ORGANIC PROCESS RESEARCH & DEVELOPMENT

OPR&D Y8 LIBRARIES

Subscriber access provided by University at Buffalo Libraries

Full Paper

Semi-Heterogeneous Purification Protocol for the
Removal of Ruthenium Impurities from Olefin Metathesis
Reaction Products Using an Isocyanide Scavenger
Grzegorz Szczepaniak, Wojciech Noga#, Jakub Pi#tkowski, Anna Ruszczy#ska, Ewa Bulska, and Karol Grela

Org. Process Res. Dev., Just Accepted Manuscript « DOI: 10.1021/acs.oprd.8b00392 « Publication Date (Web): 15 Mar 2019
Downloaded from http://pubs.acs.org on March 16, 2019

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

7 ACS Publications



Page 1 of 10

oNOYTULT D WN =

Organic Process Research & Development

Semi-Heterogeneous Purification Protocol for the Removal of Ru-
thenium Impurities from Olefin Metathesis Reaction Products Using
an Isocyanide Scavenger

Grzegorz Szczepaniak,™* Wojciech Nogas’,I Jakub Piqtkowski,i Anna Ruszczyniska, Ewa Bulska and Karol Grela*

Faculty of Chemistry, Biological and Chemical Research Centre, University of Warsaw, Zwirki i Wigury 101, 02-089 Warsaw, Poland

ABSTRACT: Alow-waste, time-economical and scalable semi-heterogeneous purification protocol for the removal of ruthenium residues from
olefin metathesis (OM) reactions has been developed. It is based on the noncovalent immobilization of commercially available isocyanide QA
(QA = 1,4-Bis(3-isocyanopropyl)piperazine) on unmodified silica gel. The use of heterogeneous scavenger QA@SiO: synthesized in situ dur-
ing the purification process, is shown to yield OM products with metal contamination usually below 5 ppm. Furthermore, the new purification
protocol was effective on a gram scale in the ring-closing OM of an intermediate in the synthesis of cathepsin K inhibitors, leading to a product
with only 0.29 ppm of Ru. Finally, isocyanide QA was used in an aqueous medium reducing the metal contamination from 9977 to 21 ppm.
KEYWORDS: olefin metathesis, ruthenium, isocyanide, metal scavenger

INTRODUCTION

Olefin metathesis (OM) catalyzed with modern ruthenium com-
plexes is a powerful, efficient and selective tool for creating new
C(sp*)-C(sp*) bonds under mild conditions."? It has been used in
the synthesis of complex organic molecules including natural prod-
ucts,” pharmaceutically relevant compounds,*® well-defined poly-
mers’ and for modification of proteins.® However, one of the most
important issues related to the use of OM is the removal of ruthe-
nium residues after the reaction is complete. Catalyst residues can
promote the decomposition or isomerization of the desired prod-
uct.” OM is often utilized in the synthesis of active pharmaceutical
ingredients (API), which are subject to strict legal limits on transi-
tion metal contamination, typically less than 10 ppm in the final APL
For these reasons, the development of efficient and economical
methods for the purification of OM products from metal contami-

nation is of critical importance.'"!

There are several ways to address the problem of ruthenium contam-
ination after OM: (1) using a low catalyst loading, (2) applying clas-
sic methods of purification (3) using a heterogeneous catalyst, (4)
using a self-scavenging catalyst, (5) using scavengers.

OM with a ppm amount (less than 10 ppm) of catalyst is an ideal
approach approach.” Unfortunately, it is often limited to highly
pure, simple compounds and is very sensitive to trace amounts of air,
moisture or solvent impurities."

Conventional methods of purification are often insufficient to afford
a product with low ruthenium content.' This is particularly true for
polar products, synthesized with the use of high catalyst loadings."

Anchoring of ruthenium-based catalysts on solid supports has sev-
eral potential advantages, such as simpler separation from the reac-
tion mixture by filtration.'*'** However, so far none of the hetero-
geneous transition metal catalysts have been reported in an indus-
trial setting. Reasons include rapid catalyst deactivation, low turno-
ver numbers, leaching of the metal and overall complexity.”

