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Abstract

wŽ . Ž .x2qThe preparation of a variety of catalysts obtained by ion exchange of the complex dppb Pt myOH with sulfonated2

styrene–divinylbenzene copolymers is reported. Copolymers used are commercial ion exchange resins containing either 4%
or 20% DVB and they were loaded with either Liq or NBuq prior to exchange with the Pt complex. Metal loading in the4

heterogenized catalysts is in the range 2–8% by weight. Their catalytic properties in the Baeyer–Villiger oxidation of
methylcyclohexanone with hydrogen peroxide appear to be best in terms of activity and productivity either in neat ketone or
in EtOH as the solvent. The use of commercial resins with high exchange capacity prevents the use of DCE as the solvent,
i.e., the optimum conditions for the homogeneous system, thereby leading to activities and productivities that are generally
lower than their homogeneous counterpart. A discussion on the influence of the philicity properties of the support with
respect to the performance of the catalyst is reported. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The use of polymer-bound complexes in
catalysis is about 30 years old and stems from
the need to separate soluble catalysts from the

w xreaction mixture 1,2 . We have recently re-
Ž .ported the use of cationic complexes of Pt II of

wŽ . Ž .x2q Žthe type P-P Pt myOH P-Psa variety2

) Corresponding author. Tel.: q0039-41-257-8551; fax:
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.of diphosphines as efficient catalysts for the
Baeyer–Villiger oxidation of ketones to esters
w x3,4 . These complexes are the most effective
catalysts known for this reaction and, together

w xwith other cationic Pt species 5,6 , constitute
the first unambiguous example of transition

w xmetal catalysis 7 . Most importantly, they allow
the use of a clean but otherwise unreactive
oxidant such as hydrogen peroxide because of
their ability to increase its nucleophilic charac-

w xter through coordination 8 .
However, the interest for practical applica-

tions of this class of catalysts could be signifi-

1381-1169r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
Ž .PII: S1381-1169 99 00249-6



( )C. Palazzi et al.rJournal of Molecular Catalysis A: Chemical 151 2000 245–252246

cantly improved by having the catalyst in a
Ž .separate solid phase. In a mechanistic study of

w xthe above system 4 we have been able to
demonstrate that the Pt species involved in the
catalytic cycle are all cationic in nature, hence
this system appears to be suitable for embed-
ding into a solid ion exchanger without leaching
of metal in the course of the reaction, at least in
principle. In this work we wish to report the
preparation of a series of catalysts in which the
above complexes have been immobilized into
commercial ion-exchange resins along with their
catalytic properties in the Baeyer–Villiger oxi-
dation of ketones.

2. Experimental

2.1. Apparatus

IR spectra were taken on a Nicolet FTIR
Magna 750 and on a Digilab FTS 40 interfer-

Ž .ometers either in solid KBr pellets or in
CH Cl solution using CaF windows. 1H and2 2 2
31 �1 4P H NMR spectra were recorded on a Bruker
AC 200 spectrometer operating in FT mode,
using as external references TMS and 85%
H PO , respectively. Atomic absorption mea-3 4

surements were made on Perkin-Elmer 3100
and Perkin-Elmer Analyst 100 instruments
equipped with acetylenerair and N Oracetylene2

burners, respectively. GC measurements were
taken on a Hewlett-Packard 5790A gas chro-
matograph equipped with a 3390 automatic inte-
grator. GC–MS measurements were performed
on a Hewlett-Packard 5971 mass selective de-
tector connected to a Hewlett-Packard 5890 II
gas chromatograph. Identification of products
was made with GC or GC–MS by comparison
with authentic samples.

2.2. Materials

Solvents were dried and purified according to
standard methods. Reagents were commercial

Ž .products purum or puriss quality used with-
out purification. Ion exchange resins BioRad
AG 50W-X4, 50–100 mesh, capacity 5.2 meqrg
Ž .dry and Rohm & Haas Amberlite 200, 50–100
mesh, 2.75 meqrg were commercial products
and thoroughly washed with water, methanol
and acetone and dried in vacuo prior to use.

wŽ . Ž .x Ž .The complex dppb Pt myOH BF was2 4 2
w xprepared according to literature procedure 4 .

ŽStyrene–20% divinylbenzene copolymer Am-
.berlite XAD-2, 20–50 mesh was sulfonated

w xaccording to literature procedure 9 .

