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In summary, we have developed a new atmospheric
pressure CVD process for TiS, thin films of high purity,
which relies upon the reaction of titanium tetrachloride
with volatile organothiols. Several important properties
of these coatings (e.g., adhesion, surface finish, density)
are superior to those obtained using hydrogen sulfide as
the sulfur source. In particular, the crystallographic ori-
entation of the films is ideal for use as cathode materials
in lithium batteries. The low carbon content implies that
an efficient carbon—sulfur cleavage is operant. Such bond
breaking is remarkable in view of the robust nature of
carbon-sulfur bonds in thiols (66-74 kcal/mol'5). The
reaction of titanium tetrachloride with organothiols to
afford TiS; can be contrasted with the thermal decom-
position of tetrakis(tert-butylthiolato)titanium(IV), which
produces TiS coatings.’® The combined results imply that
it may be advantageous to utilize carbon-substituted ele-
ment precursors in chemical vapor deposition schemes,
since our films contained low carbon contamination.!” We
are continuing to work on the delineation of TiS, film
properties, evaluation of single-source precursors, and ti-
tanium-sulfur chemistry of relevance to the CVD pro-
cesses. These studies will be published in due course.

Acknowledgment. We are grateful to the National
Science Foundation (CHE-9123339 to C.H.W.), Ford
Motor Co., Glass Division, and the Institute for Manu-
facturing Research, Wayne State University for financial
support. We thank Professor K. Padmanabhan for the
RBS spectra, Dr. Umar Riaz for the XPS analyses, and
Robert Benoit for the electron microscopy.

Registry No. TiS,;, 12039-13-3; Si, 7440-21-3; tert-BuSH,
75-66-1; stainless steel, 12597-68-1.

(15) Mackle, H. Tetrahedron 1963, 19, 1159. See also: Kerr, J. A,
Chem. Rev. 1966, 66, 465.

(16) Bochmann, M.; Hawkins, I.; Wilson, L. M. J. Chem. Soc., Chem.
Commun. 1988, 344.

(17) For discussion of the utility of tert-butyl ligands in gallium ar-
senide depositions, see: Cowley, A. H.; Jones, R. A. Angew. Chem., Int.
Ed. Engl. 1989, 28, 1208.

Room-Temperature Catalytic Hydrogenation
of Aromatic Hydrocarbons Using
[(1,5-COD)RhH], as a Catalyst Precursor

Zhibang Duan and Mark J. Hampden-Smith*

Department of Chemistry and

Center for Micro-Engineered Ceramics
University of New Mexico
Albuquerque, New Mexico 87131

Alan P. Sylwester

Department 6211, Sandia National Laboratory
Albuquerque, New Mexico 87185

Received June 29, 1992

Revised Manuscript Received September 10, 1992

There has been intense activity in the synthesis, char-
acterization, and reactivity studies of metal colloids. Metal
particles that have sizes in the range 1-50 nm are inter-
esting because they are expected to exhibit unusual cata-
lytic reactivity and selectivity! and also quantum con-
finement effects.?® The typical methods for the prepa-
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ration of such metal particles are chemical reduction, de-
composition of organometallic compounds, and metal atom
evaporation to form the so-called small metal atom dis-
persed (SMAD) catalysts.* These materials are often
dispersed on high surface area metal oxide supports which
aids retention of the dispersion. It has been shown that
chemical reduction methods, using LiBEt;H as reducing
agent, can result in the formation of stable colloidal par-
ticles in the absence of surfactants in polar organic sol-
vents.> Recently, a modification of this approach has been
reported using [NR,]*[BEt;H]", R = CgH,, as a reducing
agent, where liberation of a surfactant ((NR,]*), in situ,
resulted in formation of stable colloids containing 1-3-
nm-sized metal particles.®

We have been interested in developing methods to
prepare metal colloids, especially containing rhodium, for
catalytic hydrogenation applications.”® In the course of
reducing [(1,5-COD)RhCl], with LiBEt;H, we observed the
formation of {(1,5-COD)RhH],. This species has been
prepared previously by elimination of ethylene from
[(1,5-COD)RhCH,CHj;] above -25 °C,' but the reactivity
of [(1,5-COD)RhH], has not been studied. Here we report
the synthesis of [(1,5-COD)RhH],, its use as a source of
2-nm-sized Rh crystallites under mild conditions, and some
preliminary studies of the reactivity of solutions derived
from [(1,5-COD)RhH], toward the hydrogenation of aro-
matic hydrocarbons at room temperature.

