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Introduction

Carbon–carbon coupling reactions are of enormous impor-
tance in organic synthesis. Heck and other palladium-medi-
ated reactions were among the first to fulfill the criteria of
high selectivity, tolerance of functional groups, and high cat-
alyst efficiency.[1–8] The development of well-defined initia-
tors for metathesis-based reactions[9] was initially stimulated
by reactions related to polymer chemistry.[10–16] However,
with these initiators in hand, olefin metathesis has become a
powerful tool, maybe the tool in organic synthesis.[17,18] With
a few exceptions,[19,20] reactions that require high ee are still
the domain of molybdenum-based Schrock initiators.[21–33]

Nevertheless, “simple” metathesis-based reactions such as
ring-opening cross-metathesis, enyne metathesis, and others

are nowadays preferably accomplished by using air- and
moisture-tolerant ruthenium-based catalysts based on N-het-
erocyclic carbenes (NHCs), usually referred to as Grubbs
and Grubbs–Hoveyda catalysts.[1,2,16,34–47] Both NHC ligands
and carbene groups in ruthenium-derived catalysts have
been optimized over the years. So far, most variations in
NHC were accomplished by using different substituents on
the NHC and by switching from imidazol-2-ylidene to imi-
dazolin-2-ylidene.[5,38,39,44, 48–52] Even small, sometimes incre-
mental, variations resulted in dramatic changes in reactivity.
Recently, we reported new systems for olefin metathesis
generated by replacing one or two chloro ligands in
Grubbs–Hoveyda-type catalysts by strongly electron-with-
drawing groups such as trifluoroacetate and trifluorometha-
nesulfonate, and their special features in organic synthesis
and polymer chemistry.[53–59] Our latest goal was to investi-
gate the reactivity of a new class of ruthenium-based meta-
thesis catalysts prepared from tetrahydropyrimidin-2-yli-
denes.[60–62] This was accomplished by synthesizing
[RuCl2(NHC){=CH-2-(2-PrO)-5-NO2-C6H3}] (1; NHC=1,3-
bis(2,4,6-trimethylphenyl)-3,4,5,6-tetrahydropyrimidin-2-yli-
dene) and its bis(trifluoroacetate) analogue [Ru(CF3-
COO)2(NHC)(=CH-2-(2-PrO)-5-NO2-C6H3) (2). In view of
the strong demand for supported catalysts,[63–68] heterogeni-
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Abstract: The synthesis of novel ruthe-
nium-based metathesis catalysts con-
taining the saturated 1,3-bis(2,4,6-tri-
methylphenyl)-3,4,5,6-tetrahydropyri-
midin-2-ylidene ligand, that is,
[RuCl2(NHC){=CH-2-(2-PrO)-5-NO2-
C6H3}] (1) and [Ru(CF3-
COO)2(NHC){=CH-2-(2-PrO)-5-NO2-
C6H3}] (2) (NHC=1,3-bis(2,4,6-trime-
thylphenyl)-3,4,5,6-tetrahydropyrimi-
din-2-ylidene) is described. Both cata-
lysts are highly active in ring-closing
metathesis (RCM) and ring-opening
cross-metathesis (ROCM). Compound
1 shows moderate activity in enyne
metathesis. Compound 2 is not applica-

ble to enyne metathesis since it shows
high activity in the cyclopolymerization
of diethyl dipropargylmalonate
(DEDPM). Poly(DEDPM) prepared
by the action of 2 consists of 95% five-
membered rings, that is, poly(cyclo-
pent-1-enevinylene)s, and 5% of six-
membered rings, that is, poly(cyclohex-
1-ene-3-methylidene)s. The polymeriza-
tion proceeds in a nonliving manner
and results in polyenes with broad pol-

ydispersities (1.9%PDI%2.3). Support-
ed analogues of 2 were prepared by im-
mobilization on hydroxymethyl-Merri-
field resin and a monolithic support de-
rived from ring-opening-metathesis
polymerization (ROMP). Catalyst
loadings of 1 and 2.5%, respectively,
were obtained. Both supported ver-
sions of 2 showed excellent reactivity.
With 0.24–2% of the supported cata-
lysts, yields in RCM and ROCM were
in the range of 76–100%. Leaching of
ruthenium was low and resulted in Ru
contaminations of the products of less
than 0.000014% (0.14 ppm).

