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group parameters and derived crystallographic coordinates for
the B;;CH;,™ anion, and Tables SIV, SV, and SVI, magnetic
susceptibility data for Fe(TPP)(Culm)y-2toluene, [Fe(TPP)-
(Nilm),] B,;CH;,-5THF, and [Fe(TPP)(Culm,)]B;;CH,,-5THF,
respectively (11 pages). Ordering information is given on any
current masthead page.
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An important application of organometallic vapor phase epitaxy
(OMYVPE) is the growth of thin, monocrystalline layers of III-V
semiconductor materials such as GaAs and InP for electronic and
optoelectronic devices.!”* Basically the OMVPE growth of such
III-V materials involves the thermal decomposition, in the gas
phase, of a group III alkyl such as In(CH3); and a group V hydride
such as PH, for the growth of InP (eq 1).

H,
InP + 3 CH, )

In(CH,); + PH, YT

OMVPE is chemically and technologically complicated, and
the nature of the chemical reactions that occur in the gas phase
and at the gas—solid interface is only poorly understood.

Some of the many problems encountered in epitaxial growth
are the incorporation of residual carbon from the organometallic
precursor* and unwanted prereactions or side reactions of group
11 and V compounds in the gas phase.>® The effects of these
side reactions in OMVPE are especially pronounced in the growth
of In- and P-containing semiconductors,%’ and for a long time they
prevented the growth of high quality InP by OMVPE. In these
side reactions, the adduct 1 is in chemical equilibrium with In-
(CH;); and PH3; 1 may also decompose, with elimination of CH,,
to produce the polymeric compound 2 (eq 2). The polymeric

(1) For a recent review and an overview of the area, see: MRS Symposium
Series No. 102, Epitaxy of Semiconductor Layered Structures; Tung, R. I,
Dawson, L. R., Gunshor, R. L., Eds.; Materials Research Society: Pittsburgh,
PA, 1987. Proceedings of the Tenth International Conference on Chemical
Vapour Deposition, Cullen, G. W., Blocher, J. M., Jr., Eds.; The Electro-
chemical Society, Inc.: Pennington, NJ, 1987. Proceedings of the Fourth
International Conference on Metal Organic Vapour Phase Epitaxy. J. Cryst.
Growth 1988, 93, 1-940. Stringfellow, G. B. Semiconductors and Semi-
metals; Tsang, T. S., Ed.; Academic Press, Inc.: New York, 1985; Vol. 22,
Part A, pp 209-259.

(2) Ludowise, M. J. J. Appl. Phys. 1985, 58, R31-R55.

(3) Razeghi, M. Semiconductors and Semimetals; Tsang, W. T. Ed,;
Academic Press, Inc.: 1985; Vol. 22 part A, pp 299-378.

(4) Lum, R. M_; Klingert, J. K.; Kisker, D. W.; Abys, S. M.; Stevie, F.
A. J. Cryst. Growth 1988, 93, 120~126. Aina, O.; Mattingly, M.; Steinhauser,
S.; Mariella, R, Jr.; Melas, A. J. Cryst. Growth 1988, 92, 215-221.

(5) Bass, S. I.; Pickering, C.; Young, M. L. J. Cryst. Growth 1983, 64,
68-75. Ludowise, M. J,; Cooper, 11, C. B.; Saxena, R. R. J. Electron. Mat.
1981, 10, 1051-1068. Cooper, 111, C. B.; Ludowise, M. J.; Aebi, V.; Moon,
R. L. J. Electron. Mat. 1980, 9, 299-309. Hallais, J. P. Acta Electron. 1978,
21, 129-138. Duchemin, J. P.; Bonnet, M.; Beuchet, G.; Koelsch, F. Inst.
Phys. Conf. Ser. 1979, 45, 10.

(6) For similar reactions of group I11 and V compounds, see: Harrison,
B. C.; Tompkins, E. H. Inorg. Chem. 1962, I, 951-953. Beachley, O. T.;
Coates, G. E. J. Chem. Soc. 1968, 3241. Pitt, C. G.; Higa, K. T.; McPhail,
A.T,; Wells, R. L. Inorg. Chem. 1986, 25, 2483-2484. Arif, A. M.; Benac,
B. L.; Cowley, A. H.; Geerts; R.; Jones, R. A.; Kidd, K. B,; Power, J. M.;
Schwab, S. T. J. Chem. Soc., Chem. Commun. 1986, 1543-1545, Pitt, C. G;
Purdey, A. P.; Higa, K. T.; Wells, R. L. Organometallics 1986, 5, 1266—1268.
Beachley, O. T,, Jr.; Kopasz, J. P.; Zhang, H.; Hunter, W. E.; Atwood, J. L.
J. Organomet. Chem. 1987, 325, 69-81.

