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Abstract 

Two benzoylthiourea-functionalized silica xerogels, 4.5SiO2.SiO3/2(CH2)3NHC(S)NHC(O)Ph XGbztu) and SiO3/2 
(CHe)3NHC(S)NHC(O)Ph (XGbztu*) have been prepared from (EtO)3Si(CH2)3NHC(S)NHC(O)Ph by the sol-gel process. 
They are able to bind rhodium(I) species giving the composite materials Rh/XGbztu and Rh/XGbztu*, which are very active 
insoluble and recoverable catalysts for the hydroformylation of styrene. The anchored species undergo major changes during thc 
catalytic cycles, particularly in the Rh/XGbztu system, whose iso/normal selectivity ratio gradually increased in the first five 
runs. Furthermore, CH3(CH2)2NHC(S)NHC(O)Ph (HBztu) has been studied as a model of the surface binding function. The 
structure of [Rh(codXHbztu)C1] 1, which represents a suitable molecular model for the anchored complexes, has been 
determined by X-ray diffraction. 
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I.  Introduct ion 

One important goal of modern metal catalyst design 
is to combine the easy recovery of solid catalysts with 
the high activity and selectivity of soluble complexes 
[1-3]. This can be achieved by attaching the soluble 
catalyst to an insoluble support through a tethered 
ligand, thereby obtaining a so-called hybrid (heteroge- 
nized homogeneous) catalytic system [4]. The solid 
support is normally chosen on the basis of certain 
parameters such as inertness to reagents and products, 
mobility of the tethered functions, porosity, mechanical 
and thermal stability. 

" Dedicated to Professor Fausto Calderazzo: on the occasion of 
his 65th birthday and in recognition of his important  contributions to 
organometall ic chemistry. 
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t cod = 1,5-cyclooctadiene; Hbztu = N-benzoyl-N'-propylthiourea. 
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Extensive studies have been carried out on organic 
polymers as supports which can be functionalized rather 
easily with the desired ligand group: the most popular 
approach involves macromolecular phosphine as sup- 
ports [4,5], although nitrogen ligands (amines [6] and 
nitriles [7]) have also been employed to functionalize 
polymers. Very recently, a new system based on macro- 
molecular rhodium isocyanide complexes as catalyst 
precursors has been described and used in the direct 
synthesis of alcohols from n-olefins and syngas [8]. 
However organic macromolecular systems do not com- 
pletely fulfill the requirements on supports, as their 
structures are not rigid and depend greatly on the 
temperature and the reaction medium. 

These disadvantages can be overcome by anchoring 
a suitable ligand group L to a porous rigid system such 
as silica gel by reaction of the surface S i - O H  groups 
with functionalized alkoxysilanes of the type (RO)3Si 
- - ( C H  2 ) n - - L  bearing a suitable spacer aliphatic chain. 
Alternatively, it is possible to prepare insoluble func- 
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tionalized xerogels directly by the sol-gel process [9] 
via a one-step synthesis which consists of the hydrolysis 
and co-condensation of (RO)4Si (fourfold cross-lin- 
king) with the substituted alkoxide. In this way it is 
possible to obtain organic/inorganic hybrid materials 
of the type nSiOz'SiO3/2--(CH2)n--L with con- 
trolled density of ligating functions (depending on the 
molar ratio of the two starting reagents), offering the 
possibility of studying the catalytic activity of a particu- 
lar metal complex as a function of the abundance of 
the donor groups on the surface. Furthermore, particu- 
lar organic spacers, including bridging groups, can be 
chosen in order to modify the porosity of the inorganic 
network [10]. Generally this synthetic procedure pro- 
vides robust materials with a higher content of avail- 
able ligand groups than their silica-immobilized coun- 
terparts produced by reaction of an alkoxysilane with 
the surface silanol groups [11]. 

Depending on the nature of the metal species and 
on the process conditions, both anchored metal com- 
plexes with catalytic activity [12] and supported small 
metal particles [13] can be prepared starting from 
hybrid sol-gel materials. The phosphine group 
[12a,b,e,14] tethered to silica is still the most common 
binding function, but nitrogen [12d,15], oxygen [12f] 
and sulfur [16] ligands have also been used as surface 
modifiers. 

Seeking new ancillary ligands for catalytic processes, 
we have recently found that the new thiourea-func- 
tionalized xerogels XGtu and XGditu, derived from 
(EtO)3Si(CHz)3NHC(S)NHPh and (EtO)3Si(CH2) 3 
N{C(S)NHPh}(CHz)2NHC(S)NHPh, respectively, by 
sol-gel methods are capable of binding palladium(II) 
[17], copper(I) and (II) [18], rhodium(I) [19] and metal 
carbonyl species, including clusters [20] by a coordinate 
linkage. In the case of the system Pd/XGtu,  treatment 
with dihydrogen affords colloidal metal particles, as 
shown by transmission electron microscopy, with selec- 
tive hydrogenating activity [17]. 

Continuing these investigations, we have now syn- 
thesized the potentially bidentate benzoylthiourea 
(EtO)3Si(CHz)3NHC(S)NHC(O)Ph as a precursor of 
the new functionalized xerogels XGbztu when sol-gel 
processed with Si(OR)4, and of XGbztu* when pro- 
cessed alone. A pictorial view of the tethered ben- 
zoylthiourea function is shown in Scheme 1. The non- 
siloxanized thiourea CH3(CH2)zNHC(S)NHC(O)Ph 
(Hbztu) has been used as a model for the surface-bind- 
ing function. Its crystal structure [21a] exhibits an N--  
H . . .  O intramolecular hydrogen bond like that shown 
in Scheme 1 for XGbztu. 

