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ABSTRACT

A new method for easy removal of ruthenium from metathesis reactions by using a polar isocyanide is reported. This protocol removed most
ruthenium byproducts from a variety of synthetically useful metatheses. Moreover, the isocyanide-promoted carbene insertion results in rapid
destruction of carbene reactivity, demonstrated in the commonly used first- and second-generation Grubbs’ carbenes.

Olefin metathesis has become an important method for Several methods for the removal of ruthenium have been
carbon—carbon double bond construction in organic syn- reported. First, Grubbs and Maynard described the use of a
thesist Metathesis is widely employed in a variety of fields water-soluble phosphine for the removal of ruthenium in the
of chemistry, using the mild, functional group tolerant first generation compleX.® This requires 86 equiv of a
ruthenium carbenes discovered by Grubbdetathesis has  water-soluble phosphine and extractive workup. The reported
been used in large-scale reactions and continued use inarge-scale procedure used a 12 h treatrffeNext, Georg
pharmaceutical, small molecule, and parallel synthesis is et al® reported a mild oxidative procedure to conveihto
immediately foreseeable. Despite the widespread use ofa polar, undefined product that can be removed by chroma-
metathesis procedures, a difficulty commoratiometathesis  tography after 24 h of treatment with 50 equiv of;PHO
reactionsis the removal of the ruthenium at the end of the or DMSO. This procedure is mild and is widely used. Third,
reaction. In this report, we detail a new procedure using a Paquette et & disclosed a rapid oxidative procedure using
polar isocyanide that accomplishes the rapid quenching of Pb(OAc), that oxidizes the ruthenium carbene to polar,
carbene activity and leads to the ready removal of the undefined products that are then removed by silica gel
resulting polar coordination complex (Scheme 1). This
represents a practical, simple-to-use procedure for the_
removal of ruthenium in the purification of the organic " - )
products of metathesis. The protocol works efficiently for Scheme 1. Isocyanide-Promoted Ligand Insertion: An

. : Effective Cleanup Protocol
all commonly used carbene catalysts in a variety of alkene
and enyne metathesis applications.
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chromatography. During our investigation, Crudden €t al. it to evaluate the effectiveness of the quenching method (eq
reported a mesoporous silicate for the removal of ruthenium 3). Formation of the formamide and dehydration with POCI
applied to 1 and homogeneous catalysis by ruthenium gave high chemical yield of the ethyl esterSaponification
hydrides. This requires a large excess of the silicate but iswith KOH (THF—water) and evaporation of the solvent
simple since only a filtration is required. For synthetic mixture deposited an odorléssff-white amorphous solid
chemists, the most widely used procedure is that of Georg(mp 164—165°C) that was used for quenching. The solid
et al.%¢ yet this suffers from lengthy reaction times. was not hygroscopic and could be handled in the atmosphere

There are several shortcomings of the reported proceduresduring weighing. The effectiveness of the quench was
First, from an operational standpoint, they take too long: for evaluated in a cross enyne metathesis between 1-hexene and
a 1-4 h cross enyne metathesis, stirring—2 h with an 1-benzoyloxy-2-propyne. At about 50% conversion, 44 mol
oxidant is necessary. This slow oxidation has not been shown% isocyanide5 was added (8.8 equiv based on catalyst;
to immediately stop metatheses, which is essential for kinetic solution in ca. 1 mL of toluené) The reaction immediately
analysig and to prevent unwanted, secondary metatheses. changed yellow with comple®.1° Further conversion was
Second, the oxidative procedures reported previously werenot observed, suggesting that catalysis was rapidly stopped.
shown to be effective for complexes or 2, but not all

metathesis catalysts. For example, phosphine-free initiators, H GOt POCI, CO.R

which are increasingly used in challenging applications, have N~ E—— caN—/ 3
not been evaluated in any cleanup protocol. Third, though OHC EtgN, THF

the reported procedures remove ruthenium, the specific 4 78°C100°C 5 (R -t 75%) KOH
reaction is undefined. Recognizing some of the current trends 6 (R = K, 78%) J THF