(7) Kuo, C. P.; Cohen, R. M,; Stringfellow, G. B. J. Cryst. Growth 1983,
64, 461-470. Stringfellow, G. B. J. Cryst. Growth 1984, 68, 111-122.
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Figure 1. Thermal decomposition of (CH;CsHy)In (¢) and (CH,)sln
(O) in H, atmosphere. The amount of In metal deposited per unit time,
normalized for the area of the substrate, is expressed as a rate in arbitrary
units.

Table I. Vapor Pressure of CpIn Compounds and In Alkyls

P, (Pa) P, (Pa)

indium compd at 20 °C at 40 °C
(CsH)In 12 36
(CH,CsH,)In 53 236
(CH;CH,CsHy)In 28 52
(CH3)4In® 236 1040
(CH,CH,),In® 13 145

9From ref 10.

compound 2 may be, at least partially, responsible for the in-
corporation of carbon in the growing layer.
-2nCH,

nIn(CH;):; + nPH; = n(CH;);In_PH:;
1
'E(CHB)Ig_PH'}n ()

Several procedures have been suggested in literature®#-11 that
diminish the deleterious effects of these side reactions in OMVPE.
However, none of them removes the true cause of these side
reactions: the Lewis acid character of the III alkyl and the Lewis
base properties of the V hydride.

(8) Duchemin, J. P. J. Cryst. Growth 1981, 55, 64-73. Benz, K. W.; Renz,
H.; Weidlein, J.; Pilkuhn, M, H. J. Electron. Mat. 1981, 10, 185-192. Renz,
H.; Weidlein, J.; Benz, K. W.; Pilkuhn, M. H. Electron. Lett. 1980, 16, 228.
Maury, F,; Constant, G. J. Cryst. Growth 1984, 68, 88-95. Maury, F,;
Constant, G. Polyhedron 1984, 3, 581-584. Duchemin, J. P. J. Vac. Sci.
Technol. 1981, 18, 753-755.

(9) Cowley, A. H.; Benac, B. L.; Ekerdt, J. G.; Jones, R. A ; Kidd, K. B,;
Lee, J. Y.; Miller, J. E. J. Am. Chem. Soc. 1988, 110, 6248—6249. Schumann,
H.; Hartmann, U.; Dietrich, A.; Pickardt, J. P. Angew. Chem. 1988, 100,
1119-1120. Bradley, D. C.; Faktor, M. M.; Scott, M.; White, E. A. D. J.
Cryst. Growth 1986, 75, 101-106. Reier, F. W.; Wolfram, P.; Schumann,
H. J. Cryst. Growth 1986, 77, 23-26. Byrne, E. K.; Parkanyi, L.; Theopold,
K. H. Science 1988, 241, 332-334. Maury, F.; Combes, M.; Constant, G.;
Carles, R.; Renucci, J. B. J. Physique 1982, 43CI, 347-352. Zaouk, A,;
Salvetat, E.; Sakaya, J.; Maury, F.; Constant, G. J. Cryst. Growth 1981, 55,
135-144.

(10) Bass, S. J.; Skolnick, M. S.; Chudzynska, H.; Smith, J. J. Cryst.
Growth 1986, 75, 221-226. Moss, R. H. J. Cryst. Growth 1984, 68, 78-87.

