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Abstract

Hydrogenolysis of 1,1a,6,10b-tetrahydro-1,6-methanodibergoyclopropaf]-cycloheptene over Ru-embedded colloids
is reported. The preparation of the catalysts was made by embedding pre-synthesized Ru-stabilized colloids in a zirconia or
silica sol-gel matrix. N(CgH17)4Br~ and N (CH3)3C1sH33Br~ were used as stabilizers. The catalysts were characterized
by adsorption—desorption isotherms of Bt 77 K, H-chemisorption, XRD, small angle scattering (SAXS) and XPS. The
reaction was found to be mainly influenced by the catalysts characteristics (nature of the inorganic matrix and metal dispersion)
and by the reaction conditions (merely the temperature and the solvent). The first step, namely the fission of the cyclopropane
ring, proceeds regioselectively. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction the formation of coke and finally to the catalyst de-
activation. The hydrogenolysis is very sensible to the
Catalytic hydrogenolysis of C—C bonds is generally various changes of the catalyst and, therefore, is suit-
investigated either in relation with the stability of the able for the characterization of many catalysts [5].
reforming catalysts or with the transformation of the For Ru, it is well known that large metal particles
large aromatic molecules into smaller ones [1-3]. It lead to an advanced rupture [6]. Studies of the hy-
involves the rupture of a carbon—carbon bond via in- drogenolysis of cycloalkanes have been mainly limited
teraction with hydrogen. Such reactions are controlled to 3- to 6-member carbocycles, when aromatization,
by radical mechanisms which are associated with a rearrangement with dehydrocyclization, and multiple
relatively low selectivity of the reaction products [4]. carbon—carbon bond cleavages were observed [7].
In addition, in most cases the reaction is accompanied Nowadays, the heterogeneous catalysts which have
by secondary homologation processes, which lead to been investigated in hydrogenolysis reactions were ob-
tained using impregnation techniques [8—12]. Even for
* Corresponding author. the very well controlled preparations, these techniques
E-mail address: v_parvulescu@chim.upb.ro (V.l.&vulescu). lead to metal supported catalysts with a dispersion
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Scheme 1. Reaction pathways in hydrogenolysisl pf (

of particle sizes [13,14]. The use of pre-synthesized 2. Experimental
stabilized colloids with very well controlled dimen-
sions, instead of the impregnated catalysts, could give 2.1. Catalyst preparation

very valuable information about the relation particle
size-activity.

The aim of this paper is to present the re-
sults obtained in the selective hydrogenolysis of
1,1a,6,10b-tetrahydro-1,6-methanodibeazifyclo-
propaf]-cycloheptene 1) to 5H-10,11-dihydro-5,
11-ethanodibenzad]cycloheptene I{) and the ac-
companying processes occurring using silica- or
zirconia-embedded Ru-colloids. The hydrocarbon
(1) synthesized by our group [15] is a symmetrical
strained polycyclic compound including different re-
action sites active during catalytic hydrogenation.
The hydrogenolysis ofl{ may follow the routes de-
scribed in Scheme 1. Therefore, the selectivity of this
reaction was another item followed in this study. The
aim was to stop the hydrogenolysis at the level of
compound V). Derivatives of (V) exhibit biological
activity. One example is the well known drug Elavil
[16].

Quaternary-ammonium salts-stabilized-Ru-colloids
were obtained using a reported procedure [17,18], us-
ing NT(CgH17)4Br~ (TOAB) and N (CHz)3C16H33

~ (TMCB) as stabilizers. Accordingly, 39.5 mmaol
anhydrous RuGl were dissolved in 500 anhy-
drous THF and reduced with N§E17)4BEtsH or
N(CsH33)(CH3)3BEtzH in a molar ratio reductant:
Ru = 3:1. The size of the colloids was 9 nm for those
prepared with TMCB, and 6 nm for those prepared
with TOAB, respectively. These materials showed an
excellent stability in THF. The colloids as prepared
were embedded in a zirconia (samples Ru-Zr-TOAB
and Ru-Zr-TMCB) or silica sol-gel matrix (samples
Ru-Si-TOAB and Ru-TMCB) using the procedure
reported elsewhere [19]. According to this method,
the Ru-colloids were added in the oxide gelation
step. Tetraethoxisilicate (TEOS) was used as the
precursor for the silica support. However, since the
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NR;-stabilized-Ru-colloids are completely insoluble irreversible uptake, assuming a H:Ru stoichiometry of
and even decompose at elevated temperatures in al-1 [20,21].