This paper describes the anchoring reactions of 
[{Rh(cod)C1} 2] (cod = 1,5-cyclooctadiene) and of 
[{Rh(CO)2CI} 2] with XGbztu and its superfunctional- 
ized analogues XGbztu* to give rhodium(I) species 
tethered by an Rh--S coordinate linkage. These hy- 
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Scheme 1. 

brid systems are promising precursors for active recy- 
clable hydroformylation catalysts, styrene being con- 
verted quantitatively into the corresponding linear and 
ramified aldehydes. Furthermore, the structure of 
[Rh(cod)(Hbztu)C1] (1), which represents a suitable 
molecular model for the anchored complexes, has been 
determined by X-ray diffraction. 

2. Experimental details 

2.1. Materials and analytical equipment 

All the organic and organometallic reagents were 
pure commercial products. [{Rh(CO)2CI} 2] was sub- 
limed before use. The solvents were reagent grade and 
were dried and distilled by standard techniques before 
use. All manipulations of rhodium compounds and 
siloxanized reagents (prior to the sol-gel process) were 
carried out under dry dinitrogen by means of standard 
Schlenk-tube techniques. 

Elemental analyses (C, H, N, S) were performed 
with a Carlo Erba EA 1108 automated analyzer. BET 
surface areas were measured using Micromeritics 
equipment. IR spectra were recorded on a Nicolet 5PC 
FT spectromelc,'; 1H and 13C NMR spectra were ob- 
tained with Bruker AC-100 and CXP-200 instruments; 
mass spectra were recorded on a Finnigan SSQ 710 
mass spectrometer. Analytical GLC was carried out 
with a DANI 3900 chromatograph fitted with a methyl- 
silicone (OVt01) coated capillary column. Energy dis- 
persive X-ray microanalyses (EDX) and scanning elec- 
tron microscopy (SEM) images were obtained by the 
electron microscope microanalysis system JEOL 6400 
EDS Tracor at the Institutes of Petrology, Mineralogy 
and Geology, University of Parma. 

XPS spectra were run on a Vacuum Generators 
ESCALAB spectrometer, equipped with a hemispheri- 
cal analyzer operated in the fixed analyzer transmission 
(FAT) mode, with a pass energy of 20 or 50 eV. Al 
Keel, 2 or Mg Kal. 2 photons (hv = 1486.6 and 1,253.6 
eV, respectively) were used to excite photo-emission. 
The binding energy (BE) scale was calibrated by taking 
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the Au 4f7/2 peak at 84.0 eV. Correction of the energy 
shift due to static charging of the samples was accom- 
plished by referencing to the C(ls) line from the resid- 
ual pump line oil contamination, taken at 285.0 eV. 
The accuracy of reported BEs was _+0.2 eV, and the 
reproducibility of the results was within these values. 
The spectra were collected by a DEC PDP 11/83 data 
system and processed by means of VG 5000 data 
handling software. 

2.2. Preparations and reactions 

2.2.1. Preparation of PhC(O)NHC(S)NH(CH2)2CH~ 
(Hbztu) 

This ligand was prepared according to the method 
described in the literature [21b] with slight modifica- 
tions. Propylamine (1.45 g, 24.5 mmol) was added 
dropwise to a toluene solution (20 ml) of benzoyl 
isothiocyanate (4 g, 24.5 mmol). An exothermal reac- 
tion took place and after 10 rain a precipitate was 
formed. The mixture was allowed to react for 3 h and 
then filtered. The white precipitate was washed with 
isopropanol and dried in vacuo. Yield 60%. Analysis: 
Found (calc. for CIIHI4N2OS): C, 60.9 (59.4); H, 6.4 
(6.3); N, 12.4 (12.6); S, 14.1(14.4)%. MS m/z  (CI, 
positive ions): 76 (100%) (M - 146); 223 (60%) (M + 1); 
222 (16%) (M). FT-IR (KBr) (cm - l )  (thiourea group 
assignments following Jensen and Nielsen [22]): 3232 
(br, s) (uNH); 3059 (w) (uCHarom); 2929 (mw), 2881 
(w) (uCHaliph.); 1674 (s) 0,CO); 1559 (s), 1535 (br, vs) 
(vasNCN, B band); 1258 (m) (u~NCN + vNH, C band); 
1192 (ms) (u~NCS, D band); 696 (m) (vsCS + uNCN, F 
band). JH NMR (CDC13, TMS) 6:10.80 (s, NH); 9.10 
(s, NH); 7.93 (d, 1H, arom.); 7.86 (d, 1H, arom.); 
7.67-7.48 (m, 3H, arom.); 3.72 (dt, NCH2); 1.75 (sex, 
CH2); 1.07 (t, CH 3) ppm. 13C NMR (CDC13, TMS) 6: 
179.7 (CS); 166.7 (CO); 133.4-127.3 (arom.); 47.5 
( C H 2 ) ;  21.5 ( C H 2 ) ;  11.4 ( C H  3) p p m .  
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Fig. 1. Comparison between the IR spectra, in the carbonyl stretch- 
ing region, of (a) the Rh(CO)2Cl /Hbztu  complex in dichloromethane 
solution (2087. 2018 cm - t )  and (b) the corresponding anchored 
species on XGbztu* (2083, 2010 cm - t ). 

82.6 (CH cod); 47.4 (NHCH2); 31.1 (CH 2 cod); 21.6 
(CH2CH3); 11.6 (CH 3) ppm. 