(11) Bradley, D. C.; Faktor, M. M.; Frigo, D. M.; Smith, L. M. J. Cryst.
Growth 1988, 92, 3745, Bradley, D. C.; Faktor, M. M,; Frigo, D. M.; Young,
K. V. Chemtronics 1988, 3, 50~52.
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Communications to the Editor

This paper reports on our approach to alleviate the problems
associated with the side reactions and the incorporation of carbon.
We focussed our attention on the monovalent #>-(CsHs)In (Cpln)
and related compounds. By their chemical nature these com-
pounds have no tendency to form adducts. Cpln shows weak Lewis
base properties,!>!? and theoretical studies indicate the presence
of a lone pair on indium.!* Reactions with Lewis bases such as
phosphines are not to be expected. Since the Cp moiety is a stable
fragment in itself, no degradation of this unit leading to the
incorporation of carbon atoms in the growing layer is expected.!
The parent compound 7°-(CsH;)In is a high-melting polymeric
solid with a low vapor pressure (Table I), despite the essentially
covalent character!® of the metal-ligand bonding in the compound.

Our investigations showed that the closely related n°-
(CH;CsH,)In (MeCpln) and #°-(CH;CH,CsH,)In (EtCpln) have
much higher vapor pressures!?!® (Table I). The synthesis of Cpln
and MeCpln has been described in literature,!*!® the liquid EtCplIn
is a new compound.??!  As expected, 3'P and 3C NMR showed
that no adducts are formed between these Cpln-type compounds
and various phosphines.

Our initial studies were directed toward determining the thermal
stability of MeCpln, as a typical example of these Cpln-type
precursors, as compared to In(CH;);. We monitored the de-
composition of the indium compounds as a function of temperature
by passing their vapors, in H,, over a heated Si substrate and
determining the rate of indium metal deposition onto the substrate
(Figure 1). The mol fractions of In(CH,); and MeCpln in these
experiments were 1.6 X 10™ and 2.7 X 107, respectively. The
maximum deposition rate from In(CH;); was reached at 400 °C.2
Much to our surprise MeCpln showed a remarkable thermal
stability in a H, atmosphere. Only at temperatures as high as
550 °C was deposition of indium metal from MeCpln observed.
At higher temperatures the rate of deposition increases, and even
at 900 °C the maximum deposition rate has not yet been reached.
However, in the temperature range of 600-700 °C the rate of
deposition is sufficiently high to be useful. Analysis of the organic
products of the thermal decomposition of MeCpln by GC/MS
showed that the isomers of methylcyclopentadiene and smaller
amounts of cyclopentadiene,?® 1,3-cyclohexadiene, and benzene
are formed. This indicates a homolytic fission of the indium-ligand

(12) Contreras, J. G.; Tuck, D. G. Inorg. Chem. 1973, 12, 2596-2599.

(13) Poland, J. P.; Tuck, D. G. J. Organomet. Chem. 1972, 42, 307-314.

(14) Canadell, E.; Eisenstein, O.; Rubio, J. Organometallics 1984, 3,
759-764. Lin, C. S.; Tuck, D. G. Can. J. Chem. 1982, 60, 699-702.

(15) Aylett investigated the photochemical decomposition of Cpln for
OMYVPE applications and found that heterogeneous, carbon-rich indium de-
posits are formed: Aylett, M. R,; Haigh, J. Mat. Res. Soc. Symp. Proc. 1983,
17, 177-182.

(16) Shibata, S.; Bartell, L. S.; Gavin, R. M., Jr. J. Chem. Phys. 1964, 41,
717-722.

(17) The P, of (CsH;)In, (CH;CsH,)In, and (CH,CH,CsH,)In was de-
termined by using a modification of the procedure described by Girtner.!® The
carrier gas (N,) containing the organometallic compound was bubbled through
a measured quantity of a 1 M HNO; solution. The amount of indium in the
resulting clear solution was determined by using ICP. From the amount of
indium transported the vapor pressure can be calculated simply.

(18) Girtner, G.; Janiel, P.; Rau, H.; van Hal, H. A. M.; Nabben, H. J.
P. Bunsenges. Phys. Chem. 1986, 90, 459-463.

(19) Fischer, E. O.; Hofmann, H. P. Angew. Chem. 1957, 69, 639-640.
Peppe, C.; Tuck, D. G.; Victoriano, L. Organomer. Synthesis 1987, 3,
477-478. Peppe, C.; Tuck, D. G.; Victoriano, L. J. Chem. Soc., Dalton Trans.
1981, 2592, Beachley, O. T., Jr.; Pazik, J. C.; Glassman, T. E.; Churchill,
M. R,; Fettinger, J. C.; Blom, R. Organometallics 1988, 7, 1051-1059.