Tailored self-scavenging catalysts contain tags that facilitate the re-
moval of both the catalyst and its byproducts after the reaction is
completed.'®*** Similarly, to heterogeneous catalysts, the syntheses
of such complexes often requires lengthy and expensive modifica-
tions.

Metal scavengers are added during workup and allow the efficient
removal of metal residues through conventional methods of purifi-
cation.'®"! Their use does not require any tailored structural changes
in the catalyst and they can be often used with many different transi-
tion metal complexes, offering a general solution. This approach is
simpler and cheaper than using immobilized or self-scavenging cat-
alysts. However, scavengers can contaminate the product itself and
require an additional workup step.

Several homogeneous ruthenium scavengers are described in the lit-

erature,'”"" for example, hydrogen peroxide,*!

mercaptonicotinic
acid,” dimethyl sulfoxide or triphenylphosphine oxide*
Pb(OAc).* and water-soluble phosphine P(CH,OH)s;,* but most
of these compounds have to be used in a large excess (more than 10
equiv), require a long binding time (more than 1 h) and do not re-
duce ruthenium contamination below 10 ppm.

Heterogeneous scavengers can be easily separated from the solution
through filtration to afford a product with alow metal content.'®'*%
% Therefore, they are ideally suited for applications in continuous
flow mode. However, most of them have to be used in large excess
with respect to the catalyst and require long treatment times. This
can be caused by steric interaction with the solid support and inhib-
ited diffusion to and from the binding sites. In addition, the hetero-
genization adds complexity to the system. Immobilized scavengers
often require multi-step syntheses and are therefore expensive.

An alternative is the use of scavenger adsorbed on a solid support
through noncovalent interactions, such as ionic or hydrogen bond-
ing. This approach is characterized by simplicity, as such scavengers
can be obtained by stirring a homogeneous scavenger with an
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unmodified support. However, there is always the risk of scavenger
leaching and contamination of the product with metal.

Isocyanides may function both as an electrophile and as a nucleo-
phile. This unique reactivity makes them widely used in multicom-
ponent reactions,® transition-metal-catalyzed insertions,*" synthesis
of metal-organic complexes,*” in polymerization processes® and in
drug discovery research.*
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Figure 1. Isocyanide metal scavengers described in the literature (a),
reactivity of isocyanides toward GII (b), purification of OM products
using QA in combination with filtration through silica gel (c), new semi-
heterogeneous purification protocol (d).

In 2008, the Diver group reported a novel carbene insertion reaction
driven by coordination of carbon monoxide or isocyanide ligands to
the Grubbs’ second-generation complex (Figure 1B).** This
unique ligand insertion was later used to remove ruthenium residues
from OM products.* Coordination of the isocyanide D1 to the ru-
thenium atom leads to a polar, inactive ruthenium complex which is
easy to separate using standard column chromatography. This

method gives OM products with ruthenium content between 120
and 2200 ppm. More recently, Diver and coworkers presented the
isocyanide D2, supported on silica gel (Figure 1A).” Compared
with D1, it was necessary to use a much larger excess of scavenger
(60 equiv) and column chromatography was required to reduce the
ruthenium content below 10 ppm. Furthermore, both scavengers
could effectively remove palladium species at different oxidation
states after palladium-catalyzed cross-coupling reactions.®

Recently, we reported a new bidentate ruthenium scavenger con-
taining a piperazine ring.*" The isocyanide QA is an odorless solid
that is easy to handle and highly effective in removing a wide range
of Ru-based catalysts. A small excess of QA (4.4 equiv) and a short
treatment time (30-60 min) are sufficient to obtain OM products
with Ru content of less than 10 ppm after a simple filtration of the
post-reaction mixture through a short plug of silica gel, even for high
catalyst loadings (1.0-5.0 mol%, see Figure 1C).*' Moreover, the use
of QA in combination with citric acid allows the simultaneous re-
moval of Ru and Pd residues after a telescope RCM/Suzuki—
Miyaura sequence.*

Herein, we demonstrate the use of the isocyanide QA noncovalently
immobilized on unmodified silica gel for column chromatography
(Figure 1D). This simple approach has previously been used for
noncovalent anchoring of OM catalysts.> However, to the best of
our knowledge, so far there has been no precedent for noncovalent
immobilization of ruthenium scavengers on solid support. The new
protocol combines the advantages of heterogeneous and homogene-
ous scavengers, allowing rapid and efficient removal of a wide variety
of ruthenium catalysts from OM products through simple filtration.