Keywords: heterogeneous catalysis ·
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zation of 2 on macroreticular poly(styrene-co-divinylben-
zene) resins and monolithic disks prepared by ring-opening
metathesis polymerization (ROMP) was achieved. To
benchmark the new systems, they were all subjected to vari-
ous metathesis-type reactions such as RCM, ring-opening
cross-, cross-, and enyne metathesis. Especially in the first
two types of reaction, the new catalysts were found to be
equally or more active than existing ruthenium-based me-
tathesis catalysts.

Results and Discussion

Synthesis of [RuCl2(NHC){=CH-2-(2-PrO)-5-NO2-C6H3}]
(1) and [Ru(CF3COO)2(NHC){=CH-2-(2-PrO)-5-NO2-
C6H3}] (2): Compound 1 was synthesized by a three-step,
one-pot process similar to that reported by Grela et al.[69] It
comprised reaction of 1,3-dimesityl-3,4,5,6-tetrahydropyrimi-
dinium tetrafluoroborate with potassium tert-pentanolate to
generate the free carbene, which was subsequently treated
with [RuCl2(=CHPh)(PCy3)2] and the ligand inroduced by
Grela et al., 2-(2-PrO)-5-NO2-styrene,[20,69–72] in the presence
of CuCl to yield, after flash chromatography, the desired
compound as an olive green powder in 50% overall yield
(Scheme 1).

Crystals of 1 suitable for X-ray analysis were obtained
from CH2Cl2/pentane; it crystallizes in the monoclinic space
group P21/c, a=1137.30(2), b=1523.49(3), c=
1797.18(4) pm, b=92.237(1)8, Z=4 (Figure 1). Selected X-
ray data are summarized in Table 1; selected bond lengths
and angles are given in Table 2.

The Ru�Cl distances in 1 are virtually identical (234.25(7)
and 234.28(7) pm) and only insignificantly longer than those
in [RuCl2(=CH-2-(2-PrO-C6H4)(IMesH2)] (232.79(12) and
233.93(12) pm; IMesH2=1,3-dimesityldihydroimidazol-2-yli-
dene).[70] The O(1)-Ru(1)-C(1) angle of 175.92(8)8 is similar
to that in [RuCl2(=CH-2-(2-PrO-C6H4)(IMesH2)]
(176.22(4)8), but the Ru(1)�C(1) distance is lengthened to
201.3(2) pm compared to 198.1(5) pm in [RuCl2(=CH-2-(2-

PrO-C6H4)(IMesH2)]. Despite this longer distance, a pro-
nounced trans effect is observed that leads to a Ru(1)�O(1)
distance of 231.03(16) pm as opposed to 226.1(3) pm in
[RuCl2(=CH-2-(2-PrO-C6H4)(IMesH2)]. These findings are

indicative of stronger binding
of the pyrimidin-2-ylidene
ligand compared to its parent
imidazolin-2-ylidene analogue.

Reaction of 1 with two equiv-
alents of silver trifluoroacetate
in CH2Cl2/THF yielded 2. Both
chloro ligands could be substi-
tuted in a clean reaction to pro-
vide pure bis(trifluoroacetate)-
substituted catalyst 2. In princi-
ple, this reaction proceeded in
quantitative yield, as demon-

strated by in situ 1H NMR experiments. Nevertheless, to
obtain analytically pure catalyst 2, AgCl had to be removed
by chromatography on silica, which resulted in lower yields
(68%). Crystals of 2 suitable for X-ray analysis were ob-

Scheme 1. Synthesis of 1 and 2. a) i) tC5H11OK, n-hexane, room temperature, 60 min; ii) [RuCl2(P-
Cy3)2(CHPh)], 80 8C, 30 min; iii) 2-(2-propoxy)-5-nitrostyrene, CuCl, CH2Cl2, room temperature, 30 min;
b) CF3COOAg, THF, room temperature, 2 h.

Figure 1. Molecular structure of 1.

