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ment. A mechanism for the reaction with PhI(OH)(OTs),

o
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RCNH, — D29 _ RNH, —= RN*H, X (17)
—C0,

X~ = Ots, OOCCF,, Cl

analogous to the Hofmann rearrangement, was proposed by Koser
and co-workers.28#
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RCNH, + HO{OTs — RCNHI' OTs~ + H,0
Ph Ph

il -
RCNHI*, OTs~ — RN==C=0 + Phl + p-TsOH

Ph
RN=C=0 + H,0 —= RNHCOOH —= RNH, + CO,
RNH, + p-TSOH —= RN*H, OTs™ (18)

We have found that iodosylbenzene reacts with neat formamide
immediately, releasing gas as the iodosylbenzene becomes solu-
bilized. The reaction of iodosylbenzene with acetamide in ace-
tonitrile resulted in slow release of gas and uptake of iodosyl-
benzene into the solution.

Conclusions

We have found new iron complexes, (Et;HN)Fe!!l(bpb)X, (X
= Cl, OTf), capable of catalyzing the olefin epoxidation by io-
dosylbenzene. Although the yields of epoxide are not high due
to iodosylbenzene-consuming competition reaction that also occurs
in the absence of substrate, epoxides are found to be the pre-
dominant products. The epoxidation reaction occurs with ste-
reochemical retention. We have also found that a nonredox metal
salt, AI(OTf);, can catalyze the same reaction, suggesting strongly
that high-valent metal oxo intermediates are not involved. In
addition to epoxide, other products have also been observed in all

of the reactions. The presence of these products suggests that
the mechanisms of these reactions are related to those occurring
between olefins and soluble iodine(IIT) compounds, and this leads
us to propose a new mechanism. Iodine(III) species are found
to be capable of isomerizing cis-stilbene in the absence of metal
catalyst, which can explain cis-stilbene isomerization and loss of
stereochemistry in some metal-catalyzed reactions by iodosyl-
benzene. All of our observations are consistent with a mechanism
that does not require changes in oxidation state of the metal ion
and that involves electrophilic attack of I'!l at the olefin.
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Abstract: In the course of investigating the synthesis and properties of several ternary Ga-As Zintl compounds, a new Zintl
compound has been prepared: Ca,,GaAs,,. This compound has been prepared in high yield from the stoichiometric combination
of the elements in a sealed Nb tube, sealed in an evacuated quartz ampule, at 1100 °C for 4 days. It crystallizes in the tetragonal
space group /4, /acd with lattice parameters a = 15.642 (2) A and ¢ = 21.175 (4) A (room temperature). Single-crystal X-ray
diffraction data were collected at 130 K (/4,/acd, Z = 8,a = 15.620 (3) A, and ¢ = 21.138 (4) A). lts structure is composed
of isolated GaAs, tetrahedra that are separated by As; linear units, As and Ca. The As; units are situated between the tetrahedra
and alternate by 90° down the ¢ axis. Although the As-As distance in the As, unit is rather long (2.956 (2) A), it is consistent
with the long 1-1 distance observed in the isoelectronic, hypervalent 1;~ anion and therefore is considered to be formally an
As;"" anion. Optical data are consistent with a semiconducting compound, indicating an optical band gap of about 1.49 eV,
slightly higher in energy than that observed for GaAs. The synthesis, structure, and bonding in this compound will be discussed.

Introduction

Basic research on crystalline semiconductors has played a key
role in the development of solid-state devices.! GaAs and I1I/V
semiconductors? are important for electronic and optoelectronic
applications such as quantum devices,'® high-speed computers,'®
and photovoltaics.' A large group of materials that may have

* To whom correspondence should be addressed.

unique semiconductor properties are the so called ternary Zintl
phases.> This class of materials contains ternary I-III-V and

(1) See for example: (a) Crystalline Semiconducting Materials and De-
vices; Butcher, P. N., March, N. H,, Tosi, M. P., Eds.; Plenum Press: New
York 1986. (b) Bate, R. T. Sci. Am. 1988, 258, 96. (c) Seitz, C. L.; Matisoo,
J. Phys. Today 1984, 38. (d) Hamakawa, Y. Scl. Am. 1987, 256, 87.