2.3. Ion exchange procedures

2.3.1. Column operation
ŽThe resin in the acid form 30 g, 67% water

.content was placed in a chromatography col-
umn and thoroughly washed with distilled wa-

Ž .ter. A solution of LiOH 500 ml, 0.2 N in
distilled water was added slowly, followed by
washing with water, methanol and acetone. The
resin was then dried in vacuo.

The same procedure was followed to ex-
change Naq with Hq. Acid–base exchange was
monitored by pH determination of the eluate.

The exchange of Liq with NBuq was per-4

formed similarly using methanol as solvent and
with a flow rate of 5 mlrmin. Aliquots of the
eluate were withdrawn for Li analysis with AA.

2.3.2. Batch operation
ŽIn a round bottomed flask the Pt complex 50

. Ž .mg was dissolved in MeOH 35 ml and to the
Ž q q .solution the resin Li or NBu form, 150 mg4

was added. The suspension was gently stirred
until equilibrium was attained, then the solid
was filtered, washed several times with MeOH
followed by acetone and finally dried in vacuo.
The Pt content of the resin was calculated by
difference after Pt analysis of the filtrate solu-
tion with AA.

A similar procedure was performed to intro-
duce HNBuq in the resin. BioRad AG 50W-X43
Ž .1.00 g, 5.2 meq was suspended in MeOH and
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Ž .NBu 1.86 ml, 7.8 meq was added followed3
Ž .by dioxane 0.5 ml as internal standard. Quanti-

tative analysis of the residual NBu could be3

performed by GC using a calibration curve
NBu rdioxane.3

2.4. Catalytic reactions

These were carried out in a 25 ml round-bot-
tomed flask equipped with a stopcock for vac-
uumrN operations and a side-arm fitted with a2

screw-capped silicone septum to allow sam-
Ž .pling. Constant temperature "0.18C was

maintained by water circulation through an ex-
ternal jacket connected with a thermostat. For
reactions carried out at temperatures )258C
the reaction vessel was equipped with a reflux
condenser. Stirring was performed by a Teflon-
coated bar driven externally by a magnetic stir-
rer. The concentration of the commercial H O2 2

solution was checked iodometrically prior to
use.

The following general procedure was fol-
lowed: The required amount of catalyst was
placed in the reactor which was evacuated and
filled with N . Purified, N saturated ketone2 2

was added under N flow, followed by the2

required amount of solvent. After thermostatting
at the required temperature for a few minutes,
the H O solution in the appropriate amount2 2

was injected through the septum and time was
started.

All reactions were monitored with GLC by
direct injection of samples taken periodically
from the reaction mixtures with a microsyringe.
Separation of the products was performed on 25
m HP-5 capillary column using a flame ioniza-
tion detector.

The amount of residual H O at different2 2

times was determined by sampling 10 ml
aliquots from the aqueous phase. These were
diluted in water and titrated iodometrically.

AA analysis for the presence of Pt in ran-
domly selected solution samples gave always
negative results.

3. Results and discussion

3.1. Preparation of the catalysts

Initially, a resin with 4% cross-linking was
chosen in order to have a swellable material in
protic media, having hydrogen peroxide as the
oxidant for the subsequent catalytic reaction.
Since the resin is purchased in the acid form,
acidity was removed by exchange with LiOH in
water. The resin loaded with Liq was subse-

wŽ . Žquently exchanged with the dppb Pt m y
.x Ž . Ž ŽOH BF dppb s 1,2-bis diphenylphos-2 4 2
. .phino butane cationic complex dissolved in

methanol. This complex was chosen because it
is the most active catalyst known for the cat-

w xalytic Baeyer–Villiger oxidation in solution 4 .
The exchange process was performed at room
temperature, varying the reaction time. All sam-
ples were prepared starting from 50 mg of
complex and 150 mg resin and a profile of the
amount of complex exchanged with time is
reported in Fig. 1. As shown the exchange is
almost complete in 2 h, whereas the use of
wŽ . Ž .x Ž . Ž Ždppe Pt m y OH BF dppes 1,2-bis di-2 4 2

. .phenylphosphino ethane , which contains a less
sterically demanding diphosphine, leads to com-
plete exchange in less than 1 h.