The compound [(1,5-COD)RhH], was prepared by the
reaction of [(1,5-COD)RhCI], with LiBEt;H at room tem-
perature in THF under a nitrogen atmosphere.!! The 'H
NMR characterization data and fluxional behavior were
consistent with those reported previously for this com-
pound.!'? Solutions of [(1,5-COD)RhH], were indefi-
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(11) Slowly, 2 mL of a 1.0 M solution of LiBEt,H in THF was added
to a solution of 0.493 g (1 mmol) of [(1,5-COD)RhCIl}, in 38 mL of THF
cooled in an ice bath. The color of the solution changed from yellow to
black immediately. The reaction mixture was then stirred at room tem-
perature for 4 h. The volatile components were removed in vacuo and
the residue was extracted with five 10-mL portions of n-pentane. The
volatile components were again removed in vacuo and the crude product
was dissolved in 10 mL of benzene. The solution was freeze dried to give
0.22 g (0.26 nmole) of [(1,5-COD)RhH], (52% yield). Elemental Anal.
Caled for CgHgoRhy: C, 45.30; H, 6.18%. Found: C, 45.03; H, 6.82%.
IR data (KBr disk, cm™) 2993.0 (m), 2925.5 (vs), 2908.2 (vs), 2867.3 (vs),
2819.9 (vs), 1497.7 (m), 1473.6 (m), 1458.0 (w), 1447.4 (m), 1426.7 (s),
1400.2 (m), 1326.1 (s), 1298.3 (m), 1259.9 (m), 1234.2 (m), 1210.5 (m),
1171.0 (m), 1149.5 (m), 1072.0 (s), 1001.0 (m), 986.0 (m), 932.2 (m), 880.5
(m), 861.6 (m), 840.7 (s), 811.8 (s), 753.8 (w), 682.5 (w), 584.0 (w), 472.3
(m). 'H NMR (250 MHz, C¢Dg, 20 °C) 4.79 ppm, s, br, 4 H, 1,5-COD;
2.21 ppm, m, br, 4 H, 1,5-COD; 1.70 ppm, m, br, 4 H, 1,5-COD; -11.83
ppm, quint, Jgy.y = 14.4 Hz, 1 H, H. ¥C{!H} NMR (62.9 MHz, C;¢Ds,
20 °C) 79.8 ppm, d, 'y = 11.1 Hz, 1,5-COD; 31.9 ppm, s, 1,5-COD. The
deuterium-labeled compound, [(1,5-COD)RhD],, was prepared by the
same method using LiBEt;D as reducing agent. The positions of »(M -
H/D) were not unambiguously assigned to due to the presence of other
?verl.(al&pmg peaks, but believed to be 1260 cm™ for »(M - H) and 680 cm™!

or (M - D).
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1. Plots of the change in relative concentration of (a)
[(1,5-COD)RhH], and cyclooctane and (b) toluene and methyl-
cyclohexane as a function of time from the reaction of H, with
toluene in cyclo 12 solution of [(1,5-COD)RhH], at room
temperature. See ref 13 for details.

nitely stable in aromatic and aliphatic hydrocarbon sol-
vents under inert atmosphere in the absence of hydrogen.
However, in the presence of hydrogen, aromatic hydro-
carbon solutions of [(1,5-COD)RhH], were unstable. When
hydrogen was passed through a benzene-d; solution of
[(1,5-COD)RhH], at room temperature, 'H, H, and *C
(*H coupled and decoupled) NMR spectroscopic data were
consistent with formation of and toluene-dg
was converted to methylcyclohexane-d; (CsDsH¢CD5).
During the reaction a 'H coupled *C NMR experiment
revealed the presence of aromatic C-H bonds consistent
with either dehydrogenation of the product or H/D ex-
change between [(1,5-COD)RhH], and the aromatic hy-
drocarbon. Dissolution of [(1,5-COD)RhD], in CgH, re-
sulted in a slow increase in the intensity of the hydride
resonance with time, indicating H/D exchange is possible
but slower than for the 'TH NMR time scale at 250 MHz.