coholic solutions, the normal sol-gel procedure has

to be modified using THF as the solvent. The molar 2.4. XPS measurements

composition of the sol was TEOS:THR:B:HCI =

1:3.5:4:0.05. The colloid was added as a 4.5wt.% The XPS spectra were recorded using a SSI X
THF-solution at room temperature, after refluxing. probe FISONS spectrometer (SSX-100/206) with
The sol was stirred vigorously at 7€ (under reflux) monochromated Al kK radiation. The spectrometer
until the gelification was complete (after 2 days). To energy scale was calibrated using the Ay 4fpeak
avoid any decomposition in the presence of air, all (binding energy 84.0eV). For the calculation of the
steps were carried out under Ar. The resulting gel binding energies, the C 1s peak of the C—(C,H) com-
was dried under vacuum at 110 using a ramp of  ponent of adventitious carbon at 284.8eV was used
0.12°C min—L. For zirconia, the gel was obtained us- as an internal standard. In order to limit reoxidation,
ing zirconium propoxide (ZP, Aldrich) as precursor. the reduced samples were transferred from the reduc-
Hydrolysis of ZP was carried out in the presence of tion set-up to the XPS apparatus under isooctane. The
acetic acid and the molar composition of the sol was peaks assigned to Ru 3p and Ru 3d,,, Si 2p, Zr
ZP:THF:H,O:CH3COOH = 1:3.5:4:0.05. Samples 3ds and O 1s levels were analyzed. No peak due to

with 2wt.% Ru were prepared. any chlorine component has been identified.
For comparison, pure Zrand SiQ samples were
obtained following the same procedure. 2.5. XRD and small angle scattering (SAXS
2.2. Qurface area measurements The XRD patterns were recorded with a PW1050

diffractometer equipped with a secondary graphite
The sorption isotherms of Nat 77 K were obtained ~ monochromator. The Cu & radiation corresponds

with a Micromeritics ASAP 2000 apparatus after out- to A = 1.54183A. The instrument used for SAXS
gassing the samples at 393K for 24 h under vacuum. was a STOE small angle attachment using a

Kratky-collimator with 0.05 slit width and a sample
2.3. Hydrogen chemisorption detector distance of 300 mm. The detection of scat-

tered X-rays was done via a stationary gosition

H,-chemisorption measurements were carried out sensitive detector (PSD). The sample was rotated

using a Micromeritics ASAP 2010C apparatus. The during the measurement and the beam path was in a
samples were evacuated at 403 K for 36 h. Soon after, ahelium atmosphere during measurement with graphite
hydrogen flow was passed initially at 308 K for 15min, monochromated Cu dradiation ¢ = 1.54183 A).
then the temperature was increased at 403K at a heat-
ing rate of 5 K mirr! and maintained for 2 h. Afterre- ~ 2.6. Activity tests
duction, the samples were purged with a helium flow
at 403K for 2 h and then at 308 K for another 30 min. Standard experiments used 10 my dissolved in
The amounts of chemisorbed hydrogen were measured15 ml methanol or 2-propanol and 50 mg catalyst. The
at 308 K by the desorption method after equilibration reaction was carried out in a stainless steel stirred auto-
for 45 min in 300 Torr of adsorbate. The total hydro- clave at pressures between 4 and 10 atm, and tempera-
gen uptake was determined by extrapolating the lin- tures between 60 and 10Q. Prior to the catalytic tests
ear portion of the adsorption isotherm to zero pres- the catalysts were treated in 15ml solvent at 100
sure. Reversible psorption was measured by out- for 4 h under vigorous stirring. The reaction products
gassing at & 10~° Torr at the adsorption temperature were collected each 15 min till 4 h. The products were
and running a second isotherm. The difference be- analyzed by GC using a Carlo Erba instrument (HRGC
tween the total and reversible uptakes was ascribed to5300 Mega Series) equipped with a fused silica cap-
irreversible hydrogen. The ruthenium dispersion, sur- illary column of 25m long and 0.32 mm inner diam-
face area and particle size were determined from the eter. The identification of the peaks was made using
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pure synthesized compounds [22] which purity was depended on the nature of the stabilizer and it was
checked by'H and3C NMR using a Varian Gemini  close to the size of the colloids before the embed-
300BB instrument, operated at 300 MHz fd and ding in the oxide matrix. The pure colloid prepared
75 MHz for 13C. using Nf(CHs)3CieH33Br~ had sizes very well
centered at about 9nm, whereas that prepared with
N+ (CgH17)4Br~ had smaller sizes, i.e. around 6 nm.