(2) According to the recent IUPAC convention, groups III and V are
groups 13 and 15, respectively; groups I and II are groups | and 2, respectively.
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II-111-V compounds? whose structures can be interpreted ac-
cording to the Zintl-Klemm-Busmann rules.* In all these com-
pounds, the electropositive atoms donate their electrons to the more
electronegative main group atoms, which in turn form the correct
number of hetero- and homoatomic bonds such that each element
has a complete octet. Generally, these Zintl phases are distinct
from either the insulators or the typical intermetallic phases
because the structures can be described by simple valence rules
and they are normally semiconductors. This electron-counting
scheme, the Zintl concept, shows that classical descriptions of
bonding are still valid in the field of metal-main group compounds.
There has been recent interest in the use of these ternary main
group Zintl compounds as precursors to the synthesis of thin-film
I1I-V type semiconductors.**

The variety of structures obtained with ternary main group Zintl
compounds?® provides incentive to study structure—property rela-
tionships of these materials. There are three alkali or alkaline
earth gallium arsenide compounds*”7 whose structures have been
determined to date. These three compounds are related to GaAs
in that each compound consists of GaAs, tetrahedra that are linked
together in a polymeric framework. Ca,GaAs, is made up of
GaAs, tetrahedra that are linked through common corners to form
an infinite chain denoted by [GaAs,As,5]%. In Ca Ga,Ase, two
of these chains are linked together by As—As bonds to form a
double chain of GaAs, tetrahedra denoted by [(GaAsAs,,-
(Asy)1/2):]%. K;GasAs, is made up of distorted GaAs, tetrahedra
which share a common edge to form covalently bonded sheets of
[(GaAsqg);]’:, In the course of investigating the synthesis and
properties of the two known ternary Ca—Ga-As compounds
(Ca;GaAs,® and CaGa,As,’), we have synthesized a new com-
pound: Ca,;GaAs;,. This is the first example of a solid-state
compound containing a GaAs, tetrahedron that is not part of a
one-, two-, or three-dimensional GaAs, network. In addition, this
structure contains a novel As, linear polyatomic unit. Although
the structure can be describe as consisting of isolated polyanions,
the optical data are indicative of semiconducting behavior. Herein,
we describe the synthesis, structure, and properties of Ca,GaAs;,.

Experimental Section

Synthesis. Ca,,GaAs,, was initially synthesized by reacting the ele-
ments Ca (Anderson Physics Lab, 99.99%), Ga (J. Matthey, 99.99%),
and As (J. Matthey, 99.99%) in a 4:1:3 ratio. The reactants and products
were handled in nitrogen-filled dry boxes with typical water levels less
than 1 ppm. The reactants were pressed into a pellet, placed in an
alumina boat, and sealed in a silica ampule under '/5 atm of purified Ar.
The reaction vessel was placed into a furnace and heated to 1350 °C (60
deg/h). It was allowed to remain at that temperature for 1 h and then
cooled to 1000 °C (30 deg/h) and subsequently cooled (~200 deg/h)
to room temperature. The air-sensitive product was primarily a micro-
crystalline powder of Ca;GaAs, and black, hexagonal plates. The com-
position of the latter was determined by microprobe analysis and sin-
gle-crystal X-ray diffraction data.

Once the composition of the crystals was determined, Ca,GaAs,,
could be synthesized in high yields by reacting stoichiometric combina-
tions of the elements or by reacting stoichiometric combinations of
Ca,As,, GaAs (J. Matthey, 99.9999%), and As or Ca;As;, Ga, and As
sealed in a Nb tube with ~'/; atm of purified argon within the outer
Si0, jacket. The reaction was air quenched after 4 days at 1100 °C. The
air-sensitive product from the reaction primarily consisted of some
well-formed hexagonal plates together with microcrystalline material
which could be identified as Ca;GaAs;;. A very small amount of un-
identified impurity was also present in the powder mixture.

X-ray Powder Diffraction. Characterization was carried out by X-ray
powder techniques (Guinier) at room temperature. The sample was

(3) (a) Schéfer, H.; Eisenmann, B.; Milller, W. Angew. Chem., Int. Ed.
Engl. 1973, 12, 694. (b) Eisenmann, B.; Schifer, H. Rev. Inorg. Chem. 1981,
3,29. (c) Schifer, H. Annu. Rev. Mater. Sci. 1985, 15, 1. (d) Schifer, H.
Jl’.gggﬂgo Sriale Chem. 1988, 57, 97. (e) Nesper, R. Prog. Solid State Chem.

(4) Birdwhistell, T. L. T.; Wu, B.; Jun, M.-J.; O'Conner, C. J. Bull. Korean
Chem. Soc. 1990, 11, 464,

(5) Birdwhistell, T. L. T.; Stevens, E. D.; O'Conner, C. J. Inorg. Chem.
1990, 29, 3892.