Isocyanides easily undergo hydrolysis to formamides in the presence
of acids.** Silica gel adsorbs water readily. Additionally, the hydroxyl
groups on the surface of silica can catalyze the addition of water to
isocyanide groups. Therefore, we decided to synthesize the hetero-
geneous scavenger QA@SiO; in situ, during the purification pro-
cess, which not only minimized the risk of the decomposition of the
isocyanide groups over time, but also significantly simplified the pu-
rification protocol and reduced the cost of entire process.

RESULTS AND DISCUSSION

To test the performance of the novel approach, several different ru-
thenium removal strategies were compared (Table 1). Ring closing
olefin metathesis (RCM) of 1a was performed with NII (1.0 mol%)
in dichloromethane under ambient atmosphere. After 2 h, five sam-
ples of 5 mL each were taken from the reaction mixture and purified
using methods A-E. Residual ruthenium content was determined by
inductively coupled plasma mass spectrometry (ICP-MS).%?

In a control experiment, after removing the solvent, the ruthenium
content in the resulting product was 4938 ppm. Addition of silica gel
(100 mg of gel for every 0.005 mmol of the Ru-catalyst) to the reac-
tion mixture and stirring for a further 30 min at room temperature,
followed by filtration through a syringe filter (1-2 ym), reduced the
ruthenium level to 598 ppm (method B). The use of isocyanide QA
(4.4 mol%, 30 min), followed by the addition of silica gel (method
C) removed over 97.7% of the original ruthenium (based on the con-
trol experiment). Use of the silica gel first, followed by the isocyanide
treatment (method D) gave the best result, affording a product with
82 ppm Ru, while addition of the scavenger QA and silica gel to-
gether and stirring for 30 min (method E) yielded a 1b with 90 ppm
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Ru. Gas chromatography (GC) analysis of the reaction mixtures
showed that product 1b was not contaminated with the scavenger
after purification by methods C-D.

Table 1. Comparison of Different Ruthenium Removal Strate-
gies

: puriffication
T H
Ts Hh | | i protocol
N NIl (1.0 mol%) NG iR 1b
N\ / CH,Cl, (0.1 M) \/_\/—
1a rt,2h ruthenium Fl
(3.0 mmol) in air contaminated
a. 5 mL of Fl @

e b. evaporation—= ‘Lb)
of solvent 4938 ppm Ru
a. 5mLof FI —‘
b. puriffication
protocol * )
(B-E) '— syringe

filter

Ll (t-2um)
c. filtration
e e
purification protocol Ru‘ (ppm)
4938

B $i02 (100 mg) 30 min, rt 598

1. QA (4.4 mol%) 30 min, rt 2. SiO, (100 mg) 118

30 min, rt
D  1.Si0: (100 mg) 30 min, rt 2. QA (4.4 mol%) 82

30 min, rt
E QA (4.4 mol%), SiO: (100 mg) 30 min, rt 90

“Ru content was determined by ICP-MS.

Further tests were performed with several commonly used OM cat-
alysts.*>* We selected 12 structurally diverse Ru complexes. RCM
reactions of la were conducted at 70 °C in toluene under ambient
atmosphere, using 1.0-5.0 mol% of the catalyst. The results are sum-
marized in Table 2.

