used. The temperature was
regulated withint1 °C using an adjustable cold,Mow. In all cases,
corrections for Lorentz and polarization effects were carried out and
no absorption correction was applied.

(a) [AsCly)[As(OTeFs)g). Crystal data were collected on a single
crystal with dimensions 0.49 mmx 0.40 mm x 0.23 mm. Some

reflections could not be indexed because of the presence of small

fragments attached to the main crystal. A preliminary lattice constant
determination at O°C yielded a rhombohedral unit cell wita =
9.8741(14) A and = 55.301(11) A. The crystal was slowly cooled to
—123°C at a rate of 8C/h. Data were collected at this temperature,

and the orientation matrix and lattice parameters were redetermined.

Twenty exposures of 4 min with a separation &) = 18° were
obtained, which showed 1994 reflections from which 1622 matched
the predetermined unit cell. To obtain more intensity, data were

positions of all heavy atoms. Successive difference Fourier syntheses
revealed the remaining positions of all chlorine, bromine, fluorine, and
oxygen atoms. Any disorder in the anions was modeled at this point in
the refinement, while crystallographically well-behaved cations and
anions were refined with anisotropic thermal parameters. The positions
of the oxygen atoms for the “As(3)” (“As(5)” and “As(6)”) of the
As(OTek)s anions could be separated. The disorder could be described
as an orientational disorder involving four (two) anions sharing the
same central arsenic atom and the same tellurium atoms in which the
oxygen atoms were separated by about 0.87 (0.79, 0.93) A. The
positions of the F atoms could not be split, even though their large
thermal parameters indicated that they were also suffering from the
same positional disorder. The structure was solved using a disorder
model where the AsO and O-Te distances were restrained to those
in the ordered As(OTefs~ anions, and the site occupancy factor was
adjusted accordingly. During the final stages of the refinement, all
reflections withF? < —20(F?) were suppressed and weighting factors
recommended by the refinement program were introduced. The final
refinement gave rise to a residul, of 0.0438 (WR = 0.1445) (0.1341
(0.4246)) [0.0368 (0.0513)]. In the final difference map, the maximum
and the minimum electron densities were 1.223 (10.901) [2.533] and
—1.867 (3.980) [-2.120] e A3. The high residual for the data set of
AsCl,m at —183 °C is due to the very large number of very weak
reflections at high angles.

Nuclear Magnetic Resonance SpectroscopyNuclear magnetic
resonance spectra were recorded unlocked (field drit@fL Hz h'?)
on a Bruker AC-300 (7.0463 T) spectrometer equipped with an Aspect
3000 computer. Variable temperature spectra were obtained using a
Eurotherm B-VT-2000, and probe temperatures were determined by
inserting a copper constantan thermocouple directly into the probe. The
19F NMR spectra were obtained ugia 5 mmH/**C/A°FFP combina-
tion probe. Spectra were recorded in 5 mm thin-wall precision glass
tubes. The?1125h and’®As NMR spectra were obtained by using a

collected in two stages: 433 exposures of 4 min were obtained at 55 broad-band probe tunable over the frequency rangel?2 MHz.

mm with 10.5 < 26 < 56° and with the crystal oscillated through
0.3° in A¢, and 140 exposures of 2 min were obtained at 125 mm
with 10.5° < 26 < 56° and with the crystal oscillated throughi i
A¢. The two data sets were merged to yield a total of 10 828 reflections,
which could be reduced to 2516 unique reflections.

For a second data set the temperature was lowered83°C at a
rate of 5°C/h. Indexing yielded a doubling of tha axis @ =

Spectra were recorded in 9 mm FEP tubes. The FEP tubes were placed
inside a 10 mm o.d. Wilmad precision thin-wall glass NMR tube before
being placed in the probe. The FEP tubes were heat-sealed under
dynamic vacuum using a small diameter Nichrome wire resistance

(73) Sheldrick, G. M.SHELXTL-Plusrelease 5.03; Siemens Analytical
X-ray Instruments, Inc.: Madison, WI, 1994.
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furnace. The respective nuclei were referenced as previously destribed. was used with the Al fitting set. For PBrand Pk, the DZVP basis
The'®F NMR spectra were recorded at 282.409 MHz and accumulated set was used with the A1l fitting set. For all of the halides with=M