To provide further insight into the role of [(1,5-COD)-
RhH], in these reactions, the hydrogenation of toluene was
studied in more detail. Toluene was chosen because the
methyl group in the starting material and product were
convenient to monitor by 'H NMR spectroscopy and are
clearly distinguishable and because the methyl groups
retain their integrity during the reaction (i.e., negligible
H/D exchange) as shown by the hydrogenation of tolu-
ene-dg described above. Toluene and [(1,5-COD)RhH],
were dissolved in cyclohexane-d,, in a molar ratio of 154:1,
and the changes in the integration ratio of the 'H NMR
resonances ascribed to toluene, [(1,5-COD)RhH],, cyclo-
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Figure 2. TEM data for the solid obtained from the reaction
of H; with toluene in cyclohexane-d,, solution of [(1,5-COD)RhH],
at room temperature.

octane, and methylcyclohexane were monitored as a
function of time while hydrogen was passed through the
solution.’® The identity of these products were confirmed
by GC-MS.!* The results of this experiment are shown
in Figure 1. The concentration of [(1,5-COD)RhH], slowly
decreased to zero after 60 min with a concomitant increase
in the concentration of cyclooctane as shown in Figure 1a.
The rate of decrease of [(1,5-COD)RhH], concentration
and the rate of increase of cyclooctane concentration
followed first-order kinetics. The rate of loss of toluene
should be equal to the rate of formation of methylcyclo-
hexane, and this is observed for the first 175 min (see
Figure 1b). At longer times, the slopes of these plots
changed, indicating a decrease in the reaction rate. From
the linear portions of the plots, a reaction rate of 1.83 X
107? molecules of toluene converted/(Rh atom (total) s)
was calculated, which compares favorably with the liter-
ature rate data for the heterogeneous hydrogenation of
benzene of 9.6 X 107 molecules of benzene/(Rh atom s)
for an Al,0;-supported Rh catalyst.!® These values are
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ppm); [(1,5-COD)RhH], by the olefinic 1,5-COD resonance (singlet, br,
4.79 ppm); cyclooctane by its single resonance (singlet, 1.54 ppm); me-
thylcyclohexane by the methyl resonance (doublet, 0.87 ppm) after sub-
traction of the underlying CH and half of a CH, resonance. A typical
reaction involved dissolution of 0.0523 g (0.0616 mmol) of [(1,5-COD)-
RhH], in 1.0 mL (9.41 mmol) of toluene and 2.0 mL of cyclohexane-d,;.
Hyd.meenwupuoodthmughthemlunon and '"H NMR was measured
at various times.
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100%; 78, CsDy*, 26%; 64, C,Dy*, 67%; 62, C‘D; 18%; 46, C;D; 4y 17%.
The second component exlul:nted a retentlon time of 3.1 min with mass

data to clooctaneC,H asfollowa.m;'z-llz
Coﬂii 100%; 84, CH,,o*, 20%; 83, CgH,,* ) “370 70, CgHyo*, 47%; 69,
CsHy*, 37%; 56 CH,+ 57%; 55, C.H;n : ’T'hethlrdoomponant
exhibited a retention time of 3.4 min, wlth mass spectral data corre-
sponding to methylcyclohexane, C-_.Hl.. as follows: m/z = 98, C;H,,*,
68%; 83, CgH,;,*, 100%; 82, CgH,o*, 17%; 70, CsH,o*, 17%; 69, CH,*,
18%; 56, C;H,*, 15%; 55, C{H;*, 42%. The fourth component exhibited
a retention time of 4.45 min with mass s| data uorrupond.ms
toluene, C;H,, as follows: m/z = 92, C;H,*, 66%; 91, C;H;*, 100%. The
last three components, cyclooctane (CgHg), moﬂlylcyt:lohum (C;H,y),
and toluene (C;Hy), exhibited mass spectral fragmentation patterns
consistent with the literature data.
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also comparable with heterogeneous benzene hydrogena-
tion catalyzed by 0.1 wt % Rh (derived from RhCl;) on
silica with a turnover frequency of approximately 107
molecules of benzene/(surface Rh atom s).” The most
notable feature of these graphs is that the hydrogenation
of toluene continued well past the time at which all the
[(1,5-COD)RhH], had been consumed. From these data
it appears that the hydrogenation reaction was not stoi-
chiometric in Rh concentration, and [(1,5-COD)RhH],
derived solutions were capable of at least 127 turnovers,
after which the experiment was stopped. The compound
{(1,5-COD)RhH], may be responsible for some catalytic
hydrogenation. If it were not an active catalyst, the rate
of toluene hydrogenation should increase as the active
catalyst is formed and then become constant after all the
[(1,5-COD)RhH), is consumed. Qualitatively, this appears
not to be the case, but the data are not unambiguous in
this respect. However, this species must be a precursor
to an active hydrogenation catalyst since the hydrogenation
activity continues long after the [(1,5-COD)RhH], was
reacted.