in metathesis chemistry, we felt that a full range of cross
metatheses should be evaluated. A new procedure would be _ _ _ o
desirable if it was fast, efficient for the range of carbene  The effectiveness of the isocyanide quench and optimiza-
complexes used, applicable to a variety of metatheses, andion of the quenching procedure was evaluated in a typical
proceeded by known chemistry. ring-closing metathesis (RCM). Similar to previous inves-
We previously observed a unique ligand insertion pro- tigations? we chose an inductively coupled plasma (ICP)
moted by carbon monoxide This reaction resulted in analytical method to quantitate ruthenium content in crude
destruction of carbene activity and formed a moderately polar and purified metathesis sampfésThese data were used to
bis(carbonyl)ruthenium(ll) complex. For carber®e we determine the efficiency of the cleanup procedure. The
observed Buchner produdd arising from benzylidene  theoretical amount of ruthenium that should be left at the
insertion into a mesityl group (Scheme 2). We observed the end of the reaction is 100g/5 mg of sample. We found an
average of 97g/5 mg of sample after a 2 teaction time

_ using complex2 (Table 1, entry 1). If the crude reaction

: : was passed through silica gel, about half the ruthenium was
Scheme 2. Donor-Induced Ligand Insertion (Galan et al., Ref6)  ramoved (entry 2). In Table 1, the third column reports the

concentration of ruthenium determined in the assay for a
diluted sample. The last column accounts for the mass of
the sample digested. In the previous literature, concentration
of ruthenium is reported asuyy of Ru found per 5 mg of
crude sample”. The effectiveness of the cleanup should be
evident from the last column; comparisons to literature
methods can also be made from these #ata.

Next, the stoichiometry of the isocyanide addition was
studied. It was expected that at least 2 equiv would be
same ligand insertion shown in eq 2 using aryl isocyanides. required based on ruthenium carbene. Each of these runs
We reasoned that a polar isocyanide would rapidly quench
the carbene through ligand insertion and confer polarity to  (4) For fast enyne metathesis, a rapid and irreversible quench is desirable.
the resulting ruthenium coordination complex. Polarity of Ilﬂr;ﬁltlsc s;utgss in enyne metathesis led us to develop the technique described
the complex would then permit removal of ruthenium from (5 pra FS)mf;l|| amount of active catalyst remains during solvent evaporation
the organic products of a typical metathesis reaction. This or during crude sample storage, the product can undergo carbene-promoted

“ _defi ” ; _ _ polymerization (e.g., for a RCM, the reverse reaction: ROMP).
process represents a “well-defined” reaction of the no-longer (6) Galan, B.. Gembicky, M.: Dominiak, P. M.. Keister, J. B: Diver, S.

wanted carbene catalyst. T.J. Am. Chem. So@005, 127,15702—15703.
A polar isocyanide was prepared and used to quench a gg \(/)vbr?Ch‘t' Flel.; Hermann, F.t;hUgi,%ytrrl]thfsislt985,t400—4(?2- o
; ; ; e typically run the metathesasd the treatment procedure in the
cross metathesis. We prepared the ISOCyamd@%and used fume hood)./%ecause of its excellent ligand properties,pthe isocyénigle
assumed to be toxic. Due care should be used in handling the solid to avoid
(3) (@) Maynard, H. D.; Grubbs, R. Hetrahedron Lett1999,40, 4137 breathing any fine particulates.
4140. (b) Grubbs, R. HOrg. React2004,22,123—-1234. (c) Ahn, Y. M; (9) IR was used to follow alkyne consumption, and methanolic solutions

Yang, K.; Georg, G. I10rg. Lett.2001,3, 1411—-1414. (d) Paquette, L. A.; obscured the alkyne CH stretch. As a result, a toluene solution of &ster
Schloss, J. D.; Efremov, |.; Fabris, F.; Gallou, F.; Mendez-Andino, J.; Yang, was used instead of carboxyldie

J.Org. Lett 200Q 2, 1259-1261. (e) McEleney, K.; Allen, D. P.; Holliday, (10) With the complext, the solution turned blue-green.