3. Results These data come to confirm that the way in which the
embedding of the colloids was carried out produced
3.1. Surface area measurements no damages in their integrity.

The textural characteristics of the investigated sam- 3.3. XRD and SAXS
ples are given in Table 1. The catalysts containing
zirconia showed surface areas smaller than those Fig. 1 shows the XRD patterns of Ru-Si-TOAB cat-
containing silica. The nature of the template used alyst. For comparison, the typical lines of Si@nd
for the stabilization of colloids has also an influ- crystalline Ru are also given. Based on these data one
ence upon the surface areas. The samples containingcan surely assign the broad peak centered &1283
N*(CHs3)3C16H33Br~ as stabilizing agent for col- to SiG,. But the peaks located at 28.3, 40.5, 50.2,
loid (samples denoted TMCB) showed higher surface 58.7, 66.4, 70.5, and 73.7 do not correspond with the
areas than those containing {CgH17)4Br~ as stabi- peaks of Ru (ASTM 6-653). These data show that the
lizing agent (samples denoted TOAB). All the investi- atomic arrangements in Ru-colloids are different of
gated catalysts exhibited a mesoporous texture with athose in metallic ruthenium. The diffraction maxima
monomodal pore distribution. The pore size was deter- of the colloidal Ru correspond to a cubic structure with
mined only by the nature of the stabilizing agent. The the lattice parameter = 3.154 A. This indicates an
samples prepared using T{CH3z)3CigH33Br~ had interatomic distance of 3.154 A in the colloidal state,
pores of about 2.5nm, whereas those prepared withinstead of 2.65A in the bulk metal (ASTM 6-653).
N*(CgH17)4Br~ had larger pores, i.e. of 4.1-4.3nm. The patterns of the other investigated samples exhib-
However, it is hard to explain the correlation between ited the same location of the peaks due to Ru-colloids.
the surface area, pore diameters and the stabilizerlt is worth noting that the patterns of pure colloids
used. The texture of these materials does not corre-showed peaks in the same position as in the embed-
spond to that of the oxides prepared using templates ded catalysts, which may be an additional evidence of
in which the template is decomposed during the calci- the conservation of their structure.
nation. The samples were only dried and the stabilizer The only difference between Ru-Zr-TOAB and

still surrounds the colloids. Ru-Zr-TMCB, and Ru-Si-TOAB and Ru-Si-TMCB
results from the location of the peak corresponding
3.2. Hydrogen chemisorption to the support. For the ZrfOcontaining catalysts the

broad peak was located at 30.64.
The H-chemisorption data are compiled in the Fig. 2 shows the SAXS pattern recorded for the
same Table 1. The size of the ruthenium particles same Ru-Si-TOAB catalyst. The peak located &t 2

Table 1
Properties of the investigated catalysts
Property Catalyst
Ru-Zr-TOAB Ru-Zr-TMCM Ru-Si-TOAB Ru-Si-TMCB
Surface area (fg—1) 94 72 165 102
Pore diameter (nm) 2.6 4.3 2.3 4.0
H, uptake (crdg1) 0.1643 0.2138 0.1622 0.2514
Dispersion (%) 15.2 19.2 14.6 22.6