(6) Cordier, G.; Schifer, H.; Stelter, M. Z. Naturforsch. 1985, 40B, 1100.
; 9‘}2}3\;‘2‘4‘?‘?6 P.; L'Haridon, P, Mauaye, M., Laurent, Y. Acto. Crystallogr.
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Table 1. Crystallographic Data for Ca,GaAs,;

fw 1454.98

space group 14, /acd (no. 142, origin choice 2)
crystal size, mm 0.175 X 0.275 X 0.05
a, A 15.620 (3)

e A 21.138 (4)

v, A? 5157 (2)

T.K 130

V4 8

Peaicdr & €M™ 3175

radiation, A Mo Ka (A = 0.71069)
u(Mo Ka), cm™ 173.68

transmission factors, % 8.1-51.3
no. of parameters refined 61
R* 0.033
R, 0.029 [w = 1/6%(F,)]

“R = LIIF| - IFI/IF and R, = T|IF,| - [Fliw'/2/ ZIFw'/3.

Figure 1. A perspective view down the ¢ axis showing the relative ori-
entation of the GaAs, tetrahedra, the As, units, and the As*" anions in
the cell. The As atoms are indicated by circles with a random dot pattern
and the Ga atoms are indicated by cross-hatched circles.

mounted between pieces of tape with NBS silicon included as an internal
standard. X-ray powder data were obtained with a focusing Guinier
camera (Enraf-Nonius) equipped with a silica monochromator to give
Cu Ka, radiation. The powder patterns were indexed according to in-
formation obtained from the single-crystal structural refinement. The
corresponding lattice constants (a = 15.642 (2) A, ¢ = 21.175 (4) A)
were determined by standard least-squares refinement.

Single-Crystal X-ray Study. The reaction container was opened in a
dry box equipped with a microscope. Several suitable crystals of Ca,,-
GaAs,, were coated with a hydrocarbon oil to minimize exposure to air.
The crystal selected for data collection (dimensions: 0.175 X 0.275 X
0.05 mm?®) was mounted on a fiber and transferred to the diffractometer
where it was placed in a cold stream of nitrogen.® Unit cell parameters
were obtained from a least-squares refinement of 24 reflections with 15°
< 26 < 30°. The crystal lattice was determined to be tetragonal / by the
automatic indexing routine of the diffractometer software. This was
verified from axial photographs and systematic extinctions. Diffraction
data in the positive octant to a maximum 26 of 55° were collected at 130
K on a Syntex P2, diffractometer equipped with a modified LT-1 low-
temperature apparatus. No decomposition of the crystal was observed
(inferred from the intensity of two check reflections). The data were
corrected for Lorentz and polarization effects. Of the 1004 unique data,
a total of 855 reflections with I > 3o() were used in the solution and
refinement of the structure. The space group determination was unam-
biguous. The structure was solved by direct and difference Fourier
methods and was refined with SHELXTL, Version 5.1, installed on a Data
General Eclipse computer. A correction for absorption was apflied.’
Neutral atom scattering factors were those of Cromer and Waber.'® The

(8) Hope, H. Handling of Reactive Compounds for X-ray Structure
Analysis, Wayda, A. L.; Darensbourg, M. Y., Eds., ACS Symp. Ser. No. 357;
Americal Chemial Society: Washington DC, 1987.

(9) The absorption correction is made with Program xass by H. Hope and
B. Moezzi. The program obtains an absorption tensor from F, - F, differ-
ences. B. Moezzi, Ph.D. Dissertation, University of California, Davis, 1987.
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Table II. Distances and Angles for Ca;GaAs;

As(1)-Ca(1)  3.019 (2) As(2)-Ca(l)  3.071 (2)
As(1)-Ca(2)  3.040 (2) As(2)-Ca(1’)  3.051 (2)
As(1)-Ca(3)  3.209 (1) As(2)-Ca(2) 2953 (2)
As(1)-Ca(4)  2.998 (2) As(2)-Ca(?)  3.512(2)
As(1)-As(4) 2956 (2) As(2)-Ca(3)  3.124 (2)
As(4)-Ca(2) 3220 (2) As(2)-Ca(d)  2.979 (2)
As(4)-Ca(1)  3.005 (2) As(2)-Ca(4)  3.230 (2)
As(3)-Ca(l)  3.035(2) As(3)-Ca(4)  3.085 (2)
As(3)-Ca(l)  3.003 (2) As(3)-Ca(4’)  3.068 (2)
As(3)-Ca(2)  2.958 (2) As(3)-Ca(4”)  3.565 (2)
As(3)-Ca(2)  3.052 (2) Ga-As(2) 2.546 (1)
As(3)-Ca(3) 2913 (2) Ga-Ca(2) 3.446 (2)
As(2)-Ga-As(2) 113.0(1)  As(2)-Ga-As(2) 107.8 (1)
As(2)