During addition of hydrogen to [(1,5-COD)RhH]; solu-
tions, a black solid was precipitated and the initial dark
red solution became colorless after 60 min, when all the
[(1,5-COD)RhH], had been consumed. The black solid was
isolated and shown to be comprised of agglomerated ~2-
nm-sized particles of crystalline rhodium as determined
by transmission electron microscopy, energy-dispersive
spectroscopy, and electron diffraction (see Figure 2).
X-ray powder diffraction experiments could not distinguish
between an amorphous material and crystalline rhodium
with a small crystallite size. However, the position (26)
and width of the X-ray diffraction peaks observed at room
temperature were consistent with the presence of 2-nm-
sized crystallites. On heating this solid to 400 °C, sharp
X-ray diffraction peaks were observed at positions that
corresponded to the presence of crystalline rhodium. A
particle size of 2 nm corresponds to a turnover frequency
of 2.3 X 1073 molecules of toluene/(surface Rh atom s).

Preliminary studies of the hydrogenation activity of
functionalized aromatic hydrocarbons exhibited quite
different behavior. Pyridine-d; was not hydrogenated on
the same time scale that hydrogenation of benzene-dg and
toluene-dg was observed, but instead, D/H exchange was
observed selectively into the o-phenyl position as deter-
mined by !H NMR spectroscopy. Furthermore, benzo-
phenone (and acetone) did not react on the same time scale
as benzene-dg and toluene-dg, although [(1,5-COD)RhH],
was converted to Rh metal in every case. In a competition
experiment, a mixture of benzophenone and toluene were
dissolved in a cyclohexane-d;, solution of [(1,5-COD)Rh-
H], The rate of hydrogenation of toluene was severely
depressed under these conditions. No methylcyclohexane
was formed after 120 min. This indicated that the ben-
zophenone probably poisoned the catalytically active sites
perhaps via coordination of the carbonyl functionality.
Coordination of the nitrogen lone pair of pyridine-ds to
the catalyst might also explain the observed ortho deu-
terium D/H exchange as a result of their proximity to the
active site(s).

The interaction of toluene with condensed metal vapors
has been postulated to result in formation of =-toluene
complexes.'817 The species derived from the condensa-
tion of Rh vapor into toluene was found to be an active

(16) See, e.g.: Scott, B. A.; Plecenik, R. M.; Gargill III, G. S.; McGuire,
T. R.; Herd, R. R. Inorg. Chem. 1980, 19, 1252.

(17) Klabunde, K. J.; Efner, H. F.; Murdock, T. O.; Ropple, R. J. Am.
Chem. Soc. 1976, 98, 1021.

hydrogenation catalyst for the conversion of toluene to
methylcyclohexane.'®*  An analogous species may be
formed as an intermediate in these reactions. Further
studies are in progress to determine the stereochemistry
and selectivity of hydrogenation of aromatic hydrocarbons
with [(1,5-COD)RhH], and to develop the strategy of the
removal of alkene ligands from metal-organic complexes
to liberate small metal clusters under mild conditions.
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Rational synthetic approaches to efficient polymeric
second-order nonlinear optical materials! must address the
crucial requirements of maximizing constituent chromo-
phore number densities while achieving and preserving
maximum microstructural accentricity. Acceptable ther-
mal environments must ultimately include those of device
fabrication as well as prolonged use. To these ends, poled
cross-linkable chromophore-functionalized glassy poly-
mers*® and poled matrices based upon cross-linkable
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