Table 1. Selected crystal data and structure refinement for 1 and 2.

1 2

empirical formula C32H39Cl2N3O3Ru C36H39F6N3O7Ru·2CH2Cl2
formula weight 685.63 1010.62
crystal system monoclinic monoclinic
space group P21/c (no. 14) P21/n (no. 14)
a [pm] 1137.30(2) 1116.76(3)
b [pm] 1523.49(3) 2430.80(4)
c [pm] 1797.18(4) 1624.64(5)
a [8] 90 90
b [8] 92.237(1) 90.524(1)
g [8] 90 90
V [nm3] 3.11154(11) 4.41010(18)
Z 4 4
T [K] 233(2) 233(2)
1calcd [Mgm�3] 1.464 1.522
m [mm�1] 0.713 0.672
color, habit yellow prism colorless prism
no. of rflns with I>2s(I) 4646 6387
GOF on F2 1.041 1.060
R indices [I>2s(I)] R1=0.0296 R1=0.0439

wR2=0.0673 wR2=0.1145
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tained from CH2Cl2/pentane (Figure 2); it crystallizes in the
monoclinic space group P21/n, a=1116.76(3), b=
2430.800(4), c=1624.64(5) pm, b=90.524(1)8, Z=4. Select-
ed X-ray data are summarized in Table 1; selected bond
lengths and angles are given in Table 3.

As in 1, the O(1)-Ru(1)-C(1)
(177.58(10)8) angle is similar to
that in [Ru(CF3COO)2(=CH-2-
(2-PrO-C6H4)(IMesH2)]
(178.93(8)8).[53] The Ru(1)�C(1)
distance is lengthened to
200.7(3) pm compared to
197.9(25) pm in [Ru(CF3-
COO)2(=CH-2-(2-PrO-
C6H4)(IMesH2)]. Again, a pro-
nounced trans effect is ob-
served, which leads to a longer
Ru(1)�O(1) distance of
227.8(2) pm, as opposed to
224.28(15) pm in [Ru(CF3-
COO)2(=CH-2-(2-PrO-C6H4)-
(IMesH2)]. A striking feature
of the NHC-derived ruthenium
benzylidenes discussed here is
that the ruthenium–benzylidene
bond length does not vary. Thus, distances of
182.5�0.5 pm were found in 1, 2, [RuCl2(=CH-2-(2-PrO-
C6H4)(IMesH2)],

[70] and [Ru(CF3COO)2(=CH-2-(2-PrO-
C6H4)(IMesH2)].

[53]

Reactivity in ring-closing metathesis (RCM) and cross-meta-
thesis (CM): To obtain information on the optimum reaction
conditions for RCM and differences in reactivity, both 1 and
2 were used in the RCM of diethyl diallylmalonate
(DEDAM), one of the most straightforward substrates for
such reactions. The results are summarized in Table 4

Turnover numbers (TON) and frequencies (TOF) at 10,
22, and 25% conversion were used instead of yields as
measures for reactivity. Reactions in dichloromethane at
40 8C gave TONs of up to 1800 for 1 and 3100 for 2 over 1 h
(Table 4, entries 9 and 10). Higher and lower reaction tem-
peratures were unfavorable. These data show that both cata-
lysts are among the most reactive reported, and compound 2
is clearly the more reactive. They even exceed the activity
of the analogous ruthenium–carbene complexes containing
the 1,3-dimesityl-4,5-dihydroimidazolin-2-ylidine ligand, that
is, the Grubbs–Hoveyda catalyst [RuCl2(IMesH2){=CH-2-(2-
PrO-C6H4)}] (H)[70] and [Ru(CF3COO)2(IMesH2)(=CH-2-(2-
PrO-C6H4)}] (5)[53] (Table 4, entries 13 and 14).[53] However,
H and 5 gave the highest TOFs up to a conversion of 25%
(420 and 710 min�1, respectively). These findings are indica-
tive of the high stability of the intermediary Ru methyli-
denes formed in the catalytic cycles during the action of 1

and 2, as well as of restricted access due to steric constraints.
For further evaluation of the catalysts, reactions with other
dienes were carried with 1, 2, H, and 5 (Table 5, entries 1–
12).