$
3
v

Ga
113.0(1)

107.8(1)

Ga--As(4) 5.285(5)

Figure 2. A perspective view showing the relative orientation of the
GaAs, tetrahedron and the As;, polyatomic unit. Important bond lengths
(A) and angles (deg) are shown. Thermal ellipsoids are drawn at 70%.

compound is isostructural to the Zintl compound, Ca,,AlSb,,."" The
final difference Fourier map was flat to 0.8 ¢/A%. Table | summarizes
crystal data and some of the data collection and refinement parameters.
Atomic positional parameters, anisotropic thermal parameters, and
structure factor tables are available as supplemental material.
Spectroscopy: Near-IR and optical transmission spectroscopy was
performed on a Hitachi U-2000 spectrophotometer. The samples were
ground into mulls in a drybox and placed between optical plates.

Results and Discussion

In the framework of the Zintl-Klemm-Busmann rules,’ the
structure of this compound can be understood as consisting of 14
Ca?* cations, 4 As* anions, a GaAs,® tetrahedron, and a linear
Asy"" unit. A perspective view of the structure showing the unit
cell with the Ca cations omitted for the sake of clarity is shown
in Figure 1. Important bond distances and angles are listed in
Table II. The GaAs, tetrahedra have 4 point symmetry and are
translated by !/, along the ¢ axis while the As; anions have 222
point symmetry and are staggered by 90° with respect to each
other as shown in Figure 1. The GaAs, tetrahedron is shown in
Figure 2 and is slightly distorted with As—Ga—As angles of 113.0
(1)° and 107.8 (1)°. This distortion of the tetrahedra to 42m
symmetry is attributed to packing constraints and to anion—anion
repulsion. The Ga-As(2) bond length of 2.532 (1) A is typical
for these ternary Ca-Ga—-As compounds®’ (2.476-2.695 A). It
is, however, longer than that observed in the binary compound,
GaAs (2.448 A).'2 There are eight Ca—As(2) distances in the
range 2.953-3.230 A, While somewhat shorter than the sum of
the ionic radii for Ca?* and As* (3.22 A)," they are typical for
Zintl compounds and for Ca—As binary compounds.'

(10) Neutral atom scattering factors and corrections for anomalous dis-
persion are from: International Tables for X-ray Crystallography; Kynoch
Press: Birmingham, England, 1974; Vol 1V.

5 éi :; 3(:m'dier. G.; Schifer, H.; Stelter, M. Z. Anorg. Allg. Chem. 1984,

(12) Asheroft, N. W.: Mermin, N. D. Solid State Physics; Holt, Rinehart
and Winston: New York, 1976; p 81.

(13) Shannon, R. D. Acta Crystallogr. 1976, A32, 751.
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Figure 3. A view showing the important bond lengths (A) for the As,
unit. Thermal ellipsoids are drawn at 70%.

[~]
O o0 O
Figure 4. [001] projection of the structure of Ca,GaAs,,. The Ca and

Ga atoms are indicated by open and cross-hatched circles, respectively.
The As atoms are indicated by circles with a random dot pattern.

c oo o O

The As; linear unit, shown in Figure 2, is symmetric about the
central As(4); the bond length for As(1)--As(4) is 2.956 (2) A.
The anisotropic thermal parameter on the central As is elongated
along the bond for reasons that are not well understood, but this
may be due to some positional disorder that would make the two
As-As distances inequivalent. The distance of 2.956 A is con-
siderably longer than a normal As-As single bond (2.4 A),'0!5
but it is consistent with the longer distances observed in the
analogous Sb; (3.196 (2) A) and Bi; (3.336 (2) A) units observed
in Ca 4AISb,'"" and Ca,,MnBi,;.'? All other As-As distances
are considerably longer (>3.904 A) and are not considered to be
homoatomically bonded. By analogy to the I;” anion, which has
an I-I bond distance in the range 2.90-3.10 A compared to I,
which has an I-1 bond distance of 2.67 A,'® the As; unit is given
a formal charge of 7-. Therefore, As,’" is isoelectronic to 5.
This is a modification of the Zintl rules in that we have allowed
the central As of the As; unit to expand its octet to accept ten
electrons (5 electron pairs, dsp® hybridization). Theoretical
calculations'” indicate that it is more nearly correct to view the
As,"" unit as a 3-center 4-electron hypervalent bond'® rather than

(14) (a) Deller, K.; Eisenmann, B. Z. Naturforsch. 1976, 31B, 1023. (b)
L'Haridon, P.; Guyader, J.; Hamon, M. Rev. Chim. Min. 1976, 13, 185. (c)
Brice, J.-F.; Cdurtois, A.; Protas, J.; Aubry, J. J. Solid State Chem. 1976,
17, 393. (d) Hitz, A.; Nagorsen, G. Z. Metallkd. 1975, 66, 314.