Since the amount of Pt complex introduced
corresponds to a maximum of 8.7% of the total

Fig. 1. A comparison between the amount of complex exchange
vs. time at 258C; the broken line indicates the maximum amount.

wŽ . Ž .x Ž .Diamonds dppe Pt myOH BF on Li exchanged BioRad2 4 2
wŽ . Ž .x Ž .AG 50W-X4; squares dppb Pt myOH BF on Li ex-2 4 2

wŽ . Ž .x Ž .changed BioRad AG 50W-X4; circles dppb Pt myOH BF2 4 2

on Li exchanged Amberlite 200.
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exchange capacity of the resin, samples contain-
ing alkylammonium cations instead of Liq were
also prepared in an attempt to have a less
hydrophilic environment surrounding the Pt
complexes inside the catalyst beads. The ex-
change between Liq and NBuq was performed4

Ž .both in batch reaction time 5 days and using a
column until exchange was complete as indi-
cated by AA analysis of the Li content in the
eluate. The former procedure led to only 10%
exchange, while the latter was impractical, re-

Žquiring longer than 14 h of continuous sam-
.pling to go to completion. To overcome this

problem a new resin containing HNBuq was3

prepared in a batch experiment by adding ex-
cess NBu to the resin in acid form. The progress3

of the protonation reaction was monitored quan-
titatively by analyzing the residual NBu by3

gas-chromatography. One hundred percent pro-
tonation could be attained in a few minutes.
Exchange with the Pt complex was performed
for 2 h on both NBuq and HNBuq saturated4 3

resins, resulting in samples containing 54% and
44% of the maximum amount of Pt complex,

Ž .respectively Table 1 . When the exchange time
was increased to 6 h all the Pt complex intro-

Ž .duced was incorporated in the resin Table 1 .
Finally, a resin containing 20% cross-linking

was also used to limit the influence on the
performance of the catalysts due to the physical
properties of the support. Ion exchange was
performed via prior conversion into the Li form

Scheme 1.

following the procedure reported above. How-
ever, as shown in Fig. 1, in this case the amount
of complex exchanged vs. time is much smaller
due to the higher rigidity of the present support
and its lower capacity of swelling in MeOH.
For this reason the exchange time was increased
to 6 h and 4 days and, alternatively, the ex-

Žchange temperature was increased to 648C ex-
.change time 2 h and 18 h . In the latter case

Ž .prolonged staying 18 h at a moderately high
temperature in MeOH resulted in extensive de-
composition of the complex and a very poor

Žincorporation in the resin -5% of the Pt com-
.plex introduced . Similarly, a long exchange

Ž .time 4 days gave again moderate complex
Žincorporation in the resin 0.11 meq Ptrg cata-

.lyst and evidence for decomposition. On the
w xother hand it is known 10 that this class of

Ž .Pt II bridging hydroxy dimers can exchange
Ž .with alcohols see Scheme 1 and it seems

plausible that either at high temperatures or for
prolonged staying they may undergo b-hydride

Ž .elimination with formation of Pt 0 .
A summary of the analytical properties of

the catalysts tested in this work is reported in
Table 1.

Table 1
Analytical properties of the catalysts

aCatalyst a Resin cross- Form Pt content Exchange Exchange
Ž . Ž . Ž . Ž .linking % meqrg time h temp 8C

q1 4 Li 0.37 2 25
q2 4 NBu 0.22 2 254

q3 4 HNBu 0.18 2 253
q4 4 NBu 0.37 6 254

q5 20 Li 0.07 2 25
q6 20 Li 0.12 2 64
q7 20 Li 0.16 18 25
q8 20 Li 0.11 96 25

a wŽ . Ž .xqExpressed as dppb Pt OH .
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3.2. Catalytic reactions

The test reaction chosen was the oxidation of
2-methylcyclohexanone to the corresponding
lactone. All reactions were performed at room
temperature using a standard reaction mixture as
specified in Scheme 2.

The search for the best solvent for the reac-
tion was performed using catalyst 1. This is an
important point because the distribution of reac-
tants inside the resin is strongly solvent-depen-

w xdent 11 and a good solvent must be able to
convey efficiently both the ketone substrate and
hydrogen peroxide on the catalytic site inside
the resin. A summary of the results obtained is
reported in Fig. 2. The first solvent tested was

Ž .1,2-dichloroethane DCE , that is known to be
the best solvent when working under homoge-

w xneous conditions 4 . However, the use of a
Ž .three-phase system H OrDCErresin did not2

Ž .prove to be very efficient Fig. 2 because of the
high hydrophilicity of the resin that absorbs
preferentially H OrH O with respect to DCEr2 2 2

ketone resulting in poor catalytic activity. The
use of some water-miscible solvents such as
dioxane or n-BuOH gave again modest results,
while the use of EtOH resulted in a significant

Ž .increase in activity Fig. 2 . Under these condi-
tions there is only one liquid phase penetrating
the resin ensuring a better mixing of reactants in
proximity of the active sites. The observed ef-
fect of the solvents on the catalytic activity
parallels their swelling ability with respect to

Ž .the resin bound catalyst Table 2 .
Better results in terms of productivity were

obtained using the neat ketone as the reaction
Ž .medium Fig. 2 . Despite the persistence of two

Žliquid phases water and 2-methylcyclo-
.hexanone are immiscible and the modest

Ž .swelling ability Table 2 , the strong concentra-

Scheme 2.

