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Soxhlet-dialysis: a method to recover soluble polymer supported catalystsT
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Soxhlet-dialysis is used to facilitate the recovery and reuse of a
PEG-supported titanium-salen catalyst for the asymmetric
silylcyanation of benzaldehyde—up to five times without any
loss in activity or enantioselectivity.

There is a widespread interest in developing methods to recover
homogeneous catalysts, particularly chiral catalysts, from a
reaction mixture.' The impetus to recover and reuse homogeneous
catalysts stems not only from an economic standpoint but also
from the need to eliminate contamination of the transition metal
catalyst in the product and in the waste streams. The challenge is
to recover the catalyst for reuse without any significant loss in its
reactivity and selectivity.” We report here a simple method that we
call soxhlet-dialysis for the recovery of soluble polymer supported
catalysts. Using this method, we show that a PEG-supported
titanium-salen complex can be recovered and reused for
silylcyanation of benzaldehyde at least five times without any loss
of reactivity and enantioselectivity. When compared with normal
dialysis, soxhlet-dialysis minimizes the amount of solvent that is
required because of the recycling of the solvent through reflux.

Among the strategies to recycle catalysts, the use of soluble
supports to anchor transition-metal complexes has received
considerable attention in recent years.’ The soluble support
ensures that the catalyst is in the same phase as the reactants and
reagents. Therefore, the reactivity and selectivity of the catalysts
anchored on soluble supports can equal that of the unsupported
homogeneous analogs; it is a significant advantage over the
catalysts supported on insoluble supports.* Initial methods to
recover the catalyst for recycling were focused on precipitation
and filtration of the supported catalyst by reducing the solubility
of the support using an appropriate solvent® or by changing the
temperature.® The precipitated catalyst often shows substantially
reduced activity and poor recyclability.>” More recent methods
focus on retaining the catalyst in solution and separating it from
the reactants and products. These methods include the use of
liquid-liquid biphasic solvent systems® and pressurized-filtration
using membranes with nanometer-sized pores.’

We have been interested in using dialysis to recover homo-
geneous polymer-supported catalysts for recycling.'” Dialysis relies
on a concentration gradient across a semi-permeable membrane
and the rate of diffusion declines exponentially as the system
approaches equilibrium. In order to re-establish the diffusion
gradient, the bulk needs to be periodically replaced with fresh
solvent.!! Therefore, using dialysis to recover catalysts would
require large amounts of solvent. To address this issue, we

+ Electronic supplementary information (ESI) available: experimental
details for the synthesis of the PEG-supported catalyst, characterization
data and dialysis/UV-vis experiments for the PEG-dye. See http://
www.rsc.org/suppdata/gc/b5/b501826a/
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Fig. 1 (a) Soxhlet-dialysis apparatus.
catalyst, 1, and unsupported catalyst, 2.

(b) PEG-supported Ti-salen

developed a simple semi-continuous-flow dialysis set up using a
soxhlet extractor where the thimble is replaced with a dialysis bag
(Fig. la). The dialyzed solution outside the membrane is
continuously replaced with fresh solvent from the reflux, thereby
maintaining the diffusion gradient. Of particular concern is the
stability of dialysis membranes to organic solvents.”'> However,
we found that commercially available Spectra/Por™ regenerated
cellulose membranes are stable to most organic solvents over
extended periods of time.

We chose the asymmetric silylcyanation of benzaldehyde using a
chiral titanium-salen complex as a model reaction.'* As the soluble
polymeric support, we used polyethylene glycol (PEG, M, =
5000 Da), which was attached to the catalyst through a glutaric
acid spacer (Fig. 1b). A solution of the PEG-supported salen
ligand* in dichloromethane was treated with an equimolar
amount of titanium tetrachloride and allowed to stir at room
temperature for one hour to give 1. The solution of the preformed
catalyst (0.1 mol% of 1) was treated with equimolar amounts of
benzaldehyde and trimethylsilylcyanide (TMCN) (Scheme 1). The
reaction proceeded at room temperature and was monitored by
GC until complete conversion (>99%) of benzaldehyde to the
product was observed. The product, cyanohydrin trimethylsilyl
ether, was obtained in 86% ee after 24 h, similar to the previously
reported enantioselectivity achieved with the unsupported catalyst
2.3 The reaction was concentrated and placed into a dialysis
tubing (molecular weight cut-off = 3.5 kDa) with one end tied
shut. A magnetic stir bar was then placed into the dialysis bag to
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Scheme 1 Asymmetric silylcyanation of benzaldehyde by 1.
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Table 1 Recovery and change in ee over five runs using 1

