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ABSTRACT

Simple aqueous extraction removed ruthenium byproducts efficiently from ring-closing metathesis (RCM) reactions catalyzed by a poly-
(ethylene glycol) (PEG) supported N-heterocyclic carbene-based ruthenium complex.

Olefin metathesis is a powerful carbeoarbon bond forma-
tion reaction in both polymer and small molecule synth&sis.
In particular, the recent development of ruthenium olefin

metathesis catalysts such &s3 (Figure 1), which show o|,,_F|>Cf¢Ph —< NN ;Ph
high activity and functional group tolerance, has expanded T“\_m C""‘Ruf"‘\
the scope of this reactichHowever, it has proved very PCys F|’Cy3C|
difficult to remove the highly colored ruthenium complexes ; ,

completely from the desired product even after purification
by silica gel column chromatography. The residual ruthenium OPEG-Me
complexes can cause problems such as olefin isomeriZation,

decomposition over timé8 and increased toxicity of the final LN NS= LN NS=

cl., cl
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Figure 1. Ruthenium-based olefin metathesis catalysts.
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Several protocols have been reported to remove the | N

ruthenium byproducts. The use of tris(hydroxymethyl)phos-
phine (THMP)? Pb(OAc),'° DMSO (or PhP=0)}! acti-
vated carbori? supported phosphiné&supercritical fluidt*

a modified catalyst® mesoporous silicaté§,and a polar
isocyanide (CNCHCO,K)" has been reported to reduce the
ruthenium content from homogeneous olefin metathesis
reactions. Although these purification methods afford low

levels of residual ruthenium, they also have drawbacks, such

as high loadings of expensive, toxic, and/or unstable

ruthenium scavengers, long processing times, the requirement

of silica gel column chromatography, or numerous washings
and extractions, which are not practical and economical in
many case%! Furthermore, most methods do not actually
reduce the ruthenium contamination below the 10 ppm level,
which is necessary for pharmaceutical applicatitis.
Recently, we reported poly(ethylene glycol) (PEG) sup-
ported catalyst4 (M, ~ 2639, M, number average
molecular weight) which is active and stable in aqueous
media (Figure 13° The unique solubility profile of PEG ren-
ders4 soluble in some organic solvents such as dichloro-
methane and toluene, which are typical solvents for olefin
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Figure 2. RCM of diethyl diallylmalonate (conditions: 1 mol %
of Ru catalyst, 0.1 M, CECl,, 30°C).2

reaction of diethyl diallylmalonates).?* As shown in Figure

2, the attachment of a PEG chain to the N-heterocyclic
carbene (NHC) does not significantly affect the catalyst
activity.

metathesis, as well as aqueous media. The catalyst is not The RCM of substrates by catalyst3 followed by

soluble in other organic solvents such as diethyl ether, isopro-

py! alcohol, and hexanes, following the solubility profile of
PEG. This extraordinary solubility of prompted us to

purification using several reported methods was undertaken
to collect reference data (Table 1). Silica gel chromatography,

develop a simple aqueous extraction method to remove thjjj NG

ruthenium byproducts after olefin metathesis reactions. The 1 p1e 1. Ruthenium Level ir6 (ppm) after Purification

idea is simple: to extract PEG-bound ruthenium complexes
with water from a diethyl ether solution containing the de-
sired organic products, after performing the olefin metathesis
reaction homogeneously in GBI, or toluene (Scheme 1).

Scheme 1. Removal of Ruthenium Byproducts by Simple
Aqueous Extraction

The activity of catalys# in CH,Cl, was compared with
catalysts2 and 3 in the ring-closing metathesis (RCM)
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entry catalyst® purification method (ppm)

1 3 5 Hy0 washes
THMP (50 equiv¢) and 5 HoO washes
DMSO (50 equiv®) and 5 HsO washes
5 H,0 washes and activated carbon?
5 Hy0 washes
THMP (50 equiv¢) and 5 HoO washes
5 Hy0 washes and activated carbon?
PEG (M, ~ 10000, 50 equiv®) and

5 HyO washes
PEG (M, ~ 550, 50 equiv®) and

5 HyO washes

a1 mol %.°Analyzed by ICP-MS, crude [Ru]~ 4400 ppm (22ug/5
mg) for both3 and4, 1 ug/5 mg= 200 ppm.cBased on the ruthenium
catalyst.91.3 wt equiv of the crude produét €Three HO washes do not
increase the measured ruthenium level.
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which is not practical and efficient on an industrial scale,
was avoided in all cases. Simple extraction reduced the
ruthenium content by approximately half (entry 1). Treatment
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with DMSQO, in the absence of silica gel chromatography, is PEGs themselves were next tested for removing residual
not as effective as ruthenium removal employing THMP or ruthenium from the RCM by3. The tested PEGIM, ~
activated carboit THMP® or activated carbdf treatment 10 000 andM,, ~ 550) did not show effective removal of
with an aqueous workup effectively reduced the ruthenium the ruthenium byproducts (entries 8 and 9). These results
level below 100 ppm; however, this ruthenium level is still indicate that the PEG-supported NHC ligand remains bound

too high for practical use. to the ruthenium byproducts or scavenges them after olefin
In contrast, simple aqueous extraction reduced the ruthe-metathesis reactions. The NHC-bound decomposition prod-
nium level to 41 ppm following RCM with catalygt which ucts isolated from reactions with cataly&t have been

is lower than the level achieved by THMP or activated carbon reported in both organic solvents and aqueous medi#.
treatment with catalys? (entry 5)?2 Clear diethyl ether and
brown aqueous phases were observed during the extraction
Employing the aqueous extraction protocol with cataly/st

in combination with THMP or activated carbon reduced the
ruthenium level below 10 ppm, which is suitable for
pharmaceutical applications (entries 6 and*7ljhe activated
carbon treatment after agueous extraction was extremely
efficient, reducing the ruthenium level below the detection
limit of our analysis,<0.04 ppm.

In conclusion, we have demonstrated a convenient and
efficient method for removing ruthenium-containing byprod-
ucts from olefin metathesis reactions by simple aqueous
workup. This practical, economical, and environmentally
friendly method reduced the ruthenium contamination level
down to the useful range for biologically active material
applications.
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