A. E.; Crudden, C. M.Org. Lett. 2006, 8, 2663—2666. Summary of (11) In this study, we quantitated total ruthenium content in the plasma
methods: (f) Conrad, J. C.; Fogg, D. €urr. Org. Chem2006,10, 185— and did not use MS to separate isotopes.

202. (12) 1ug of Ru detectedn a 5 mgsample corresponds to 200 ppm Ru.
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Table 1. Removal of Ruthenium Byproducts from a Typical
Ring-Closing Metathesis Reaction

Scheme 3. Application of the Removal Method to Other
Metathesis Reactions

Et0,C_ CO-Et 1.1 0r2 (5 mol %)
CHaClo, 1t, 2 h

Et0,C_ CO,Et
(4)

2. conditions, rt
/7 N\

time/ concn [Ru]/ conen [Rul/

entry treatment® h ppm ug/5 mgb< v (5)
' MeN 7 O%
1 NT 16.1,19.91 86.4, 108 Q o
’ ’ \ (®] o
(av =97 N\)J\” CH,Cl ® ﬁqmvz)z h;  84%; (R |
H , I g ; %; (R = cyclic
2 NT, chrom. 6.45,6.25 44.0,43.8 ) 431 e%;ui?/ ;XO.S h peptide);O.Qé ug
(av = 44) cyclosporin A (CsA) Ru/s mg sample
3 2.2equiv(11mol %)2 0.5 221 16.2 o] 1-hexene (3 equiv) /l?\/\/\/ -
4 4.4 equiv(22mol %)2 0.5 135 8.31 )J\/ Rum%) Z
5 4.4 equiv (22mol %)2 1 1.15,1.55 10.9,10.3 CHoCly, reflux, 18 h; 65%; 0.58 ug Ru/5 mg sample
(av = 10.6) oB2 4.4 equiv6,0.5h OBz
6 8.8 equiv (44 mol %)2 0.5 3.46 24.2 /\ ethylene or 1-hexene ~R @
7 10 equiv (50 mol %)2 0.5 0.66,0.69 4.61,5.70 > Fé‘;ﬁgg]’;'zrégu’;’oé?
8¢ 44equiv(22mol %)1 05 0.67 4.87 5.2 equliv 6,05h R=H,83% 03nugRu/5mgsample

R = n-C4Hg, 63%; 0.5 ng Ru/5 mg sample

aTreatment to the crude sample. Equivalents are based on ruthenium OBz
carbene used; mole percents are based on malonate reA®aittenium
concentration in sample; all assayed values are-D0D ppm in the
analytical assay:ug Ru/5 mg sample, calculated for the original sample
from quantitation of ruthenium by ICP determinatirtComplexl (Ru gen-
1) was used in this run.

COD (8 equiv) OBz

Ru gen-2 (5 mol %) /\@ (8)

88%; 1.36 nug Ru/5 mg sample

/

CHCly, reflux, 4.5 h;
4.4 equiv 6, 0.5h

6—8). The enyne metathesis was performed with both
ethylene and 1-hexene, and gave less thag @f Ru/5 mg

of sample in these cases after only 0.5 h of isocyanide
treatment. Last, we investigated a methylene-free ring

isocyanide, tr_\e dz_irk color of the refictior_l discha_rged. With synthesis (eq 8) and found that the cleanup procedure was
a 0.5 h reaction time, 4.4—8.8 equiv of isocyanide proved eective in this case. Yields in all cases were comparable

effective. There was no advantage to longer quench periods, hose previously reported. Overall, the crude products of

In the last entry, ruthenium in the first generation complex jyiermolecular metatheses using the commonly used second
1 was removed by the isocyanide treatment, generation Grubbs carbene compl@xwere effectively

Next, the cleanup protocdlwas examined for several  ciaaned up by the isocyanide treatment just before routine
different metatheses. Here we wanted to be sure thepdcation. This quenches carbene activity (vide supra) and
optimized procedure could be used reliably for typical qpyiates the need for long waiting times before purification.
metathesis reactions that are used by synthetic chemists. Ifrys is an improvement in efficiency that should prove useful
the first case, a cross metathesis of the MeBMT side chain;,, practical and large-scale metathesis applications.