Particle size (nm) 8.8 6.9 9.1 5.9
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5.1 corresponds to a pore diameter of about 2 nm, asTable 2
resulted from the application of the Bragg’s rule. This Conversion (%) of I() at different temperatures over the investi-
demonstrates a good concordance with the results of 931€d catalysts
adsorption—desorption of nitrogen at 77 K. The same Catalyst 2-Propanol Methanol
concordance was determined for the other catalysts. 60°C  80°C  100°C  60°C  80°C
The continuous decay of the SAXS curve indicated

a different texture than that of M41S materials. This E”'Zr'TOAB 484 493 512 98 10.6

. . . u-Zr-TMCB 814 85.6
may correspond to pores which exhibit a certain tor- g,.si.toaB 868 902
tuosity and are randomly distributed. Debye et al. Ru-si-TMCB 76.2 88.9
[23] have demonstrated that if the porosity is ran-
domly distributed, the SAXS diffusion must follow
a 1/(1+ bo?%a®)? law, where b” is a constant, 6” may also be a confirmation of the role played by the
the scattering angle an@™is a correlation distance.  protecting shell in this process.
By using this, we may obtain a correlation factar,
that gives the confidence in the pore size. The treat- 3.5. Activity tests
ment of the SAXS results by using this law led to

values in the range “pore size5A”, thus indicating Table 2 compiles the conversion dj pver the dif-
again a good concordance with results obtained from ferent catalysts. The increase of the temperature leads
adsorption—desorption isotherms. to an increase of the conversion. Under the investigated
conditions, Ru-Zr-TOAB exhibits the smaller conver-
3.4. XPS sions, and Ru-Si-TOAB and Ru-Si-TMCB the higher

ones. Catalytic tests performed over the carriers pre-
Binding energies of Ru 3p, component for pared following the same procedure but without Ru
all the investigated catalysts were in the range showed no conversion.
461.4-461.6 eV, which correspond to reduced metal Fig. 3 shows the variation of the product distri-
species [24]. These data gave additional evidence onbution on Ru-Zr-TOAB and Ru-Si-TMCB catalysts
the fact that the conditions in which the embedding in 2-propanol. The hydrogenolysis merely stops at
took place caused no oxidation of the colloids. This molecules (I)—(1V), irrespective of the temperature.

70 - eQelieGe

60

M Ru-Zr-TMCB
ORu-Zr-TAOB
B Ru-Si-TAOB
[OJRu-Si-TMCB

50

40

30

Product distribution, %

80
Temperature, e,

Fig. 3. Modification of the product distribution as a function of the catalyst and temperature (10 ml 2-propanol, 8 adrh, F50 mg
catalyst, 30 mg substrate).
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Fig. 4. Product distribution as function of the temperature on Ru-Zr-TOAB (10 ml methanol, 8atdhiH50 mg catalyst, 30 mg substrate).

On the other two catalysts, the hydrogenolysis goes under these conditions, the rupture of the seven rings
further, with the seven rings being broken. Once the being less than 20% (Fig. 4).
seventhring is broken, the process becomes more com- The influence of the pressure on the catalytic per-
plex and the resulting fragments undergo hydrogenol- formances is illustrated in Fig. 5 for the Ru-Zr-TOAB
ysis, hydrogenation and polymerization to heavy catalyst. The increase of the;Hpressure from 4 to
aromatics. All these compounds are denoted as H. 10 atm only causes a slight increase of the conversion.
The conversions obtained in methanol are smaller But the increase of the pressure in this range brings
than when using 2-propanol (Table 2) indicating a sol- about a change of the product distribution. Higher
vent effect. However, the selectivities remain stillgood pressures favor the formation of compounhd ). The

60

50 - 4 atm ||
z @ - i |
g - % 010 atm
-
A 20 - %

0 %

oo oo ogo & H
Product

Fig. 5. Product distribution vs. pressure on Ru-Zr-TOAB (10 ml 2-propandlC6@ h, 50 mg catalyst, 30 mg substrate).
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same increase of pressure has almost no influence orcharacter, it should be underlined that the first step

the advanced disruption and degradatiohitepecies.