2.2.2. Preparation of [Rh(cod)(Hbztu)Cl] (1) 
Hbztu (0.15 g) was allowed to react with 

[{Rh(cod)C1} 2] (0.17 g) in 5 ml of CHzC12 at room 
temperature for 1 h. Hexane was added to the orange 
solution obtained and after few hours orange crystals, 
suitable for X-ray analysis, were formed (80% yield). 
Analysis: Found: C, 50.3; H, 5.6; N, 5.9; S, 7.0%. 
C19C1H2~,N2ORhS requires: C, 48.7; H, 5.6; N, 6.[); S, 
6.8%. FT-IR (KBr) (cm l): 3184 (br, m) (uNH); 3080 
(w) (uCH arom.); 2932 (m), 2875 (w) (uCH aliph.); 
2831 (uCH cod); 1669 (s) (uCO); 1573 (s), 1532 (br, vs) 
(B band); 1274 (m) (C band); 1194 (ms) (D band); 691 
(m) (F band). 1H NMR 6:12.34 (s, NH); 11.30 (s, NH); 
8.19 (d, 1H, arom.); 8.11 (d 1H, arom.); 7.67-7.42 (m, 
3H, arom.); 4.41 (s, CH cod); 3.58 (dt, NCH 2); 2.53-1.57 
(m, CH2cod and CH2CH3); 1.02 (t, CH 3) ppm. 13C 
NMR 6:179.5 (CS); 170 (CO); 133.8-128.8 (arom.); 

2. 2.3. Reaction of Hbztu with [ {Rh (C0)2C1}2 ] 
Hbztu (0.23 g) and 0.2 g of [{Rh(CO)2C1} 2] (2:1 

molar ratio) were dissolved under nitrogen atmosphere 
in 5 ml of CH2C12 and allowed to react at room 
temperature for 20 rain. Addition of hexane gave an 
oily product. The formation of a 1 : 1 Hbztu-Rh com- 
plex similar to 1 is suggested by the |R  spectrum (Fig. 
l(a)) of the same solution: uCO (cm ~): 2087 and 2018. 

2. 2. 4. Reaction of Li[Bztu] with [{Rh (C0)2CI} 2 ] 
Hbztu (0.10 g) was allowed to react with a solution 

consisting of 0.28 ml of LiBu (1.6 M in hexane) in 5 ml 
of distilled Et20 at -70°C. A white precipitate was 
formed. It was dissolved in 2.5 ml of THF when a 
colourless solution was obtained. The medium-strong 
vCO band observed at 1670 cm * for the thiourea in 
THF disappeared owing to the formation of the 
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2.2.6. Preparation of [Si03/2(CH2)3NHC(S)NHC(O) 
Ph]n (XGbztu* ) 

[(SiO3/2(CHz)3NH2] . (2.01 g) was added to a solu- 
tion consisting of 2.45 ml of benzoyl isothiocyanate (12 
mmol) in 30 ml of toluene. After heating under reflux 
for 6 h, the suspended solid was filtered and washed 
with toluene. Analytical and IR data revealed the 
presence of unreacted isothiocyanate and amine 
oligomers: Analysis: Found: C, 45.9; H, 5.1; N, 10.4; S, 
8.3%. FT-IR (KBr) (cm-~); 3244 (br, w) (uNH); 2930 
(row) (vCHalif.); 2060 (m) (uNCS); 1672 (s) (vCO); 
1555, 1520 (s) (band B); 1024 (vs, br) (uSiO); 692 (m) 
(band F). To remove these impurities, the xerogel was 
treated with EtOH in a Soxhlet apparatus for 5 d and 
then dried in vacuo. Analysis: Found: C, 50.5; H, 4.8; 
N, 9.6; S, 10.2%. C11HI3N2Oz.sSSi requires: C, 48.4; H, 
4.8; N, 10.3; S, 11.7%. FT-IR (cm-~); 3247 (br, w) 
(uNH); 2927 (m) (uCH alif.); 1672 (s) (uCO); 1555, 
1520 (s) (band B); 1024 (vs, br) (uSiO); 691 (m) (band 
F). MS m/z  (EtOH solution after extraction): 882 
(100%); 1103 (65%), corresponding, respectively, to the 
octamer and the decamer of [(SiO3/2(CHz)3NH2] n. 

22t o ' ' ' ' ' ' Iotoo 
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Fig. 2. Comparison between the IR spectra, in the carbonyl stretch- 
ing region, of (a) the Rh(CO) 2/thioureato complex in tetrahydrofu- 
ran solution (2020, 1968 cm -1) and (b) the Rh/XGbztu* catalyst 
after three cycles (2023, 1969 cm I). 

thioureate anion. This solution was added to 0.087 g of 
[{Rh(CO)2CI} 2] in 3 ml of THF and, after heating 
under reflux for 40 min, the FT-IR spectrum in THF 
(Fig. 2(a)) showed two strong and sharp bands at 2020 
and 1968 cm-~. An oily product was also obtained on 
addition of hexane. 

2.2.5. Preparation of [Si03/2(CH2)3NH2] n 
(EtO)3Si(CH2)3NH 2 (90 mmol) was stirred with 10 

ml of water and 10 ml of EtOH and warmed at 
40-50°C. When a gel formed the warming was discon- 
tinued. Homogeneous gel formation occurred within 1 
d; the gel (water-soluble) was then crushed, washed 
and dried in vacuo at 40°C for 20 min. Analysis: 
Found: C, 31.7; H, 7.5; N, 11.7%. C3HsNOI.sSi re- 
quires: C, 32.7; H, 9.1; N, 12.7%. FT-IR (KBr) (cm-1): 
3362 (br, w) (uNH); 2931 (m) (uCH); 1597 (ms) (~NH); 
1029 (vs, br) (vSiO). MS m/z  (CI, positive ions): 882 
(100%, n = 8); 910 (16%); 984 (54%); 1103 (21%, n = 
lO). 