of cyclosporin and an alkene bearing an activ; ester was e effectiveness of the isocyanide cleanup procedure was
examined at high catalyst loading (eq 5, Schem¢ Bjter next evaluated for several commonly used metathesis

treatment (4.4 equiv, 22 mol % @& 30 min), the product . a\vsts (Table 2). These experiments were performed by
was isolated in 84% yield with only 0.96g of Ru/Smg of ~;ging the RCM of diallyl malonate and quenched after 2 h.
sample. Thl_s is noteworthy due to the potential of the cycllc' The isocyanide cleanup procedure was effective for met-
undecapeptide to sequester the metal and because the sidgpeses conducted with the first generation Grubbs carbenes.
chain active ester withstands the quench procedure. They, ihe first generation complexes, the ancilliary ligand is
cleanup was effective for cross alkene and enyne metathesescySP, which contains no aromatic moieties. In contrast, the

using the standard treatment of 4.4 equi6dbr 0.5 h (€as  5romatic mesityl groups are found in the second generation
(13) Between 4.4 and 8.8 equiv of the isocyanide is used, based on carbene complexes and account for the Buchner insertion

ruthenium carbené (22—44.mol % based on unsaturated react’ant). Repre-cjhem'Stry d(_ascrlbed n eq62There is still wide use Of. the

sentative Experimental Procedure (eq 7): Into an oven-dried 100 mL first generation complex, both as the Grubbs benzylidene

Schlenk flask were placed 177 mg (1.02 mmol) of butynyl benzoate in 5.0 i

mL of CH.Cl,, 0.8 mL (6.44 mmol, 6.2 equiv) of 1-hexene, and 43.3 mg and as the Hoveyda chelak we appl|ed the CIeanuD

of Grubbs’ complex2 (0.051 mmol, 5 mol %). The reaction was stirred at proced_ure to these complexes and found that most of the

rt for 2 h. After this time, the mixture was treated with a solution of 38.8  ruthenium was removed (entries-5, Table 2). Though the

mg of 6 (0.315 mmol, 31 mol % or 6.2 equiv based 2nin 1.0 mL of getajls of this process are still unclear, it is presumed that a

methanol. The color of the solution changed from purple to yellow within . . . S

5 min. The reaction mixture was stirred for 30 min at rt, concentrated in polar coordination complex is formed by appllcanon of the

vacuo _(rotarly %aDOfrat_?r), anld(zp(l)lrlflefd ,ll?y CollIJmn Chrogﬂfatographsé gf standard procedufé.Recently, the phosphine-free second

approximately 10 g of silica gel (2.0 g of silica gel was used for every 0. ;

mmol of catalyst used), using 1:8 ethyl acetatexanes as the eluent. generation carbene Complexas-lo have become popular

(14) Smulik, J. A.; Diver, S. T.; Pan, F.; Liu, Qrg. Lett.2002 4, 2051
2054.

(entries 3—8) was performed by addition of the isocyanide
after 2 h ofreaction time and stirring for the time indicated,
followed by plug filtration on silica gel. On addition of the

(15) Further studies are in progress.
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Table 2. Results of Isocyanide Cleanup Procedure Applied to

RCM of Diethyl Diallylmalonate, Using Additional Metathesis Mes—N_ N-Mes HaC CHaNﬁN_@_
Catalysts cl cl,
: ,Filu/ZCHPh 55 m—@—nc —HCl _ pd ancRucNar (g)
|/C] /\ ™\ Cl PCys 90%

RO— Mes—N_N-Mes Mes—N_ N-Mes

A |
) \( \r 12
ot cl P 2 (Grubbs Ru gen-2) i/
0 X py—RG=CHPh Ri—= 13
{ o | a’l =
py PCyg

