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Abstract:

Supercritical CO, was used to remove ruthenium catalyst and

its derived by-products from a crude ring-closing metathesis MeQ.
reaction. The method was implemented in a semi-continuous

fashion and allowed for efficient removal of the toxic metal

impurities to meet the specifications for the final drug substance.

Introduction O/

In the course of our development program for the
treatment of hepatitis C virdsyve became involved with
the synthesis of macrocyclic compound BILN206)1L{The

Figure 1. Structure of BILN 2061 (1).
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Scheme 1. Retrosynthetic analysis and RCM catalysts
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Table 1. Screening of ruthenium scavengers
entry substrate (concentration) catalyst (loading) workup procedure Ru level (ppm)
1 3(C=0.01M) 4 (5 mol %) THP (25 equiv) 623
2 3(C=0.1M) 6 (1.5 mol %) thiol-3 SiQ (10 equiv) 109
3 3(C=0.1M) 6 (1.5 mol %) PS-thiophenol SiJ10 equiv) 293
4 3(C=0.01M) 6 (1.5 mol %) thiol-3 SiQ (100 equiv) 262
5 3(C=0.01M) 5 (3.5 mol %) THP (60 equiv) 260; 32
6 3(C=0.01M) 5 (3.5 mol %) THP (40 equiv) 64

a After charcoal treatment.

some of the reported protocols. Chelation of ruthenium seemed to reach a plateau after two to three charcoal
byproducts with the water-soluble tris-hydroxymethyl phos- treatments, and the metal content did not drop past this point
phine reported by GrubBsresulted in lowering the levels  unless a chemical transformation took place.
of ruthenium from 1.5—5 mol % to below 700 ppm with all Various other techniques were tried which provided levels
the catalysts tried4( 5, 6, 7). A rapid study showed that 40 of ruthenium that met the specifications in the final drug
equiv of phosphine could be used advantageously to mini- substance. However most methods showed significant draw-
mize the ruthenium levels to below 70 ppm after charcoal backs. Long processing time, numerous washings and
treatment (entry 6). Pretreated metal scavenging silica andextractions’ high loading of the ruthenium scavengers, as
resins were also tested (entries4®). A correlation between  well as patent infringement were a few of the problems
the concentration of the metal and the scavenger was rapidlyencountered. Recourse to the extractive properties of super-
established which made apparent the inconvenience ofcritical carbon dioxide was therefore investigated. Herein we
heterogeneous treatments on a highly diluted crude reactionreport a new, efficient, and practical method to remove metal
mixture. Direct charcoal treatments were also investigated. byproducts associated with the RCM reaction.
In our hands, none of the charcoals tested permitted reduction  Applications of supercritical fluid techniques are numer-
of ruthenium to acceptable levels at the API stage (two ous in the area of extractidnFor instance, the technique
chemical transformations later) within a reasonable number has been used efficiently in nuclear chemistry for the removal
of charcoal treatments. In addition, the ruthenium content of toxic metallic specie¥? One of the main advantages
compared to conventional solvent extraction is the fast and
®) S;yAnQ?&,YH_Mb;_;Ygrrfj%bg,';res_e%g}r; o e 1500 40, 4157, ({3 selective extraction through control of the density of O

Paquette, L. A.; Schloss, J. D.; Efremov, |.; Fabris, F.; Gallou, F.; Mendez-
Andino, J.; Yang, JOrg. Lett.2000,2, 1259. (d) Cho, J. H.; Kim, B. M. (9) Solinas, M.; Jiang, J.; Stelzer, O.; Leitner, Whgew. Chem., Int. E2005
Org. Lett.2003,5, 531. (e) Pretreated silica gel purchased from Silicycles. 44, 2291.
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Parameters Settings

Oven temperature, "C 50
Water bath temperature, °C 40
Recirculator temperature, °C -10 Solvent
Condenser
Supply line temperature, °C 50
Vessel exit temperature, °C 40
Return line temperature, °C 50 '—}ﬂ_j_-]
Micrometer valve, °C 140 1 L ‘"—".-5
Qven b—-=g TC
Condenser temperature, °C NA :
—O) |
Supply line heater 1, % 15
¥ Solvent
Supply line heater 2, % 15 )
Nozzle Filter
Return line heater, % 50
! I = :l_' j Impeller b}
Condenser line heater, % NA Qr | .I; E.
Condenser heater, % NA é
CO; pump pressure, bar 150
: QOrganic
ly 1 13 .
Supply line pressure, bar 8 CO; solution
Return line pressure, bar 138
Water bath
Gas flow rate, cfm 1.6
Motor speed, rpm 500 o
Solution flow rate, mL/min 5
Nozzle, im NA

Figure 2. (Left) Conditions and settings for the continuous extraction. (Right) Diagram of reactor.