The semi-heterogeneous purification protocol D was effective for
first generation Grubbs catalysts (GI, MI, HI).”* The ruthenium
content was only 38-129 ppm, which corresponded to the removal
0f 98.8% of the Ru residue from the product 1b, despite using a sig-
nificant amount of the catalyst (2.5-5.0 mol%). In the case of second
generation Grubbs catalysts (GII, MIL, HII, NII Rul-3),* the ru-
thenium content in 1b was 14-66 ppm. With increasing polarity of
the Ru catalyst, the amount of ruthenium in the RCM product de-
creased. For the Ru3 catalyst, the ruthenium level was 66 ppm, while
for its more polar analogue NII, the contamination was reduced by
half (32 ppm). The same trend was observed for the complexes HII
and Ru2. The best results were obtained for catalysts which con-
tained an unsymmetrical NHC ligand (Ru4 and Ru$
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complexes).”* The ruthenium level of the resulting product was be-
low $ ppm (3.0 and 2.4 ppm respectively). This can be explained by
a different decomposition pathway for this type of ruthenium cata-
lysts.” In addition, the structure of unsymmetrical NHC ligands
causes the metal center to be more exposed, which can facilitate the
coordination of an isocyanide ligand to the ruthenium, making QA

more effective.

Table 2. Scope of the Optimized Purification Protocol in Re-

moving Ru Residues of Selected OM Catalysts

a. Si0, (100 mg®)
30 min
b. QA (4.4 equiv.?)
30 min
Ts C.filtration Ts
| d. evaporation |

[Ru] {1.0-5.0 mol%)
( ) toluene (0.1 M)
70°C,2h

in air
(0.5 mmol)

PCy;

/=RuCI2
Ph |

PCy,
Gl (5.0 mol%), 129 ppm Ru

PCy;
Ph |
RuCl2

II’Cy3

MI (2.5 mol%), 128 ppm Ru

PCy,
|
—RuCl,
C§:61-Pr
HI (2.5 mol%), 38 ppm Ru

e

r
iPr Pn

& o

Ru1 (1.0 mol%), 56 ppm Ru
.p, m ﬁ
IPr
_RuCIz
dénpr

Ru4 (1.0 mol%), 3.0 ppm Ru

N
‘ 7 of toluene g 7

ruthenium 1b
contaminated

Me Me
/=RuCI2
Ph |
PCy,

Gll (1.0 mol%) 20 ppm Ru

QTQ

PCy,
MIl (1.0 mol%) 14 ppm Ru

Nt

R = H (HIl), NO, (NI}

HIl (1.0 mol%), 16 ppm Ru
NIl (1.0 mol%) 32 ppm Ru
iPr

R

.'Pr
iPr Pri
= u Cl,
c')i-Pr
R =H (Ru2), NO, (Ru3)

Ru2 (1.0 mol%), 24 ppm Ru
Ru3 (1.0 mol%), 66 ppm Ru

Me
=RuCl,
d Oi-Pr

Ru5 (1.0 mol%), 2.4 ppm Ru

Conversions were determined by GC analysis and are based on the ratio
of product/(product + starting material). Ru content was determined

by ICP-MS. "Equivalents with respect to the catalyst.
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Table 3. Scope of Applicability of the Semi-Heterogeneous Method in Removing Ru Residues after OM

[Ru] {1.0 mol%)
toluene (0.1 M)

&

\ 7/ :
1-12a YUinCa,irZ h ruthenium
(1.0 mmol) contaminated
I I
O o
Me
1b 2b

HIl 99%, 16 ppm Ru
Ru4 99%, 3.0 ppm Ru

Me_ Me

X

(e o]

b

HIl 99%, 74 ppm Ru
Ru4 51%, 8.5 ppm Ru

Ru6 (1.0 mol%)
CH,Cl, (0.1 M)

N\ ¥

HIl 99%, 21 ppm Ru
Ru4 87%, 1.8 ppm Ru

Me, Me

8b

HIl 99%, 29 ppm Ru
Ru4 98%, 1.8 ppm Ru

&

1-12a 40ince;ir2 n ruthenium
(1.0 mmol) contaminated
i Ts
O §
Me
1b 2b

97%, <0.17 ppm Ru

Me, Me

Pl

[ 2 o]