(15) (a) Kauzlarich, S. M.; Kuromoto, T. Y.; Olmstead, M. M. J. Am.
Chem. Soc. 1989, 111,8041. (b) Kuromoto, T. Y.; Kauzlarich, S. M.; Webb,
D. ). Mol. Cryst. Lig. Cryst. 1990, 181, 349. (c) Kauzlarich, S. M. Comm.
Inorg. Chem. 1990, 10, 75.

(16) (a) Cingi, M. B.; Lanfredi, A. M. M.; Tiripicchio, A.; Bandoli, G.;
Clemente, D. A. Inorg. Chim. Acta 1981, 52, 237. (b) Gridunova, G. V.;
Shklover, V. E.; Struchkov, Yu. T.; Vil'chevskaya, V. D.; Podobedova, N. L.;
Krylova, A. 1. J. Organomet. Chem. 1982, 238, 297.

(17) Gallup, R. F.; Fong, C. Y.; Kauzlarich, S. M. Inorg. Chem. Sub-
mitted for publication,

(18) Cahill, P. A.; Dykstra, C. E.; Martin, J. C. J. Am. Chem. Soc. 1985,
107, 6359.
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Figure 5. Optical absorption spectra of GaAs and Ca,GaAs,; mulis.

Intensity is in arbitrary units.

one with dsp? hybridization for the central As. The large anionic
charge is stabilized by six Ca-As(1) and four Ca-As(4) inter-
actions of ~3.0 A as shown in Figure 3.

In addition to As atoms in the polyatomic units, there are also
isolated As atoms, As(3). These atoms are located between the
GaAs, tetrahedra and the As, linear units and form a spiral along
a screw axis coincident with the ¢ axis. The outline of this circle
can be clearly seen in the [001] projection of the structure (Figure
4). The closest As ion to As(3) is another As(3) anion in the
spiral at 3.92 A; all other As(3)~As distances are 24.2 A. These
anions are surrounded by eight Ca cations with seven shorter
Ca-As(3) distances corresponding to 3.085 (2) and 3.068 (2) A
for Ca(4), 3.035 (2) and 3.003 (2) A for Ca(l), 3.052 (2) and
2.958 (2) A for Ca(2), and 2.913 32) A for Ca(3) and one long
Ca(4)--As(3) distance of 3.562 (2) A. This coordination is similar
to that observed in the Zintl compound Ca,As,.!14

The structure and bonding in Ca,,CaAs;, can be described
according to the Zintl rules as consisting of polyatomic anions
as well as isolated anions associated by electrostatic bonding. One
might expect this material to be an insulator, although there are
materials that have crystal structures in full accordance with the
Zintl-Klemm-Busmann concept but with “wrong physical
properties”.? Ca,,GaAs,, forms opaque, black crystals that have
a high luster, similar in appearance to GaAs, which leads one to
speculate that they will have semiconducting behavior. We have
been unable to obtain temperature-dependent resistivity data so
far due to the small size and air sensitivity of the Ca,;,GaAs,,
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crystals. In order to obtain some information on the electronic
properties of Ca,GaAs,, and to compare its properties to GaAs,
near-IR and optical absorption spectra were taken at room tem-
perature (Figure 5). The absorption edge observed in these
spectra is indicative of semiconducting behavior.”” The measured
spectrum for GaAs, shown in Figure 5, has a maximum in the
absorption edge at ~874 nm or 1.42 eV which is attributed to
the band gap in agreement with the published spectrum.? The
absorption edge for Ca;4GaAs,, is at slightly lower wavelength
(~834 nm), and the band gap is about 1.49 eV, slightly higher
in energy than that observed for GaAs. It is also broader and
less well defined compared to GaAs. This may be due to an
indirect absorption process or the presence of other absorption
processes; however, further interpretation of the optical data is
not possible without single-crystal and temperature-dependent
studies.

The Ca, GaAs;, structure can be understood by applying a
modified Zintl-Klemm-Busmann concept. It is the first example
of a discrete GaAs, tetrahedron and a linear As; anion. We have
been able to prepare the compounds A,,GaX;, (A = Ca, Sr; X
= As, Sb).2! and property measurements on this series of com-
pounds are in progress. Although temperature-dependent resis-
tivity data have not yet been obtained for Ca,,GaAs,,, the near-IR
and optical spectra are indicative of semiconducting and not
insulating behavior.
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