2.2. 7. Preparation of XGbztu (thiourea function diluted) 
(EtO)3Si(CH2)3NH 2 (2.1 g, 9.3 mmol) and 2.4 g 

(14.9 mmol) of benzoyl isothiocyanate were mixed to- 
gether under dry dinitrogen. An exothermal reaction 
occurred and a yellow oil (crude (EtO)3Si 
(CHz)3NHC(S)NHC(O)Ph) was obtained; then 7.7 g 
(36.9 mmol) of tetraethoxysilane were added. The mix- 
ture was stirred for a few minutes and then added to a 
solution consisting of 0.17 g of NH4F in 7.50 ml of 
water. EtOH was added until a single phase was 
formed, which gelled in a few hours. The xerogel 
obtained was crushed, washed with water and dried in 
vacuo at 80°C. This glassy material was further purified 
by extraction with toluene for 2 d in a Sohxlet appara- 
tus. Analysis: Found % (calc. for 4.5SIO 2 
SiOl.5C11HL3N2OS): C, 24.5 (24.3); H, 2.7 (2.4); N, 4.5 
(5.2); S, 4.9 (5.9%). FT-IR (KBr) (cm-l): 3425 (s, vbr) 
0,OH); 3271 (sh) (uNH); 1676 (ms) (uCO); 1559 (s, br), 
1524 (s) (vasNCN, B band); 1082 (vs, vbr) (~,SiO); 715 
and/or  665 (w) (usCS + uNCN, F band). Surface area 
(BET): 70 m 2 g -1 .  

2.2.8. Anchoring rhodium from [{Rh(cod)Cl}] 2. Prepa- 
ration of Rh / XGbztu* and Rh / XGbztu 

The procedure was the same for XGbztu* and XG- 
bztu. A stoichiometric amount of xerogel (Rh/S,  1:1 
molar ratio) was suspended by magnetic stirring in a 
dichloromethane (or 1,2-dichloroethane) solution of 
[{Rh(cod)C1}2]. The mixture was allowed to react by 
heating under reflux for a few hours. The resulting 
orange solid (Rh/XGbztu* or Rh/XGbztu)  was, then 
filtered, washed with dichloromethane and dried in 
vacuo. Characterization of Rh/XGbztu*: atomic ratios 
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found by EDX microanalysis: Si /S,  1.3; Rh/C1, 0.9; 
Rh / S ,  0.5, FT-IR (KBr) (cm-l ) :  3224 (br, w) (uNH); 
2930, 2874 (m) (uCH); 1670 (s) (uCO); 1568 (s), 1531 
(s) (band B); 1024 (vs, br) (uSiO); 710 (m) (band F). 
Characterization of Rh /XGbz tu :  atomic ratios found 
by EDX microanalysis: Si /S,  5.2; Rh/C1, 0.9; R h / S ,  
0.4. FT-IR (cm i); 3405 (br, w) (uNH and uOH); 2940 
(w) (uCHalif.); 1680 (m) (uCO); 1576 (m), 1540 (m) 
(band B); 1088 (vs, vbr) (uSiO). XPS data are reported 
in Table 1. 

2.2.9. Anchoring rhodium from [{Rh(CO)2CI}] z to 
XGbztu* 

The xerogel was suspended by magnetic stirring in a 
T H F  solution containing a stoichiometric amount of 
[{Rh(CO)C1} 2] (Rh /S ,  1:1 molar ratio). The mixture 
was allowed to react at room temperature for a few 
hours and then filtered. The solid orange product was 
washed with dichioromethane and dried in vacuo. The 
FT-IR spectrum in KBr showed two strong bands due 
to v(CO) at 2083 and 2010 cm 1, which suggest the 
presence on the xerogel surface of an anchored 
rhodium species similar to the complex obtained with 
Hbztu. A comparison of the spectra of these two 
systems is shown in Fig. 1. 

2.2.10. Hydroformylation reactions 
The hydroformylation reactions were performed in a 

50 ml stainless-steel autoclave (Parr) equipped with a 
magnetic stirrer and thermostated (+_ I°C) in a silicone 
oil bath (Fischer). Yield and selectivity were deter- 
mined by GLC using internal standards. 

In a typical run, distilled styrene (2 g), toluene (3 ml) 
and the xerogel (0.08 g of R h / X G b z t u  or 0.04 g of 
R h / X G b z t u * )  were introduced under dinitrogen in 
the autoclave to achieve an approximate s ty r ene /Rh  
ratio of 300: 1. After some pressurization and evacua- 
tion, the autoclave was charged at -20°C  with dihy- 
drogen and carbon monoxide (1 : 1) at 60 atm (pressure 
at room temperature).  The reaction mixture was stirred 
at 80°C for 10-12 h, then filtered and analyzed by 
GLC. The recovered solid catalyst was re-used in a 
further run. For all the catalytic runs, the styrene 
conversion was about 99% and the yield in the two 
isomeric aldehydes was about 98%. Trace amounts of 
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Fig. 3. I so /no rma l  selectivity ratio versus catalytic cycle number  in 
the hydroformylation of styrene catalyzed by R h / X G b z t u  and 
XGbztu*.  

ethylbenzene (<  1 % ) w e r e  detected. The iso/normal  
selectivity data are reported in Fig. 3. The recovered 
catalysts were analyzed by IR spectroscopy: Fig. 4 
shows the IR patterns of the Ru /XGbz tu*  system 
after three consecutive catalytic cycles. XPS data for 
R h / X G b z t u  are quoted in Table 1 and Fig. 5 shows 
the Rh(3d) pattern. Finally, Fig. 6 shows an SEM 
image and the EDX spectrum of Rh /X G b z tu *  after 
three cycles. 