The supercritical fluid T 31 °C, P. 73.75 bar,d. 0.468
g-cnm3) operates as an environmentally benign medium

The phase behavior of the system was initially determined
visually by means of a 50 mL view cell equipped with

easily recycled and possesses remarkable gas-like propertiesapphire windows to render solvent expansion visible to the

(high diffusivity and miscibility with the reactants, low
viscosity, and high compressibility among others).

eye. The autoclave was charged with a Jlsdlution of2 in
toluene, and the pressure was gradually increased. The

Selective extraction of a homogeneous transition metal experiment was repeated at various temperatures. Full

catalyst with supercritical fluids (SFE) has been reported,

but derivatization of the catalytic system with a gghilic

expansion was determined to take place at a temperature of
40°C and a pressure of 890 bar. At such pressure, a dark

moiety is performed in most cases to enhance its solubility residue precipitated on the side of the vessel. Analysis of

in the mediumt!

We felt it possible to isolate substra by taking
advantage of its preferential solubility in supercritical £SO
thus leaving the ruthenium byproducts in the autocl@ve.
To the best of our knowledge, there is no report of the
practical use of the technique for the removal of ruthenium
catalyst and derived byproducts.

(10) (a) Erkey, CJ. Supercrit. Fluids2000,17, 259. (b) Cui, H.; Wang, T.;
Shen, Z.Ind. Eng. Chem. Re2001,40, 3659. (c) Wang, J. S.; Koh, M.;
Wai, C. M. Ind. Eng. Chem. Re2004,43, 1580.

(11) Among other references: (a) Koch, D.; Leitner, W.Am. Chem. Soc.
1998,120, 13398. (b) Francio, G.; Wittmann, K.; Leitner, WOrg. Chem.
2001, 621, 130. (c) Furstner, A.; Ackermann, L.; Beck, K.; Hori, H.; Koch,
D.; Langemann, K.; Liebl, M.; Six, C.; Leitner, WI. Am. Chem. Soc.
2001,123, 9000. (d) Kainz, S.; Brinkmann, A.; Leitner, W.; Pfaltz, A.
Am. Chem. S0d.999,121, 6421. (e) Hitzler, M. G.; Smalil, F. R.; Ross, S.
K.; Poliakoff, M. Org. Process Res. @e1998,2, 137. (f) Haas, G. R;
Kolis, J. W.Organometallics1998,17, 4454. Bossmann, A.; Francio, G.;
Janssen, E.; Solinas, M.; Leitner, W.; Wasserscheidngew. Chem., Int.
Ed. 2001,40, 2697.

the content of the autoclave indicated that no decomposition
had taken place at high pressure and temperature which
proved the chemical compatibility & with the medium.

A qualitative determination of the dynamic solubility of
our substrate in sCQahen showed that an organic modifier
was required. The experiments were carried out on an ISCO
extractor, and the solubility was monitored as a function of
the recovery. A 5 mLautoclave was charged with pure
compound? neat or in solution at different concentrations.
The system was maintained at 40 under a pressure of
100 bar for 30 min under dynamic conditions. The pressure
was released slowly, and the product was collected from the
CQO, stream upon depressurization in a cold trap maintained

(12) This technique of combination of organometallic catalysis and separation
is referred to as “catalysis and extraction using supercritical solutions”.
Jessop, P. G., Leitner, W., EdS8hemical Synthesis Using Supercritical
Fluids; Wiley-VCH: Weinheim, 1999. Leitner, Wsurf. Chem. CataR00Q
3, 595.
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Table 2. Effect of modifiers in sCO, extraction Table 3. sCO, extraction under semi-continuous fashion

entry T(°C) P (bar) modifier (concentration) recovery (%) entry recovery (%) comments Ru level (ppm)
1 25 83 none no extraction 1 88 dark residue in the autoclave 708
2 25 83 CHCI; (0.1 M) 90 clear extract 1007
3 25 83 toluene (0.1 M) 65 2 90 dark residue in the autoclave 839
4 25 83 toluene (0.01 M) 90 clear extract 113

a After charcoal treatment.

at—78 °C. When the material was used dry, low recovery Encouraged by these results, we evaluated the extraction
was obtained (see entry 1, Table 2) but the presence of anIn a semi-cgntinu)gus modé A cr,ude mixture of2 (¢ 0.01
organic solvent drastically enhanced the solubility (see entries, . . . '
: . M in toluene) containing 5 mol % ruthenium catalgstvas
2 and 3, Table 2). Dichloromethane and toluene used in the. . . . )
. injected continuously at 5 mL/min to a 300 mL mixed
RCM worked particularly well, and metal removal was

demonstrated by the dramatic color change of the extractPreSSure \(essel, with continuous injection of{a0100 mL/
(from dark brown to faint brown or yellow) min. The internal temperature and pressure were set to 40