7 (R=H, L=Cy3P, Hoveyda gen-1}) =3 ¥ C34
g Eg:ﬁol‘zzt*immezogﬁ:gg;n22>) 10 (Grubbs pyr solvate) 11 (Grubbs vinyl carbene)} mi/u‘ c3s5
cz2 Cc23 g1 /.
isocyanide temp, concn [Rul/ a—H (b C36
entry® Ru carbene 6bc time ug/5 mg? 33 \ C40 30/ coa
cz20 21 Acig B A C28
1 1,Rugen-1 44equiv 1t 05h 4.87 g Na\_/?u . ‘\ 2 9 o
2 1,Rugen-1 8.8 equiv reflux, 0.5 h 0.8 (511 o s c1s  ©25 -
3 1, Rugen-1 88equiv 6h 1.2 i \ g
4  1,Rugen-l 8.8equiv 12h 1.1 «| o c8 ‘f;,“ 4,
5 7, Hov gen-1 44equiv 0.5h 2.05 T on e G2
6 8, Hov gen-2 44equiv 05h 1.16 ce °F /;1 oL sl N2 oo™~y ;':;‘*-' Cla
7 9, Grela gen-2 8.8equiv 0.5h 0.8 @ = gj cs4/ | P1 C10 44
8 10, Grubbs pyr solv 8.8 equiv.  0.5h 0.6 ‘/05 c4 ca4_ mﬂﬁ cae
9 11, vinyl carbene 44equiv 05h 11 ci3 css W Tc:zté-‘c“? EM -
aRCM of eq 4, using carbene at 5 mol % loadifigsocyanides added \045 ©a3 \
as a solution in methandl.Equivalents are based on the carbene complex, cs2 ';"/:50 cen TF4cse
e.g., 4.4 equiv o6 is 22 mol %.9 Concentration expressed @g/5 mg of (;1 co2

organic product: e.g., 1,29/5 mg of sample is 220 ppm.

Figure 1. ORTEP drawing of isocyanide insertion compl&3.
Thermal ellipsoids are drawn at 50% probability. See the Supporting

. . Information for bond angles and bond lengths.
choices for metathesis. As expected, the cleanup/quench

protocol was effective for these other second generation
carbene complexes (entries 8), including a vinyl carbene
complex11.

The product resulting from a representative isocyanide-
promoted ligand insertion was structurally identified. The
second generation carbene compkewas reacted with 2.2
equiv of p-chlorophenyl isocyanid&2 to produce a crystal-
line complex13, eq 9. X-ray analysis revealed two molecules
of isocyanidel2 had added to the ruthenium center and the
benzylidene had formally inserted into one of the mesityl
groups (Figure 1)° The observed chemistry is analogous
to our earlier findings with carbon monoxiéérhe cyclo-
heptatrienyl protons of3 were found as singlets @t5.61
and 5.41 ppm, with a benzylic methine appearing at 5.04.
The 3P NMR showed a single resonancedaf3.9 ppm.
With this structural data in hand, we wanted to know if the
same insertion was triggered by the polar isocyaBid€he
resulting complex did not provide X-ray quality crystals.
Solution NMR studies were performed on the triphenylphos-
phine complex, (HMes)(PhP)CLRu=CHPh, reacted with
2.7 equiv of the polar carboxylaté(1:1 v/v CD,Cl,—CDs-
OD). Proton resonances were observed 8180, 5.79 ppm,

and a benzylic methine appearedat.91 ppm, supporting
the cycloheptatrienyl substructure. TH® NMR spectrum
showed a single resonance @t36.3 ppmt’ The similar
spectroscopic properties support the conclusion that the polar
isocyanide promotes a ligand insertion as observed in
complex 13. In terms of the cleanup protocol, the polar
isocyanide ligands confer greater polarity to the hexacoor-
dinate ruthenium complex, facilitating its removal from the
organic products of metathesis. The ligand insertion of eq 9
also results in loss of the metal carbene fragment, which
switches off the catalyst’'s metathesis activity.

In conclusion, we have demonstrated a useful cleanup
procedure for metathesis reactions. The isocyanide addition
to a crude metathesis reaction mixture results in “quench”
of the metal carbene by triggering a bond insertion into the
mesityl group. We demonstrated that the quench is effective
for a variety of metatheses and for all of the commonly used
Grubbs’ carbene complexes. The carboxylate salt of isocya-
nide 6 is an odorless solid that is easily obtained and easily
handled. Further study of the insertion processes promoted
by strongly coordinating ligands is under active study in our
group.
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