(20) EtCpH was prepared according to Hausweiler?! and converted into
its Li salt immediately after preparation. The synthesis was performed by
using the procedure for MeCpln, except for the final purification by subli-
mation, which was replaced by a distillation, since EtCpln is a mobile liquid
(mp around 10 °C). MeCpln was prepared without encountering any dif-
ficulty on a 0.5 mol scale (80 g); EtCpln was prepared on 0.25 mol scale. The
chemical yields are usually >80%.

(21) Hausweiler, A. Thesis Univeristy of Cologne, West Germany, 1955.
Houben-Weyl, Methoden der Organischen Chemie, Band 5/lc, 4th ed.;
George Thieme Verlag: Stuttgart, 1970; p 662.

(22) Buchan, M. I; Larssen, L. A_; Stringfellow, G. B. J. Cryst. Growth
1988, 92, 591-604.

(23) Since the amount of CpH in the product gases (16%) is too high to
be due to the presence of small amounts of Cpln (<5% by NMR) in our
MeCpln sample, CpH must be formed from the MeCp unit.
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Table II. Carrier Concentration (n) and Mobility (z)* in OMVPE
Grown InP Using MeCpln and In(CH,),

n(293K) n(77K) p(293K) u(77K)
cm? cm™3 cm?V-lg! cmiVlgl
(CH,CsHpIn 1.7 X 10 9.4 X 101 2820 12250
(CH;);In 33 x 10 3 x 10" 51600 1190008
(CH3)3In 2 % 10% 3660° 30000°

?Layer thickness 2 um. ®Highest mobility reported?® for atmos-
pheric pressure OMVPE of InP. ¢Typical, every day value for mobility
in InP.

bond and rearrangement of the resulting organic radical.

These results encouraged us to use MeCpln in the growth of
epitaxial InP layers at atmospheric pressure. In a representative
experiment the evaporator containing MeCpln was thermostated
at 40 °C. H, was used as a carrier gas ([O,] and [H,0] < 0.01
ppm). PH, was used as a phosphorus source. The mol fraction
of the reactants in the gas phase was adjusted to be 3 X 1073 for
PH; and 9 X 107 for MeCpln. The gas mixture was passed over
{100) InP substrates kept at 675 °C. Layer thicknesses were
determined by stylus-profilometry (DEKTAK). The growth rate
at 675 °C was 1.0 um-h™!, corresponding to one atomic layer per
second. Much higher rates can be reached by increasing the
concentrations of the reactants in the gas phase. Under similar
conditions the deposition rate on InP using In(CHj,); as a source
is 3.0 um+h™!. As was expected, no prereactions or unwanted side
reactions were observed by using the new MeCpln precursor. The
morphology of the grown layer was examined by using optical
Nomarski interference microscopy. Usually the layers showed
specular reflection. Investigation of the InP layers by double
crystal X-ray diffraction and by RBS channeling technique showed
that the layers were perfectly single crystalline. The line width
of the {004 ) reflection in the double crystal measurements was
only 11 arcs. The carbon concentration in the layers was below
the detection limit of SIMS measurements, i.e., below 2 X 10V
atoms-cm™. The electronic properties of the grown layers were
determined of a 2-um thick layer, grown on semi-insulating InP
substrate. CV profiling showed a background carrier concentration
of 1.5 X 10! c¢m™ so that the total impurity concentration is
around 10 ppm at most. Hall-van der Pauw measurements on
the same layer showed comparable figures for the background
impurities: 1.7 X 10 cm™ at 293 K and 9.4 X 10" cm™ at 77
K. Electron mobilities were determined to be 2820 cm%V~l.s7!
at 293 K and 12250 cm?V-ls7! at 77 K. Both the background
carrier concentration and the electron mobilities that we obtained
by using MeCpln are somewhat inferior to what can be achieved
by using the standard so-called “electronic grade” In(CHj;); (see
Table II). However, these In(CHj,), samples have been prepared
and purified by specially developed procedures to obtain this
“electronic grade” purity.”® Impurities are usually below the 0.1
ppm level. Analysis of our sample MeCpln by atomic absorption
and emission techniques (flameless AAS and ICP) showed that
several impurities, such as Fe, Ge, Si, Na, Pt, Zn, and Li are
present at levels ranging from 1 to 6 ppm. Therefore we are
currently working on procedures to obtain higher purity MeCpln,
which will certainly reduce the background carrier concentration
in the epitaxial layer.