4. Discussion

The embedding of the ruthenium stabilized colloids
in a sol—-gel matrix like silica or zirconia was found to
result in solid catalysts in which the size and the ox-
idation state of the colloid were preserved. XRD and

of hydrogenolysis ofl(), namely, the breakage of the
strained cyclopropane moiety, occurs regioselectively:
Only the identical C1-C1a and/or C1-C10b bonds are
hydrogenated, affording the produtt), whereas the
Cla—-C10b bond is not affected. This behavior can be
ascribed to the fact that the C1-H bond being the
most unhindered cyclopropanic one (as stereomodels
show), it is easily fixed on the catalyst affording then
the corresponding produdtl§.

XPS measurements gave evidences for such a behav- The effect of the solvent is evident. The conver-
ior. The size of the Ru-colloids, as this was determined sions obtained in methanol were smaller than when

from Hy-chemisorption data, was in very good concor-
dance with that of the initial colloids thus confirming
the stability and the integrity of the colloids during
the embedding process. The colloid stabilized with
N*(CgH17)4Br~ had a smaller size (6 nm) than that
stabilized with N (CH3)3C16H33Br~ (around 9 nm).
The stabilizer also influenced the textural prop-

using 2-propanol (Table 2). This result can also be

associated with the surface properties of the support
and with the acidic character of methanol, suggesting
a competition between the solvents and the reactant
for the surface. The pretty good selectivity mea-

sured under these conditions (Fig. 4) can therefore
be associated both with the solvent and particle size

erties of the catalysts. The catalysts prepared us- effect.

ing N*(CHz)3C16H33Br~ exhibited higher surface

areas and smaller pores than those prepared with

N*(CgH17)4Br—. The nature of the support was an-
other factor influencing the textural characteristics.
The SiQ containing catalysts showed larger surface
areas and slightly smaller pores than Zr@hes.

The catalytic results obtained with these materi-
als suggest that the conversion of molecul ié
influenced by the support nature. The Ru-colloids
embedded in a silica matrix exhibit higher conversion
than those embedded in a zirconia matrix. This differ-

5. Conclusions

Hydrogenolysis of I() on zirconia- and silica-
embedded Ru-colloids is a stepwise process. The
first step, fission of strained cyclopropanic ring pro-
ceeds regioselectively by the breaking of one of
the two identical C1-Cla or C1-C10b bonds, lead-
ing to the ethano-bridged hydrocarboli)( Further
hydrogenolysis leads to unbridged dibenzocyclohep-

ence could be related with the more basic character tenic hydrocarbonl{/) via intermediatesl(IA) and

of zirconia which may interact with the delocalized
w-electrons of the aromatic rings.

(111B). Advanced hydrogenolysis conducts to heavy
aromatic hydrocarbondH(). The product distribution

The selectivity of the reaction can be associated was influenced by the catalysts characteristics (na-

with the metal particle size exposed to the reactants. ture of the support and exposed particle metal size),
The best selectivities were obtained over the catalystsand by the reaction conditions. Among those, tem-
Ru-Zr-TMCB and Ru-Si-TMCB which, as shown by perature and solvent seem to be the most effective
the chemisorption measurements, exhibited the high- factors.

est dispersions. Based on these results, one can expect

that higher metal particles allow a better interaction
with molecule (), finally leading to an advanced de-
struction, namely, to an increased conterttiapecies.
Such a behavior supports the previous data showing The authors kindly acknowledge Prof. Dr. Helmut
that large ruthenium ensembles afford an advanced Bonnemann from Max-Planck-Institut flr Kohlen-
rupture of C—C bonds [6] and is in agreement with forschung, Abt. Heterogene Katalyse, Milheim an
the fact that hydrogenolysis is a structural sensitive der RuhfGermany for supplying Ru-colloids and for
reaction [5]. To make clearer the structural sensitive very useful discussions.
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