Fig. 2. Lactone formation using catalyst 1 in different solvents.
Open circles no solvent; triangles EtOH; circles n-BuOH; squares
dioxane; diamonds DCE.

tion effect and the lack of competition with the
solvent seems to be beneficial for the success of
the catalytic reaction. Unfortunately, at variance
with the other cases, the use of neat ketone
leads to the formation of a significant amount of
6-hydroxyheptanoic acid, which becomes evi-
dent after about 250 min. For longer reaction

Ž .times )600 min the oxidation reaction practi-
cally stops but the hydrolysis of the lactone
product can continue almost indefinitely.

In general, the activity observed in these
Žexperiments is rather moderate the conversion

.never exceeds 25% and is in all cases much
lower than the corresponding homogeneous re-
actions. For example, in Fig. 3 the two parallel
reactions in DCE and EtOH using the same

wŽ . Ž .x Ž .amount of free dppb Pt myOH BF are2 4 2

reported for comparison. As can be seen the
homogeneous system results in much higher
rates and, at least in the case of DCE, much
higher productivity. The use of EtOH as the
solvent leads to a moderate amount of lactone
both with the heterogeneous catalyst and in
solution. In the latter case small amounts of
acetal are also observed, arising from condensa-

Table 2
Swelling ability of different solvents on catalyst 1a

DCE Dioxane n-BuOH 4-Me-Cy-one EtOH

1.0 1.1 1.15 1.05 2.2

a Ž . Ž .Expressed as the volume ratio 1 wet r1 dry .
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wŽ . Ž .x Ž .Fig. 3. Lactone formation using dppb Pt myOH BF as2 4 2

catalyst in solution; triangles DCE; circles EtOH.

tion of EtOH with the ketone, a reaction that
wŽ . Žis known to be catalyzed by dppb Pt my

.x Ž . w xOH BF 10 . This problem appears to be2 4 2

absent in the case of the heterogeneous catalyst.
The amount of hydrogen peroxide consumed

at the end of the reaction generally corresponds
to the ketone formed, i.e., when the reaction
stops there is still a significant amount of un-
used oxidant. Doubling the amount of hydrogen
peroxide does not improve the conversion sig-
nificantly. These observations seem to suggest
that the moderate conversions observed are
likely due to a deactivation of the catalyst. It is

w xknown 3 that this class of complexes react
with carboxylic acids to give bridging carboxyl-

Ž .ate complexes Scheme 3 that are catalytically
inactive. Indeed, the formation of 6-hydroxy-
heptanoic acid observed in some cases as re-
ported above could be a plausible reason for the
deactivation of the active species following the
reaction reported in Scheme 3 and leading to
loss of catalytic activity. An alternativercom-
plementary possibility is related to the forma-

Ž .tion of Pt 0 as suggested in Scheme 1.
Since the extent of the exchange between the

cation in the resin and Pt2q is in any case less2

than 10% of the total capacity of the resin, this

Scheme 3.

implies that each active Pt site is surrounded by
a large number of ion pairs that create an envi-
ronment that is probably not favorable to the

Ž .coordination of the relatively hydrophobic ke-
tone. For this reason we have tested the cata-
lysts loaded with an alkyl ammonium salt and a
summary of the results observed with catalysts
2–4 is shown in Fig. 4. The tests were per-
formed in EtOH as the reaction medium. As can
be seen the activity observed parallels approxi-
mately the Pt content of the catalysts. Even in
this case the use of neat ketone as the reaction
medium results in a much higher activity. An
initial rate can be easily extrapolated from the

Ž .product formed vs. time curves Figs. 2 and 4 .
This can be reasonably assumed as the intrinsic
activity of the individual catalysts and permits
calculation of the specific activity of each cata-
lyst independent of the Pt content. As suggested
by Fig. 5, the specific activities of catalysts 2–4
fall in the range 0.45–0.58 hy1, only slightly

Ž y1.higher than that of catalyst 1 0.38 h . This
suggests that the presence of alkylammonium
ions inside the resin is not beneficial with re-
spect to Liq, at least when EtOH is used as the
solvent.