Summarizing, we state that our results clearly illustrate that
MeCpln is a very promising precursor for OMVPE of InP layers
because it shows no deleterious side reactions due to its inertness
toward Lewis bases such as phosphines and because no carbon
is incorporated in the grown layers due to the stability of the Cp
unit. In general, the MeCp ligand may be a useful ligand for the
development of other volatile organometallic precursors for
OMVPE of various layers.

(24) Reier, F. W.; Wolfram, P.; Schumann, H. J. Cryst. Growth 1988, 93,
41-44. Laube, G.; Kohler, U.; Weidlein, J.; Scholz, F.; Streubel, K.; Dieter,
R. J; Karl, N; Gerdon, M. J. Cryst. Growth 1988, 93, 45-51. Reier, F. W.;
Wolfram, P.; Schumann, H. J. Cryst. Growth 1986, 77, 23-26. Moore, A.
H.; Scott, M. D.; Davies, J. I.; Bradley, D. C.; Faktor, M. M,; Chudzynska,
H. J. Cryst. Growth 1986, 77, 19-22.
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The 2-arylpropionic acids are a class of non-steroidal antiin-
flammatory agents that have remained an area of intense study.!
Often only one enantiomer is biologically active. Therefore, the
asymmetric synthesis of this class of compounds has received
considerable attention. While many approaches have been de-
veloped, the majority lack simplicity and high stereoselectivity.?
We wish to report an exciting find in the asymmetric transfor-
mation? of racemic 2-arylpropionic acids to either their S or R
enantiomers by tertiary amine mediated addition of the chiral
alcohols, (S)-ethyl lactate (6), (R)-isobutyl lactate (7), or the
a-hydroxylactone, (R)-pantolactone (8), to the respective aryl-
methylketenes providing 2-arylpropionate esters in 94-99% dia-
stereomeric excesses (de’s). This communication describes the
unprecedented use of simple, readily available chiral alcohols for
highly diastereoselective protonations.

Addition of a chiral alcohol or amine to a ketene was reported
as early as 1919 (de < 35%).* Recent advances by Ruechardt®
and Bellucci® brought diastereomeric excesses above 80% but

(1) Rieu, J.-P; Boucherle, A.; Cousse, H.; Mouzin, G. Tetrahedron 1986,
42, 4095,

(2) (a) Lubell, W. D.; Rapoport, H. J. Am. Chem. Soc. 1988, 110, 7447.
(b) Castaldi, G.; Cavicchioli, S.; Giordano, C.; Uggeri, F. J. Org. Chem. 1987,
52,3018, (c) Honda, Y.; Ori, A,; Tsuchihashi, G. Bull. Chem. Soc. Jpn. 1987,
60, 1027. (d) Ando, A.; Shioiri, T. J. Chem. Soc., Chem. Commun. 1987,
656. (e) Rieu, J.-P.; Boucherle, A.; Cousse, H.; Mouzin, G. Tetrahedron 1986,
42, 4095, (f) Piccolo, O.; Spreafico, F.; Visentin, G. J. Org. Chem. 1985, 50,
3945 and references therein.

(3) Asymmetric transformation of a racemic compound into its optically
active form is becoming an increasingly viable approach to asymmetric syn-
thesis. For examples, see: (a) Kagan, H. B.; Fiaud, J. C. New Approaches
in Asymmetric Synthesis. In Topics in Stereochemistry, Eliel, E. L., Allinger,
N. L., Eds,; Vol. 10, pp 175-286. (b) Boyle, W. J.; Sifniades, S.; Van Peppen,
J. F. J. Org. Chem. 1979, 26, 4841, (c) Shibata, S.; Matsushita, H.; Kaneko,
H.; Noguchi, M.; Saburi, M.; Yoshikawa, S. Heterocycles 1981, 16, 1901. (d)
Hongo, C.; Yamada, S.; Chibata, 1. Bull. Chem. Soc. Jpn. 1981, 54, 3286 and
3291. (e) Shibata, S.; Matsushita, H. K.; Noguchi, M.; Saburi, M.; Yoshi-
kawa, S. Bull. Chem. Soc. Jpn. 1982, 55, 3546. (f) Shibata, S.; Matsushita,
H.; Kaneko, H.; Noguchi, M.; Saburi, M.; Yoshikawa, S, Chem. Letr. 1982,
1983. (g) Shibata, S.; Matsushita, H.; Kaneko, H.; Noguchi, M.; Sakurai,
T.; Saburi, M.; Yoshikawa, S. Bull. Chem. Soc. Jpn. 1984, 57, 3531, (h)
Hongo, C.; Tohyama, M.; Yoshioka, R.; Yamada, S.; Chibata, I. Bull. Chem.
Soc. Jpn. 1988, 58, 433. (i) Hagmann, W. K. Synth. Commun. 1986, 16, 437.
(j) Reider, P. J.; Davis, P.; Hughes, D. L.; Grabowski, E. 1. J. J. Org. Chem.
1987, 52, 955. For a recent example of asymmetric transformation by en-
antioselective protonation, see: Fehr, C.; Galindo, J. J. 4m. Chem. Soc. 1988,
110, 6909 and references therein.