2.3. X-ray data collection, structure determination and 
refinement for [Rh (cod) (Hbztu)Cl] (1) 

Suitable deep orange crystals for X-ray analysis were 
obtained directly from the preparation mixture. The 
crystallographic data are summarized in Table 2. Data 
were collected at room temperature (22°C) on a Philips 
P W l l0 0  diffractometer, using graphite monochro- 
mated Mo K a  radiation and the 0 / 2 0  scan type. The 
reflections were collected with a variable scan speed of 
3-12 ° min -1 and a scan width from ( 0 - 0 . 6 5 )  ° to 
(0 + 0.65 + 0.346 tan 0) °. One standard reflection was 
monitored every 100 measurements; no significant de- 
cay was noticed over the time of data collection. The 

Table 1 
XPS data [BE (eV) and atomic ratios "] for XGbztu and its rhodium derivatives 

Compound  N(ls)  S(2p) Rh(3ds/2)  N / S  S i / N  R h / S  R h / S i  Rh ÷ / R h  3+ 

XGbztu 400.3 162.5 - 3.7 2.8 - - - 
R h / X G b z t u  400.2 163.1 309.1 3.4 2.8 1.2 0.1 - 
R h / X G b z t u / 5  b 400.9 169.9 308.7 (Rh +) 3.6 3.2 1.0 0.1 2.4 

310.3 (Rh +3) 

a Experimental  errors on binding energies, +_0.2 eV; on atomic ratios, +_ 10%-20%. 
b Catalyst recovered after the fifth hydroformylation cycle. 
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Fig. 4. IR  pat te rns  of  the R h / X G b z t u *  system after three consecu- 
tive catalytic cycles (a-c) ,  emphasiz ing the progressive t ransforma-  
tion of  the th iourea -ca rbony l  rhod ium complex (derived f rom the 
corresponding start ing cod complex; only the peak at 2076 c m - t  is 
detectable)  into the hypothetical,  lower u (CO)  frequency thioureato  
species (2023, 1969 c m - t ) .  

individual profiles have been analyzed following 
Lehmann and Larsen [23]. Intensities were corrected 
for Lorentz and polarization effects; no correction for 
absorption was necessary. Only the observed reflec- 
tions were used in the structure solution and refine- 
ment. 

The structure was solved by Patterson and Fourier 
methods and refined by full-matrix least-squares first 
with isotropic thermal parameters and then with 
anisotropic thermal parameters for all non-hydrogen 
atoms. All hydrogen atoms were clearly localized in the 
final AF map and refined isotropically. In the final 
cycles of refinement a weighting scheme, w = [cr2(Fo) 
+gF2]  -1 was used; at convergence the g value was 
0.0070. The analytical scattering factors, corrected for 
the real and imaginary parts of anomalous dispersions, 
were taken from Ref. [24]. All calculations were car- 

. . . . . . . . . . . . . . .  i~ ¸ • . . . . . . . . . . . . . . . . . . . . . . . . .  

0 ...................................... I ...... ~ ........... - :  .......... '. .................................................... 
li. I ' 

................................... i .......... ;! '+ F'i~(~ ............................. 
: ii~t : ,i ~ t i  ,.. ! 
! t i i ! i~ ~ I ! , e! i i % i 

{a) 1 2 3 k e V  

Fig. 6. (a) E D X  spect rum and (b) SEM view of the R h / X G b z t u *  
system after three catalytic cycles; atomic ratios: S i /S ,  2.5;Rh/C1, 
0.8; R h / S ,  0.7; S i / R h ,  3.4. 
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r ied out  on the  G O U L D  P O W E R N O D E  6040 of  the  
" C e n t r o  di S tud io  p e r  la S t ru t tu r i s t i ca  D i f f r a t t ome t -  
r ica"  del  C N R ,  Parma ,  using the  SHELX-76 and 
SHEI_XS-S6 systems of  c rys ta l lograph ic  c o m p u t e r  p r o -  
g rams  [25]. The  final a tomic  coo rd ina t e s  for the  non-  
hyd rogen  a toms  are  l is ted in Tab le  3. A d d i t i o n a l  da t a  
(a tomic  coo rd ina t e s  of  the  hydrogen  atoms,  t he rma l  
p a r a m e t e r s )  have been  depos i t ed  at the  C a m b r i d g e  
Crys ta l lograph ic  Da t a  Cen t re  or  are  avai lable  from the 
authors .  

3. R e s u l t s  a n d  d i s c u s s i o n  

3.1. Functionalized materials and rhodium complexes 

The  benzoy l th iou rea  Hbz tu  has been  p r e p a r e d  as a 
su i tab le  mo lecu la r  m o d e l  for the  t e t h e r e d  funct ions  of  
the  silica xerogels  X G b z t u  and  XGbtzu* .  Because  of  
the  synthet ic  cond i t ions  a d o p t e d  bo th  xerogels  must  be 
careful ly  c l eaned  in o r d e r  to r emove  some u n r e a c t e d  
i so th iocyana te  and,  in the case  of  XGbz tu* ,  some 

un reac t ed  [S iO3/2(CH2)3NH2]  n. This  mate r ia l ,  which 
is soluble  in wa te r  and  l ight alcohols,  consists  of  a 
mixture  of  o l igomer ic  molecules ,  the  p seudo-cub ic  oc- 
t a m e r  be ing  the  main  c o m p o n e n t  [26]. This  is sug- 
ges ted  by the  chemica l  ion iza t ion  posi t ive ion mass  
spec t rum of  the  mixture ,  which shows the  h ighest  peak  
due  to the  o c t a m e r  at m / z  882 (M + 2). The  corre-  
spond ing  benzoy l th iou rea - func t iona l i zed  mate r i a l  is 

Table 2 
Summary of crystallographic data for complex 1 

Formula C19H 26CIN2ORhS 
Mol. wt. 468.85 
Crystal system triclinic 
Space group P1 
Radiation (A A) graphite monochromated 

Mo Ka (0.71073) 
a, A 7.005(2) 
b, ,~ 9.34112) 
c, ,~ 16.198(4) 
a, deg 73.36(2) 
/3, deg 78.55(2) 
y, deg 85.39(2) 
V, ,~-~ 995.0(5) 
Z 2 
Dealt, g cm - ~ 1.565 
F(000) 480 
Cryst. size, mm 0.14x0.22x0.23 
p,(Mo Ka), cm 1 11.07 
Diffractometer Philips 
20 range, deg 6-60 
Reflections measured ++ h, + k,l 
Unique total data 5820 
Unique observed data [1 > 2o,11)] 3844 
R 0.0380 
R w 0.0486 