In addition, these preliminary experiments showed that C and 83 bar, respectively. The product was immediately

the recovery increased with reduced concentrations (seefnxlfrgfﬁs dV:tSh;:j:igzwarg'?n?;ggrzagnzgglm:_nvsgsné'(;‘lI’eZC?g d
entries 3 and 4, Table 2). Crude reaction mixtures in toluene J ’

at 0.01 M were therefore used directly for the subsequent (92% recovery of organic solution, 88% recovery based on
extréctions 2 as determined by assay). The dried material showed a level

A preparative extraction experiment was then performed of ruthenium of 708 bbm as determlne_d by ICP. Subsequent
on an ISCO Speed SFE Unit. A crude solutior2q®8 mg charcoal treatment prior to concentration reduced the ruthe-

product at 0.01 M in toluene) containing 5 mol % ruthenium nium to 100 ppm (see entry_ 1, Table 3 and Figure 2). The
catalyst 6 was introduced in a 5 mlautoclave. The reproducibility of the technique was demonstrated by a

temperature was set to 4€ with a CQ pressure (purity second extraction under th_e same conditions which gave 90%
99%) into the extractor of 138 bar. The system was held at rlic;ove%, ggsrpghrgrzuégm;ggigﬁf?srged;?]rtfoazl t[?;;[g%r;t and
that temperature for 30 min, and prod&ivas collected | pp h d trated thy ';'I't ¢ o
from the CQ stream in a cold trap at-78 °C upon _In summary, we have demonstrated the Utiity of super
depressurization at a flow rate ofL.5 mL/min. At the end critical CO; to remove metathesis ruthenium ‘.”‘"‘y"der_‘e
of the extraction, a clear extract containing 26 mg of product catalyst and derived byproducts from a crude ring-closing

. metathesis reaction. The technique is practical, economical,
2 (determined by assay, 92% overall recovery) was collected, : ) . .
X . and environmentally friendly. It was implemented in a
and the autoclave showed a dark residue. The eXperImentcontinuous fashion and allowed for efficient removal of the
was repeated on 80 g scalea 1 L autoclave unit with a

temperature and pressure of £6f 40 °C and 97 bar, toxic metal impurities to meet the specifications required in

respectively, a 30 min dynamic equilibration and depres- the final drug substance.
surization at a flow rate of-1.5 mL/min, and our earlier  pcknowledgment

results were confirmetf.A 90% recovery o2 was observed, We thank Dr. Vittorio Farina for helpful discussions.
and the level of residual metal was reduced from 50000 ppm
(5 mol %) to 56 ppm as determined by I€PIn addition, Received for review June 7, 2006.

the content of the autoclave when added to a solution of
diene 3 in toluene and submitted to the RCM conditions
promoted the ring-closure, thus confirming the possibility (15) Experimental procedure for semi-continuous run extraction: See Figure 2

to recycle the catalyst from the process. for settings for the extraction. A 0.01 M solution ®fn toluene (250 mL)
was charged in the pump and injected continuously at 5 mL/min to a reactor

with a continuous flow of C@at 100 mL/min. The internal pressure in

OP0601114

(13) Experimental procedure : A 1 L pressure reactor was charged with 81 g the system was set to 138 bar and the temperature f€4The product
of a crude metathesis solution if2toluene at 0.01 M with 5 mol % first- was extracted without equilibration. An aliquot of the extract was
generation Hoveyda catalyd0; for preparation see ref 2). The reactor concentrated and dried under vaccum. Ruthenium analysis by ICP indicated
was heated to 48C, and CQ was introduced to obtain an internal pressure a level of 708 ppm. Once the extraction was complete, the mixture was
of 97 bar. The mixture was allowed to equilibrate under those conditions allowed to degas and was stirred for 2 hourgwiitg of charcoal. Filtration
for ~30 min and then was extracted -afl..5 mL/min; 639 mg of2 was through a pad of celite, concentration, and drying under vacuum gave an
recovered (92% recovery). Ruthenium analysis by ICP indicated a level of off-white solid (1.56 g, 90% recovery). Ruthenium analysis by ICP indicated
56 ppm. a level of 100 ppm.

(14) The recovered material resubmitted to the same conditions resulted in (16) The isolated material resubmitted to the same conditions resulted in
ruthenium levels below 2 ppm. ruthenium levels below 15 ppm.
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