Table 2. Selected bond lengths [pm] and angles [8] for 1.

Ru(1)�C(17) 182.5(3) Ru(1)�C(1) 201.3(2)
Ru(1)�O(1) 231.03(16) Ru(1)�Cl(2) 234.25(7)
Ru(1)�Cl(1) 234.28(7) C(17)-Ru(1)-C(1) 105.12(11)
Cl(2)-Ru(1)-Cl(1) 163.16(3) C(1)-Ru(1)-O(1) 175.92(8)

Figure 2. Molecular structure of 2.

Table 3. Selected bond lengths [pm] and angles [8] for 2.

Ru(1)�C(17) 182.5(3) Ru(1)-C(1) 200.7(3)
Ru(1)�O(6) 203.1(2) Ru(1)�O(4) 204.3(2)
Ru(1)�O(1) 227.8(2) C(17)-Ru(1)-C(1) 103.81(13)
C(1)-Ru(1)-O(1) 177.58(10) O(6)-Ru(1)-O(4) 162.51(9)
O(6)-Ru(1)-O(1) 88.52(9) O(4)-Ru(1)-O(1) 87.10(9)

Table 4. Activity of compounds 1 and 2 in the RCM of diethyl diallylmalonate (DEDAM) under various con-
ditions.

Entry Catalyst T [8C] Solvent (mol% cat., t) TON TOF

1 1 RT CH2Cl2 (0.1, 30 min) 100 3[b]

2 2 RT CH2Cl2 (0.1, 30 min) 320 10[a]

3 1 40 CH2Cl2 (1, 30 min) 100 50[a]

4 2 40 CH2Cl2 (1, 30 min) 100 50[a]

5 1 40 CH2Cl2 (0.1, 30 min) 330 150[a]

6 2 40 CH2Cl2 (0.1, 30 min) 630 170[a]

7 1 40 CH2Cl2 (0.05, 1 h) 980 10[a]

8 2 40 CH2Cl2 (0.05, 1 h) 2000 94[a]

9 1 40 CH2Cl2 (0.01, 1 h) 1800 83[a]

10 2 40 CH2Cl2 (0.01, 1 h) 3100 360[a]

11 1 55 ClCH2CH2Cl (0.01, 1 h) 1500 37[c]

12 2 55 ClCH2CH2Cl (0.01, 1 h) 2000 100[a]

13 H[d] 40 CH2Cl2 (0.1, 1 h) 1500[f] 420[a]

14 5[e] 40 CH2Cl2 (0.01, 1 h) 1400 [f] 710[a]

[a] TOF [min�1] at 25% conversion. [b] TOF [min�1] at 10% conversion. [c] TOF [min�1] at 22% conversion.
[d] [RuCl2(IMesH2){=CH-2-(2-PrO-C6H4)}]. [e] 5 : [Ru(CF3COO)2(IMesH2)(=CH-2-(2-PrO-C6H4)].

[53]

[f] 0.05 mol% catalyst, values taken from ref. [53].
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Excellent activity with TONs of around 2000 was ob-
served for 1,7-octadiene with 1 and 2, which clearly rival the
reactivity of both H and 5. For diallyldiphenylsilane moder-
ate activity (TON=40) was observed with 1, but the reactiv-
ity of 2 exceeded those of H and 5. For tert-butyl N,N-dia-
llylcarbamate (Table 5, entries 3, 6, 9, and 12) comparable
low reactivities (TON=360 and 560) were found for 1 and
2, respectively, which compare to TON=1900 and 2000 for
H and 5, respectively.

Supported and unsupported Ru-IMesH2- and Ru-MesH2-
derived metathesis catalysts have been reported to exhibit
good reactivity in CM of electron-poor substrates and in re-
actions involving the formation of tetrasubstituted al-
kenes.[41,47, 71,73–75] We therefore investigated the reactivity of
our new catalysts for these kinds of substrates. The reactivity
of both 1 and 2 for diethyl bis(2-methallylmalonate) was
poor (Table 5, entries 21 and 22). In view of the high reactiv-
ity of both catalysts for other substrates, we tentatively at-
tribute this to steric effects. However, the high reactivity of
1 and 2 in metathesis reactions involving electron-rich al-
kenes and their low reactivity for disubstituted and electron-
poor alkenes offers in principle access to selective metathe-
sis reactions with molecules containing both types of alkene.
Finally, both catalysts showed significant reactivity for elec-
tron-poor substrates such as styrene, n-butyl acrylate, and

ethyl acrylate (Table 5, en-
tries 23–28). Disappointingly,
no reaction was observed with
acrylic acid and acrylonitrile
(Table 5, entries 29–32).