7b
45%, 0.58 ppm Ru

Me: Me

13b
67%, 0.30 ppm Ru

91%, 0.25 ppm Ru

Me, Me

8b
99%, <0.17 ppm Ru

Q
w0
ph—SC CO,Et

14b
59%, <0.17 ppm Ru

a. Si0, (200 mg)
30 min, rt

b. QA (4.4 mol%)
30 min, rt

° c. filtration

Et0,C_ CO,Et

O

3b

HIl 99%, 24 ppm Ru
Ru4 93%, 10 ppm Ru

o}

9e
O

9b

HII 99%, 6.8 ppm Ru
Ru4 98%, 0.8 ppm Ru

(2

a. Si0, (200 mg)
30 min, rt

b. QA (4.4 mol%)
30 min, rt

c. filtration

Wi

EtO,C_ _GO,Et

3b
98%, <0.17 ppm Ru

[¢]

(IO
O

9b
83%, <0.17 ppm Ru

-

0,

O

15b
89%, 1.8 ppm Ru

B
-ls

Y
| |

EtO,C,

Ph

oL

ab
HIl 99%, 20 ppm Ru

Ru4 86%, 0.5 ppm Ru

e

10b
HIl 99%, 20 ppm Ru

Ru4 86%, 0.5 ppm Ru

. O

d. evaporation
of toluene

d. evapaoration

syringe filter
(1-2 pm)

Ph_ CN

o

5b
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.

(\NC-T..’/
8| C
1-18b

HIl 99%, 12 ppm Ru
Ru4 79%, 0.5 ppm Ru

Q o] OvPh
5

11b

HII 99%, 30 ppm Ru
Ru4 79%, 2.0 ppm Ru

syringe filter
(1-2 ym)

of CH,Cl, @
_—
1-18b
EtO,C ;Lph Ph_ CN
b 5b

84%, 0.25 ppm Ru

X1

10b
97%, 1.0 ppm Ru

(o}
Me\NJLN,Me

(s} (o]

16b
86%, 0.27 ppm Ru

98%, 0.28 ppm Ru

X1

11b
98%, <0.17 ppm Ru

Ph

OT\s*pn
-

17b
81%, 6.8 ppm Ru

Me
|

EtO,C_ CO,Et

6b

HIl 99%, 28 ppm Ru
Ru4 87%, 2.1 ppm Ru

12b

HIl 99%, 43 ppm Ru
Ru4 99%, 14 ppm Ru

Et-N
=

=

Cl

N
iPr iPr

D

iPr
—RuCl,
i
C§:6i—w
Ru6

EtO,C_ CO;Et

6b
99%, <0.17 ppm Ru

0, OVPh
T

O

12b
99%, <0.17 ppm Ru

Me

18b
67%, 6.4 ppm Ru

Conversions were determined by GC analysis and are based on the ratio of product/(product + starting material). Ru content was determined by ICP-

MS.
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To establish the scope and applicability of the new purification
method, test RCM reactions with a selection of dienes were per-
formed (Table 3). Use of the ruthenium complex with an unsym-
metrical NHC ligand (Ru4) usually resulted in ruthenium levels
lower than 5 ppm. Only in one case (12b) the contamination slightly
exceeded 10 ppm. The use of the second-generation Hoveyda cata-
lyst caused an increase in ruthenium content. The RCM products
synthesized with HII were contaminated with ruthenium at a level
of 16-74 ppm. However, HII afforded excellent conversions (more
than 99%) for all tested substrates, in contrast to the results obtained
with Ru$ (54-99%).

In the next stage of our research, the commercially available second
generation Hoveyda-type complex bearing a quaternary ammonium
group in the NHC ligand with a chloride counterion was used as the
catalyst (Ru6).”" The polar tag causes a significant increase in affinity
to silica gel and thus facilitates the removal of both the catalyst and
its residues.”