3.3. Use of a macroporous resin

In order to test the influence of the physical
properties of the support on the activity of the
catalyst, a resin containing 20% cross-linking
was employed to prepare catalysts 5–8. On the

Fig. 4. Lactone formation using catalysts 2–4 in EtOH as solvent.
The catalyst used is indicated in the individual curves.
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Fig. 5. Specific activity of the individual catalysts. Catalyst codes
refer to Table 1.

basis of the above results, the Liq form was
used for the preparation of the catalysts.

A summary of the reactivity of these samples
under the usual conditions is reported in Fig. 6
and the corresponding specific activities calcu-
lated as described above are reported in Fig. 5.
As can be seen, the productivity is in general
rather modest and, again, the use of DCE as the
solvent resulted in very poor activity, although,
similarly to the previous cases, the use of pure
ketone as the reaction medium allowed to ob-
serve a much higher activity and productivity.
However, in consideration of the low amount of
metal incorporated in the resin, the specific
activities are higher than the other catalysts. In
other words, a rigid support, the physical prop-
erties of which are less sensitive to the effect of
solvent, seems to create a better reaction medium
in proximity of the active sites.

Fig. 6. Lactone formation using catalysts 5–8 in EtOH as solvent.
The catalyst used is indicated in the individual curves.

3.4. Nature of the reaction medium

From the above results some considerations
concerning the role of the support on the cat-
alytic activity seem in order. The parameter that
is mainly responsible for the limited activity of
this class of catalysts appears to be the high
exchange capacity of commercial resins which
determines the philicity properties inside the
resin and therefore the nature of the reaction
medium where the catalytic reaction occurs. In
fact, the substitution with Pt2q centers is rela-2

Žtively low although the Pt content is already in
.the range 2–8 wt.% in order to have well

separated catalytic centers, leaving some 90%
y q Ž q.of the original –SO Li or NR functional3 4

groups unchanged. This applies to all the cata-
lysts prepared. The need for a good separation
of the active sites is related to the mechanism of

w xthe homogeneous reaction 4 which involves
wŽ . Ž .x2qbridge-splitting of the dppb Pt myOH 2

wŽ . Ž .starting complex to give dppb Pt ketone -
Ž .xqOOH units that are the actual catalytically

Ž .active species Scheme 4 . The large amount of
y q Ž q.residual –SO Li or NR functional groups3 4

Ž .determine: i the choice of EtOH as the solvent
Ž . Ž .instead of the more desirable DCE Fig. 3 , ii

Ž .a high affinity for H OrH O , iii a relatively2 2 2

poor affinity for the ketone substrate. From the
results observed, this protic environment is

Ž .detrimental for the catalyst because: i H O2

and EtOH can compete with H O for coordi-2 2
Ž .nation to platinum, ii coordination of the ke-

tone is made more difficult because its concen-
tration in the bulk of the resin is conceivably

Ž .lower than in solution, iii the lactone product
is more easily hydrolyzed leading to deactiva-
tion of the catalyst. In this respect, it is interest-
ing to observe that when the concentration of
ketone inside the resin is increased by using the

Scheme 4.
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Fig. 7. Specific activity of the individual catalysts in reactions
performed in neat ketone. Catalyst codes refer to Table 1.

neat ketone as the reaction medium, the corre-
sponding productivities and especially the

Ž .specific activities Fig. 7 are significantly in-
creased.

The philicity properties of the resin are prob-
ably unaffected by the change of Liq with NRq

4

as cation, as seems to be demonstrated by the
corresponding catalytic experiments. On the
other hand, the use of a rigid support that is less
sensitive to solvent effects seems to relieve, at
least in part, the drawbacks summarized above,
as is demonstrated by the higher specific activ-
ity observed both with EtOH as the solvent and,
to a lower extent, in pure ketone.

4. Conclusions

In conclusion, although the results here re-
ported seem to indicate that anchoring to an
ion-exchange resin can be a viable way to het-
erogenize this class of homogeneous catalysts,
the loss of catalytic activity with respect to the
homogeneous system observed so far appears to

be a significant limitation in their possible use
towards a practical application. It seems reason-
able that this problem may be relieved by the
use of more hydrophobic resins, i.e., containing
a much lower amount of residual functional
groups. Research in this direction is currently
underway.
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