Table 3 
Fractional atomic coordinates (× 10 4) and equivalent thermal pa- 
rameters (,~2 × 10 4) for the complex [Rh(Hbztu) (cod)Cl] 

Atom x y z Ueq 

Rh 907.5(4) 2952 .7(3)  1600.9121 334(11 
CI - 2093.2(141 2654.81141 2620.1(71 556(4) 
S 2014.7(161 4946.2(11) 2015.2(6) 479(3) 
O 1739(5) 3606(4) 4960(2) 653(13) 
N(1) 3040(6) 5398(4) 3396(2) 535(13) 
N(2) 649(4) 3652(4) 3714(2) 387(10) 
C(I) 1919(5) 4661141 3108121 3771121 
C(2) 4441/(8) 6526(6) 2859(3) 641(19) 
C(3) 6294(7) 6326(5) 3205(3) 562(17) 
C(4) 77011(8) 7578(6) 2685(4) 650(21) 
C151 588(5) 3184141 4615121 4231121 
C161 - 9611151 2110(41 5126121 3811111 
C17) - 2794(6) 2209(5) 4916(2) 445(13) 
C(8 )  -4211(7) 1200(51 5441(3) 537(16) 
C19) 37611(7) 96(5) 6152(3) 567(17) 
C(10) - 1928(7) 7(5) 6359(3) 548(16) 
C(II) - 529(6) 1013(5) 5860(3) 478(14) 
C(12) 500(7) 897(5) 1324(3) 530(16) 
C(13) - 360(7) 2056(5) 764(3) 525(17) 
C(14) 558(111 2774(9) 189(3) 837(27) 
C(151 2544111/) 3286(8) -342(3) 812125) 
C(161 3(/95(7) 3567(6) 462(3) 544116) 
C(171 3831(6) 2469(6) 11116(31 569(18) 
C(18) 4145(9) 848(7) 1141(5) 796(27) 
C(19)  24(16(10) 124(7) 11128(5) 767(25) 

qui te  insoluble  in common  solvents  but,  owing to its 
o l igomer ic  na tu re ,  its surface  a rea  is a lmost  zero.  In 
contras t ,  the  xerogel  XGbz tu ,  o b t a i n e d  by hydrolysis  
and  co -condensa t ion  of  the c rude  t r ie thoxysi ly lpropyl-  
benzoy l th iou rea  with t e t rae thoxys i lane ,  exhibi ts  a sur- 
face a rea  of  70 m 2 g - l .  The  in tegr i ty  of  the  t e t h e r e d  
benzoy l th iou rea  group  in the  two pur i f ied  ma te r i a l s  is 
conf i rmed  by the  p resence  in the i r  IR  spec t ra  of  bands  
typical  of  this funct ion,  which a p p e a r  at near ly  the  
same  f requency  as in the  m o d e l  c o m p o u n d  Hbztu .  In 
par t i cu la r ,  the  u(CO) and the t h iou rea  B bands  are  
easily iden t i f i ed  in the  IR  spec t ra  of  the  xerogels ,  
w he re a s  the  o the r  t h iou rea  bands  are  m a s k e d  by the 
s t rong and  b r o a d  absorp t ion  of  the  S i - - O  groups  c e n -  

1 
t e r ed  at ca. 1080 cm 

Hbz tu  reacts  with [{Rh(cod)Cl) 2] giving the 1" 1 
t h i o u r e a / r h o d i u m  complex  1 cha rac t e r i zed  by e l emen-  
tal analysis  and  I R  and N M R  spect roscopy.  In par t icu-  
lar, the  high f requency  shift  of  the  B and C bands  in 1 
with respec t  to the free th iou rea  suggests  sulfur coordi -  
nat ion,  the  carbonyl  g roup  be ing  e nga ge d  in an in- 
t r a mo le c u l a r  hydrogen  bond  as conf i rmed  by its crystal  
s t ruc ture  (vide infra).  Similarly,  H b z t u  reacts  with 1 
equiv ,  of  [{Rh(CO)2C1}2] giving a p roduc t  which shows 
two s t rong carbonyl  s t re tch ing  bands  at 2087 and 2018 
cm-~  in solut ion as r equ i r ed  by a complex  of  the  type 
[Rh(CO)2(L)C1] [27]. A n  oily ma te r i a l  was ob t a ined  on 
evapora t ion  of  the  solvent  u n d e r  vacuum,  as in the case 
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of diphenylthiourea [19], and no other attempts were 
made to isolate a solid product. 

On the other hand, both xerogels XGbztu and 
XGbztu* react with [{Rh(cod)C1} 2] producing the hy- 
brid materials Rh/XGbztu and Rh/XGbztu*, respec- 
tively. They contain anchored metal complexes of the 
same nature as 1, as suggested by their IR spectra. 
Sulfur coordination is also indicated by the significant 
increase in the S(2p) binding energy in the XPS spec- 
trum of Rh/XGbztu relative to the unreacted xerogel 
(Table 1). In Rh/XGbztu, the Rh /S  atomic ratio 
observed by EDX (0.4) is significantly lower than that 
found by XPS (1.2). This apparent discrepancy is due 
to the different surface depths explored by the two 
techniques (~  5 nm for XPS and ~ 1000 nm for EDX), 
and indicates clearly that a considerable fraction of the 
thiourea groups in the inner layers of the gel is not 
accessed by the rhodium species. Also [{Rh(CO)2C1} 2] 
reacts with XGbztu* to afford an anchored carbonyl 
complex whose two IR u(CO) bands (2083 and 2010 
cm-1) are near the frequencies found for the rhodium 
carbonyl complex of Hbztu (2087 and 2018 cm -1) as 
shown in Fig. 1. 