The reactions were performed at 40 °C in dichloromethane under
ambient conditions, using 1.0 mol% of Rué6 (Table 3). The new pu-
rification protocol combined with the use of self-scavenging catalyst
Ru6 gave OM products with a very low ruthenium content, in most
cases below 0.25 ppm Ru, sometimes bringing the metal content be-
low the detection limit of the used analytical method (0.17 ppm.)
Only 17b and 18b were contaminated slightly more than § ppm (6.8
and 6.4 ppm, respectively).

To demonstrate that the purification protocol D is effective on a
large scale, the RCM was performed with Ru6 (1.0 mol%) using §
mmol (1.38 g) of the dien 12a (Scheme 1). After purification, the
ruthenium content in the isolated azepine derivative 12b, an inter-
mediate in the synthesis of cathepsin K inhibitors,”* was only 0.29
ppm.

Scheme 1 Removal of Ruthenium residues after RCM of 12a on
a Gram Scale

a. Si0, (200 mg)

30 min, rt
Ph b. QA (4.4 mol%) Ph
o. .0 30 min, rt 0. .0
Y c. filtration Y
Me L d. evaporation Me N
Ru6 (1.0 mol%) of CH,Cl, U
CH,CI, (0.1 M) Y/,
122 \ 40°C,2h  ruthenium 12b -
(5 mmol) in air contaminated 0.29 ppm Ru
(1.38 g scale) '

SB-462795
(cathepsin K inhibitor)
Next, the possibility of applying the new methodology in cross me-
tathesis (CM) was investigated (Scheme 2). The CM of 19a with
4.0 equiv of cis-1,4-diacetoxy-2-buten (20) was conducted using
Ru6 (2.0 mol%). After purification, the desired bio-like product 19b
had very low ruthenium content (0.13 ppm).

Organic Process Research & Development

Scheme 2 Removal of Ruthenium residues after CM of 19a

19a
(0 5 mmol)

in air /\)/
ruthenium NG

L/\/\F -
19b

Ru6 (2.0 mol%)
21 (4 equiv)
CH,CI, (0.1 M)
40°C,2h

contaminated

a. Si0, (200 mg)
30 min, rt

b. QA (4.4 mol%)
30 min, rt

c. filtration

d. evaporation
of CH,Cl,

97%, 2.5 EIZ
0.13 ppm Ru

Table 4. Removal of Ruthenium Residues after OM in Water

,N

[y
@@—\

o

c:l2
purification
°' £ op  protocol ob

Ru7 (1 0 mol%) (A B or D)

@ D,0 (0.2 M) =
Hi 23°C,2h Do
20a in air ruthenium 20b
(1.0 mmol) (67%) contaminated

purification protocol

o]

$i0; (200 mg) 30 min, rt

Ru® (ppm)
17547
9977

1.Si0; (200 mg) 30 min, rt 2. QA (4.4 mol%) 33

30 min, rt.

1. SiO2 (200 mg) 30 min, rt 2. QA (8.8 mol%) 21

30 min, rt 2.

Conversion was determined by "H NMR spectroscopy and is based on

the ratio of product/(product + starting material). “Ru content was

determined by ICP-MS.
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Traditionally, OM is carried out in dichloromethane or toluene. Due
to the steric and electron-donating effects of the NHC ligands, as
well as the low oxophilicity of Ru, second generation Grubbs cata-
lysts are remarkably tolerant toward diverse functional groups, im-
purities and air.”® For this reason, they can be successfully used in
polar, environmentally benign solvents, including water. In the last
two decades, considerable progress has been made on OM in aque-
ous media.”* However, removal of ruthenium from OM reactions in
water remains a substantial challenge.

In 2018, Chung and coworkers presented a water-soluble, self-scav-
enging catalyst bearing an adamantyl-tethered ethylene glycol oligo-
mer in the NHC ligand. The purification protocol utilized a
host—guest interaction between the catalyst and insoluble f-cy-
clodextrin grafted on silica.” After a simple filtration, the final ruthe-
nium content in OM products ranged from 53 to 284 ppm. More
recently, Olszewski and coworkers reported the isomerization of cis-
2-butene-1,4-diol using highly water-soluble ammonium NHC-
tagged Ru-catalysts with a chloride counter-ion.”* Treatment of the
post-reaction mixture with NH4BF, or NHPFs resulted in counter-
ion exchange and allowed the extraction of ruthenium residues to
the organic phase, affording the product with 121 and 99 ppm of Ru,
respectively.