Runs ee’ (%) Conv.” (%) Recovery (%)

1 86 >95 98

2 85 >95 99

3 86 >95 99

4 88 >95 98

5 85 >95 —

“ Determined by chiral GC using a Cyclosil-B® column.

® Determined by GC. ° Determined by GC against a dodecane
internal standard. ¢ Soxhlet-dialysis was carried out in CH,Cl, at
60 °C using a 3.5 kDa MWCO membrane.

prevent it from floating, and the open end of the tubing was tied
shut with a string. The bag was then placed into the soxhlet
chamber. Dichloromethane was used as the recovery solvent;
25 mL was placed in the soxhlet chamber, and 100 mL in the
three-necked recovery flask. Dodecane was added to the solvent in
the recovery flask as an internal standard in order to allow for
quantitative GC analysis of the product in the dialysate. The
recovery flask was then placed in an oil bath and was heated to
60 °C. The soxhlet chamber refilled every 20 minutes with fresh
solvent from the reflux. After 38 h, 98% of the cyanohydrin
trimethylsilyl ether was recovered. (Table 1). Changing the
capacity of the soxhlet chamber (by changing the size of the
soxhlet apparatus) from 25 mL to 100 mL had no effect on the rate
of dialysis (see electronic supporting informationt).

After each cycle, the contents of the dialysis bag were poured
into a round-bottomed flask and treated with fresh benzaldehyde
and TMSCN under similar initial reaction conditions; no fresh
catalyst was added. Complete conversion to the product was
achieved in 24 h. The reaction solution was concentrated and
subsequently subjected to another soxhlet-dialysis recovery cycle.
The catalyst was recovered and reused for at least five runs without
any loss in selectivity or reactivity (84-86% ee, >99% conv.)
(Table 1). It is noteworthy that due to the high substrate-to-
catalyst ratio for this reaction, recovery of the PEG-supported
catalyst by solvent precipitation is impractical.

Even though the catalyst maintained its activity over multiple
runs, it was still necessary to assess extent of retention in the
dialysis bag. An ICP analysis of the concentrated bulk solvent did
not detect the presence of titanium. We then synthesized PEG
attached to p-methyl-red. A solution of the PEG-dye in
dichloromethane was subjected to a soxhlet-dialysis cycle under
the same conditions used in the recovery of 1. Samples of the
dialysate were taken over a period of 38 h and analyzed by UV-vis
spectrometry. The PEG-dye present in the dialysate was
determined to be 3%, reflecting 97% retention in the dialysis
bag. Even after 72 h, the amount of PEG-dye retained in the
dialysis bag remained constant (Fig. 2). We attribute the initial loss
of PEG-dye to low molecular weight polymeric impurities present
in the commercially available PEG. Once the low molecular weight
impurities are lost, no further loss of the PEG-dye is observed.
Based on the differences in the rates of diffusion between the small
molecule product and the polymer-supported catalyst, we believe
that the retention of the catalyst is much higher than 97%. This is
further supported by the fact that no additional catalyst was
required for subsequent runs.

In conclusion, we have developed soxhlet-dialysis as a simple
and straightforward method for the recovery of soluble polymer-
supported catalysts without any loss in its activity. This method
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Fig. 2 Retention of PEG-supported catalyst in dialysis bag; (A) recovery
of the product cyanohydrin trimethylsilylether (B) recovery of PEG-dye.

employs commercially available dialysis membranes and common
laboratory apparatus. Soxhlet-dialysis can be generally applied to
recycling of soluble polymer-supported catalysts, without further
modification of the original reaction conditions, as well as the
purification of soluble macromolecules from low molecular weight
impurities.
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