3.2. Description of the crystal structure of [Rh(cod) 
(Hbztu)Cl] (1) 

As mentioned above, complex 1 represents a suit- 
able molecular model of the anchored species of the 
composite materials Rh/XGbztu and Rh/XGbztu*, 
so its X-ray structure was determined and is shown in 
Fig. 7 together with the atomic labelling scheme. Se- 
lected bond distances and angles are listed in Table 4. 
The Rh atom is coordinated by a C1 atom, an S atom 
from the Hbztu molecule and by the cod interacting 
through the two double bonds. If the midpoints of 
these double bonds, M(1) and M(2), are taken into 
account, the Rh atoms display a slightly distorted 
square-planar coordination. An intramolecular hydro- 
gen bond is formed by the N(2) atom with the C1 atom 
[N(2)--H • • • C1 = 3.207(4) ,~, N(2)--H--C1 = 163(4)°]. 
The value of the Rh--S bond, 2.382(1) ,~, is compara- 
ble with those found in the structure of the complex 
[{RhCl(CO)z}z{/z_SC(NHPh)(NHnpr)}], 2.386(2) and 
2.420(2) A [19], in which the sulfur of the phenylpropy- 
lthiourea bridges two RhCI(CO)2 units. In the thiourea 
moiety, the value of C--S bond distance, 1.701(4) .A, is 
slightly longer than in the free Hbztu, 1.678(4) ~, [21a], 
consistent with decreasing double-bond character with 
respect to free thiourea, whereas the values of the 

o 

C--N bond lengths, 1.314(6) and 1.380(4) A, slightly 
shorter than in free Hbztu, 1.332(7) and 1.393(5) A, 
indicate a slight increase of the multiple-bond charac- 
ter with respect to free thiourea. The difference in the 
two C--N bond lengths, as already observed in other 
complexes [28] and in free Hbztu, indicates a greater C 

C(lO)~ 

c (6) 1 ~ 

C(;9) . CD2) Ct __ .~N(2( o 

? 
0(g) 

C(7) 

Fig. 7. View of the molecular structure of [Rh(codXHbztu)Cl] (1) 
together with the atomic numbering scheme. 

- -N  double-bond character in the bond not adjacent to 
the carbonyl group, whereas in the substituted thioureas 
the orders of these two bonds are very close. As in the 
free molecule, the conformation of Hbztu in 1 is essen- 
tially determined by the formation of an intramolecular 
N(1)--H . . - O  hydrogen bond [N(1) - -H- . .  O = 
2.636(4) ,~, N(1)- -H--O = 135(5)°]. The thiourea moi- 
ety is tilted by 9.8(1) ° with respect to the amide group 
and this latter is tilted by 35.9(2) ° with respect to the 
phenyl group. 

3.3. Hydroformylation reactions 

The rhodium-containing composite materials 
Rh/XGbztu and Rh/XGbztu* are effective hydro- 
formylation catalyst precursors, styrene being quantita- 
tively converted into the corresponding linear (normal) 
and branched (iso) aldehydes under relatively mild 
conditions. Although the catalysts can be easily recov- 
ered by filtration and re-used without loss of activity, 
major changes occur to the tethered rhodium species 
mainly in the system Rh/XGbztu, as shown by spectro- 
scopic data. This is accompanied by significant changes 
in the iso/normal selectivity ratio for this catalyst (Fig. 
3). 
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Table 4 
Selected bond distances (~,) 
[Rh(Hbztu) (cod) CI] 

and angles (°) for the complex 

Rh--CI 2.382(1) 
Rh--M(I) a 2.028(6) 
Rh--C(12) 2.146(5) 
Rh--C(13) 2.139(6) 
S--C(I) 1.701(4) 
O--C(5) 1.214(6) 
N(1)--C(1) 1.314(6) 
N(1)--C(2) 1.460(6) 
N(2)--C(1) 1.380(4) 
N(2)--C(5) 1.390(5) 
C(2)--C(3) 1.491(8) 
C(3)--C(4) 1.530(7) 
C(5)--C(6) 1.486(5) 
C(6)--C(7) 1.383(6) 
C(6)--C(11) 1.395(5) 
C(7)--C(8) 1.397(6) 

M(1)--Rh--M(2) ~ 87.2(2) 
S--Rh--M(2) 87.2(2) 
S--Rh--CI 95.78(4) 
CI--Rh--M(I) 90.3(1) 
Rh--S--C(I) 115.9(1) 
C(I)--N(1)--C(2) 126.3(4) 
C(1)--N(2)--C(5) 126.3(3) 
N(I)--C(1)--N(2) 118.3(4) 
S--C(1)--N(2) 120.6(3) 
S--C(1)--N(I) 121.1(3) 
N(1)--C(2)--C(3) 111.1(5) 
C(2)--C(3)--C(4) lll.l(5) 
O--C(5)--N(2) 122.3(3) 
N(2)--C(5)--C(6) 115.6(3) 
O--C(5)--C(6) 122.1(4) 
C(5)--C(6)--C(11) 117.6(3) 

Rh--S 2.382(1) 
Rh--M(2)" 1.997(4) 
Rh--C(16) 2.119(4) 
Rh--C(17) 2.109(4) 
C(8)--C(9) 1.378(6) 
C(9)--C(10) 1.380(8) 
C(10)--C(ll) 1.377(6) 
C(12)--C(13) 1.381(6) 
C(12)--C(19) 1.524(8) 
C(13)--C(14) 1.525(6) 
C(14)--C(15) 1.459(11) 
C(15)--C(16) 1.525(8) 
C(16)--C(17) 1.386(6) 
C(17)--C(18) 1.499(9) 
C(18)--C(19) 1.505(11) 

C(5)--C(6)--C(7) 122.2(4) 
C(7)--C(6)--C(11) 120.2(4) 
C(6)--C(7)--C(8) 119.6(4) 
C(7)--C(8)--C(9) 119.9(4) 
C(8)--C(9)--C(10) 120.2(5) 
C(9)--C(IO)--C(ll) 120.6(5) 
C(6)--C(ll)--C(IO) 119.5(4) 
C(13)--C(12)--C(19) 122.9(5) 
C(12)--C(13)--C(14) 124.0(4) 
C(13)--C(14)--C(15) 116.1(5) 
C(14)--C(15)--C(16) 113.4(5) 
C(15)--C(16)--C(17) 123.8(4) 
C(16)--C(17)--C(18) 126.2(5) 
C(17)--C(18)--C(19) 114.3(6) 
C(12)--C(19)--C(18) 111.9(5) 

a M(1) and M(2) are the midpoints of the bonds C(12)=C(13) and 
C(16)=-C(17), respectively. 