in 32K (64K) memories using spectral width settings of 25 (100) kHz, As and Sbh, the DZVP basis set with the Al fitting set was used. The
acquisition times of 0.655 (0.328) s, and a data point resolution of 1.53 calculations on the bismuth halides were done with the -H&adt
(3.05) Hz/data point (20068000 scans). Thé&?'Sh spectra at 71.83  ECP and basis s8ton Bi with the pseudopotential fitting sets in
MHz were recorded in 32K memories using spectral width settings of Unichem?® For F and CI, the DZVP2 basis set was used with the Al
100 kHz, acquisition times of 0.164 s, and a data point resolution of fitting set, and for Br and |, the DZVP basis set was used with the A1
6.10 Hz/data point (4000 scans). Th&s NMR spectra were recorded  fitting sets. All calculations were done at the local level with the
at 51.391 MHz in 32K memories using spectral width settings o100  potential fit of Vosko, Wilk, and Nusaf® The geometries were
50 kHz, acquisition times of 0.164).328 s, and data point resolutions  optimized by using analytic gradient methods, and second derivatives
of 3.05-6.10 Hz/data point (306812000 scans). were also calculated analyticafly.

Spin—lattice relaxation measurements were performed using a regular
inversion-recovery experiment (pulse sequenge:t—7/,—acquisition) Acknowledgment. We thank the donors of the Petroleum

at room temperature on a Bruker AC-300 NMR spectrometer. A pulse Research Fund, administered by the American Chemical Society,
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Ti values were obtained by iterative exponential fitting of the intensity Brandhorst for his assistance with the preparation of AsF-
values versug using standard Bruker software and from the linear (OTeR)..

plot of In(l. — I;) versust.

Raman SpectroscopyThe Raman spectra of [AsAs(OTeFs)s] Supporting Information Available: Arsenic-75T; measurements
(=124 °C, macrochamber), [Ag/As@[Sb(OTeR)s_.Cly], and [Ag/ of [AsBrJ][As(OTeFs)e] and [ASCh][As(OTeFs)e] at 30°C in SQ.CIF
AsClJ][Sb(OTeR)s-nCly—2/Sb(OTek)s-«Cli] (24 °C, microchamber)  solvent, factor-group analyses for [As{iAs(OTeFs)s] and [AsBr)-
were recorded on a Jobin-Yvon Mole S-3000 triple spectrograph system [AsF(OTeF)s], and an X-ray crystallographic file in CIF format for
as previously describéi The 514.5 nm line of a Spectra Physics model  the structure determinations of [Asf[As(OTeFs)e] and [AsBu][AsF-
2016 Ar' ion laser was used for excitation of the samples. (OTeks)s]. This material is available free of charge via the Internet at

The Raman spectrum of [AsBfAsF(OTeR)s] was recorded on a  http://pubs.acs.org.

Bruker RFS 100/S FT Raman spectrometer equipped with a R495 low- C000118G

temperature accessory and employed a quartz beam splitter and a quuid

nitrogen cooled Ge diode detector. The backscgttered"(lﬁmdiation é74) Andzelm, J.; Wimmer, E.; Salahub, D. R.The Challenge of d and
was sampled, and spectra were corrected for instrument response. Th f Electrons: Theory and Computatipalahub, D. R., Zerner, M.
scanner velocity was 5 kHz, and the wavelength range for acquisition C., Eds.; ACS Symposium Series 394; American Chemical Society:
was 5894-10394 cmt when shifted relative to the laser line at 9395 Washington DC, 1989; p 228.

Cm*1‘ g|V|ng a Spectra' range of 3501 t6999 cnt!l. The Fourier (75) Andzelm, J. |rDenSity FUn(':tiOnaI Theory in Chemistfyabanowski,
transformations were carried out by using a Blackman Harris four- J., Andzelm, J., Eds.; Springer-Verlag: New York, 1991; p 155.

L - . (76) Andzelm, J.; Wimmer, El. Chem. Physl992 96, 1280. DGauss is
term apodization and a zero-filling factor of 2. The 1064 nm line of a a density functional program that is part of Unichem and is available

Nd:YAG laser (400 mW maximum output) was used for excitation of from Oxford Molecular. Versions 4.1 and 5.0 Beta were used.
the samples with a laser spot diameter below 0.1 mm. The spectrum(77) Godbout, N.; Salahub, D. R.; Andzelm, J.; WimmerC&n. J. Chem.
was recorded at 110°C with a resolution of 1 cmt, a laser power of 1992 70, 560.

150 mW, and 400 scans, and a white-light correction was subsequently(78) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 271, 285, 299.
applied (79) Lee, C.; Chen, H. Unpublished results. See the Unichem manual,

: : : . : ion 3.0.
Calculations. All calculations were done with the density functional  (gg) \\/for:L%n S. J.; Wilk, L.; Nusair, WCan. J. Phys198Q 58, 1200.

theory program DGau$s7® on SGI computer systems. For the (81) Komornicki, A.; Fitzgerald, GJ. Phys. Chem1993 98, 1398 and
calculations on PF and PCJ*, the DZVP2 basis sétfor P and F references therein.