(4) For examples of asymmetric ketene additions before 1981, see: (a)
McKenzie, A.; Christie, E. W. J. Chem. Soc. 1934, 1070. (b) Pracejus, H.
Liebigs Ann. Chem. 1960, 634, 9 and 23. (c) Pracejus, H.; Tille, A. Chem.
Ber. 1963, 96, 854. (d) Anders, E.; Ruch, E,; Ugi, 1. Angew. Chem., Int. Ed.
Engl. 1973, 12, 25. (e) Seikaly, H. R.; Tidwell, T. T. Tetrahedron 1986, 42,
2587. (f) Stoutamire, D. W. U.S. Patent, 1986, patent number: 4,570,017.
(b) Morrison, J. D.; Mosher, H. S. Asymmetric Organic Reactions; American
Chemical Society: Washington, D.C., 1980.

(5) (a) Salz, U.; Ruechardt, C. Tetrahedron Lett. 1982, 23, 4017. (b)
Jaehme, J.; Ruechardt, C. Angew. Chem., Int. Ed. Engl. 1981, 20, 885.

Table I¢
ratio of
ratio of % yield enantiomers % overall yield
R*OH diastereomers (4 + 5) (S)-1/(R)-1 (S)-1 + (R)-1
(:)H 97:3 §,S/R,S 92 94.5:5.5 89
/Yo\/
6 O
OH 97:3 R,R/S,R 96 5.5:94.5 83
7 0 Cj\
OH >99:1 R,R/S,R 90 0.5:99.5 86
o
8
4 Ar = p~isobutylphenyl.
Table II
ratio of ratio of
entry alcohol diastereomers  enantiomers S/R
oH
1 R = Me 9s:5 93.5:6.5
2 R = Et 95:5 93:7
3 R = i-Pr 95:5 937
4 R = benzyl 95:5 91.5:8.5
5 5:95
OCHJ
6 >&O 0.5:99.5
7 H 34:66
OCH
8 o 80:20
CHaz HJ
9 HO, ,OH 11:89
Et0,C” "cozst
10 /ﬁ/ﬁ\m 67:33 34:66
Hz
H on 46:54
Scheme I¢
a cl b
Ar)\cozH T oom Ar)ﬁ( b= > [Ar/g%}
®/(8)-1 02 3

¢ d Ar i3 O\R‘ + A,./‘HA/O\R-: % . (&)1 + (®)-1
[ R
/4\5 .

4(a) SOCI, (110 mol %), DMF (5 mol %), heptane or toluene,
50-55 °C; (b) trimethylamine or dimethylethylamine (300 mol %), 25
°C; (¢) R*OH (120 mol %), same solvent (0.2 M) as (a), =78 °C; (d)
3-(dimethylamino)propylamine (5-10 mol %), 25 °C or acetic acid-
H,0, 70 °C; (e) acetic acid-2 N HCI, 85 °C, or LiOH, heptane-ace-
tonitrile-water, 5 °C.

required alcohols of limited availability. Naturally occurring
a-hydroxy esters and lactones are a readily available source of
chirality. They have received little attention as chiral reagents,’

(6) Bellucci, G.; Berti, G.; Bianchini, R.; Vecchiani, S. Gazz. Chim. Ital.
1988, /18, 451.
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