In both materials, after the first catalytic cycle, the 
starting anchored cod complexes have already been 
turned into carbonyl species. Simple substitution of cod 
by CO should give the corresponding carbonyl chloro 
complex characterized by the two v(CO) bands at 2083 
and 2010 cm-I and shown in Fig. l(b) for XGbztu*. 
These are [Fig. 4(a)] accompanied by two more intense 
low-frequency bands (2028, 1974 for XGbztu and 2023, 
1969 cm -1 for XGbztu*), which recall the IR pattern 
obtained in solution by reaction of Li[bztu] with 1 
equiv, of [{Rh(CO)2C1} 2] (Fig. 2(a)). This suggests that 
thioureato complexes of the type depicted in the 
Scheme 2 should be present on the xerogel surface. At 
this stage (first cycle) the iso/normal selectivity is 3 : 1 
for XGbztu* and 2 : 1 for XGbztu. 

During further catalytic cycles other significant, but 
different changes occur in the IR spectrum of both 
xerogels. As shown in Fig. 4, in the case of 
Rh/XGbztu* complete conversion of the rhodium 
complexes into the thioureato species takes place at 

the second catalytic cycle, the selectivity remaining 
almost the same. 

However, in the case of Rh/XGbztu, the two low- 
frequency bands attributed to the thioureato complex 
decrease in strength and a new broad band appears at 
2080 cm-1 and grows stronger. At the same time, for 
the Rh/XGbztu system the iso/normal selectivity ra- 
tio increases, reaching 8:1 at the fifth cycle. The 
high-frequency broad band can be attributed both to 
tethered isothiocyanate groups and to silica-anchored 
carbonyl rhodium (III) species, possibly produced by 
oxidative attack of the surface silanol groups on the 
thioureato complexes. This last hypothesis is also sub- 
stantiated by the XPS spectrum recorded for 
Rh/XGbztu after the fifth cycle (Table 1 and Fig. 5), 
in which the Rh(3d) peaks are broader than in the 
starting material, owing to the presence of a higher BE 
component attributable to rhodium(liD species [29]. 
The data quoted in Table 1 show that after five cycles 
the organic function of XGbztu has also undergone 
considerable deterioration, thiourea sulfur being com- 
pletely converted to an oxidized species with a BE 
value of 169.9 eV. 

In the case of the oligomeric material Rh/XGbztu*, 
the thioureato complexes appear to be more stable, no 
degradation to oxidized rhodium species being de- 
tectable by XPS after three cycles, probably because of 
the absence of a silanol group in this superfunctional- 
ized xerogel. Nevertheless, some metal and sulfur 
leaching occurs, as indicated by the EDX atomic ratios 
Si /S and Si /Rh for the starting material (1.4 and 2.5) 
and after three catalytic runs (2.5 and 3.4, Fig. 6). For 
the surface layers explored by XPS, metal and sulfur 
leaching appears more pronounced, the Si /Rh and 
Si/S(total) atomic ratios being 4.2 and 7.6, respectively 
(Rh/S(total), 1.8; N/S(total), 5.2; Si /N,  1.5). As stated 
above, only rhodium(I) is present (309.1 eV), whereas 
the S(2p) peak appears double [S(tu), 163.6; S(ox) 168.4 
eV; S(tu)/S(ox), 1.05] as a result of the formation of an 
oxidized sulfur species. The SEM view of the material 
after three catalytic cycles is shown in Fig. 6 along with 
the EDX pattern: glassy grains of micrometre size are 

OC Ph 
R h O ~  C / 

SNc~N 
I 

i N ' , .  H 
Scheme 2. 
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evident. Moreover, despite to the hypothetical forma- 
tion of the anchored thioureato species, chlorine is still 
present, probably as hydrochloric acid neutralized by 
the basic functions (e.g., free thioureas) of the xerogel. 

4. Conclusions 

In conclusion, new benzoylthiourea-functionalized 
hybrid materials have been prepared by the sol-gel 
process. The anchoring of rhodium affords recyclable 
sulfur-ligand hydroformylation catalysts (only tested for 
styrene) which exhibit remarkably different behaviours 
depending on the density of the benzoylthiourea func- 
tion on these xerogels. Fast degradation of the ligand 
functionality occurs in the diluted system XGbztu, 
whereas the superfunctionalized material XGbztu* ap- 
pears more stable towards these undesired processes, 
even if some metal and sulfur leaching occurs. These 
preliminary results suggest that the formation of 
rhodium(Ill) species on the silica surface of XGbztu 
could promote the decomposition of the benzoylth- 
iourea function, whose S(2p) and N(ls) peaks com- 
pletely disappear after five cycles. In the case of 
XGbztu*, the main degradation process should only be 
due to the intrinsic fragility of the benzoylthiourea 
function, whose decomposition, as shown by loss of 
sulfur, is apparently responsible for some rhodium 
leaching. 

Further investigations are in progress in order to 
exploit the potential of such sulfur-ligand metal cata- 
lysts under different experimental conditions with dif- 
ferent organic substrates and with simpler and more 
stable thiourea functions. Moreover, comparative ex- 
periments with the corresponding homogeneous cata- 
lysts should give more information about the nature of 
the active species. 
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