Finally, we found that the new methodology is efficient in the re-
moval of ruthenium residues from aqueous mixtures (Table 4). Self-
metathesis of 4-Penten-1-ol (20a) was performed under ambient at-
mosphere using 1.0 mol% of Ru7.7* To our delight, after purification,
the desired product 20b had very low ruthenium content, 33 ppm
which represents a 99.8% removal of Ru from the water solution
(based on the control experiment A, Table 4). Treatment of the
post-reaction mixture with 8.8 mol% of QA enabled us to reduce the
ruthenium level to 21 ppm. Purification using only silica gel led to
20b with significantly higher ruthenium content (9977 ppm).

CONCLUSIONS

A new, simple and inexpensive semi-heterogeneous method for the
removal of ruthenium residues from OM products was developed. It
is based on the use of a small amount of silica gel and a small excess
of commercially available isocyanide QA. This time-economical
method is scalable, does not require chromatography and is compat-
ible with commonly used OM catalysts. When combined with the
use of a catalyst bearing a quaternary ammonium group in the NHC
ligand, such as Ru6, it reduces Ru content in OM products usually
below 0.25 ppm, even in highly challenging cases. The new purifica-
tion protocol efficiently removes ruthenium residues after OM in
water, affording a self-metathesis product with very low Ru content.
Since isocyanides are widely used as ligands in the synthesis of or-
ganometallic complexes due to their o-donor strength and their weak
z-acidity,” this protocol may be used to solve the problem of transi-
tion metal contamination in pharmaceutical syntheses. These results
have important implications for both laboratory and industry appli-
cations.

EXPERIMENTAL SECTION

Materials and Methods. All reactions were carried out under air.
The reactions from Tables 2 and 3 were performed using Radleys
Carousel. Commercially available chemicals were used as received.
Ruthenium catalysts were purchased from Apeiron Synthesis S.A.

Bottles with ruthenium catalysts were stored under argon, but no
special precautions were taken to avoid air or atmospheric moisture
exposure after extracting catalysts from the bottles. Reactions were
monitored by gas chromatography with measurements done on
PerkinElmer Clarus 580 with InertCap SMS-Sil column. Purifica-
tion was performed using Merck Millipore silica gel (60, particle size
0.043- 0.063 mm). Ruthenium content was determined by induc-
tively coupled plasma mass spectrometry (NexION 300D, Perki-
nElmer) equipped with a traditional sample introduction system,
which requires samples to be in solution in order to be analyzed, ac-
cording to the previously reported procedure.®

Representative Procedure for Removing Ru Residues after OM
(Table 3). A Radley glass tube equipped with magnetic stir bar was
charged with substrate (1-18a) (1.0 mmol). Solvent (9.0 mL; tolu-
ene or CH,CL,) was added. The stirrer was set to 600 rpm. The solu-
tion was heated to a predetermined temperature (40 °C or 70 °C),
after which the ruthenium catalyst (Ru4 or Ru6) dissolved in the re-
action solvent (1.0 mL, 0.01 M, 0.01 mmol, 1.0 mol%) was added.
The reaction mixture was stirred at 70 °C for 2 h under ambient at-
mosphere. The heating was turned off, silica gel (200 mg, 100 mg of
gel for every 0.005 mmol of the Ru-catalyst) was added and the re-
sulting mixture was stirred for 30 min. Subsequently, scavenger QA
dissolved in the reaction solvent (1.0 mL, 0.44 M, 0.044 mmol, 4.4
equiv. with respect to the catalyst) was added and stirring continued
for 30 min. Finally, the reaction mixture was filtered through a sy-
ringe filter into a 25 mL round-bottomed flask and the solvent was
removed under reduced pressure to give crude 1b-18b.
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