Reactivity in ring-opening
cross-metathesis : Ring-opening
cross-metathesis (ROCM) reac-
tions were carried out with 7-
oxanorborn-5-ene derivatives.
As shown in Table 6 (entries 1–
8), quantitative yields were ob-
tained throughout with 2 mol%
of either 1 or 2 at room temper-
ature, which thus rival and in
most cases exceed those report-
ed in the literature, including
those for H and 5.[53,76]

Reactivity in enyne metathesis
and cyclopolymerization of 1,6-
heptadiynes : The catalytic ac-
tivity of 1 and 2 in enyne meta-
thesis reactions was tested by
investigating the reaction of di-
ethyl dipropargylmalonate
(DEDPM) with allyltrimethyl-
silane. With 10 mol% of 1, only
moderate yields (69%) of the
desired compound were ob-
tained (Table 6, entry 9). This is
a direct consequence of the
high reactivity of 1, which is ca-

pable of oligomerizing DEDPM. When the more reactive
catalyst 2 was used, the solution turned deep purple and
only 3% of the desired product was formed (Table 6,
entry 10). In fact, 2 in particular is highly active in the poly-
merization of DEDPM even at room temperature to form
poly(DEDPM) consisting of 95% five-membered rings, that
is, poly(cyclopent-1-enevinylene)s, and 5% of six-membered
rings, that is, poly(cyclohex-1-ene-3-methylidene)s, as evi-
denced by the two different chemical shifts (d=171.6 and
170.5 ppm, respectively) of the carbonyl carbon atoms of the
two repeat units in the 13C NMR spectrum (Figures 3 and
4).[77]

Table 5. Activity of compounds 1–4 in the RCM and CM of simple dienes. Reactions were performed in
CH2Cl2 at 40 8C. Reaction time: 2 h.

Entry Compound Catalyst mol% catalyst TON

1 1,7-octadiene H 0.05 1700[53]

2 diallyldiphenylsilane H 0.05 300
3 tert-butyl N,N-diallylcarbamate H 0.05 1900
4 1,7-octadiene 5 0.05 1800[53]

5 diallyldiphenylsilane 5 0.05 300
6 tert-butyl N,N-diallylcarbamate 5 0.05 1000
7 1,7-octadiene 1 0.05 2000
8 diallyldiphenylsilane 1 0.05 40
9 tert-butyl N,N-diallylcarbamate 1 0.05 360

10 1,7-octadiene 2 0.05 2000
11 diallyldiphenylsilane 2 0.05 480
12 tert-butyl N,N-diallylcarbamate 2 0.05 560
13 DEDAM 3 0.006 500
14 1,7-octadiene 3 0.006 3200
15 diallyldiphenylsilane 3 0.012 170
16 tert-butyl N,N-diallylcarbamate 3 0.012 80
17 DEDAM 4 0.05 280
18 1,7-octadiene 4 0.05 960
19 diallyldiphenylsilane 4 0.05 80
20 tert-butyl N,N-diallylcarbamate 4 0.05 300
21 diethyl bis(2-methallylmalonate) 1 0.05 10
22 diethyl bis(2-methallylmalonate) 2 0.05 4
23 styrene 1 0.1 900
24 styrene 2 0.1 970
25 n-butyl acrylate 1 2 50
26 n-butyl acrylate 2 2 50
27 ethyl acrylate 1 2 50
28 ethyl acrylate 2 2 50
29 acrylic acid 1 2 0
30 acrylic acid 2 2 0
31 acrylonitrile 1 2 0
32 acrylonitrile 2 2 0

H= [RuCl2(IMesH2){=CH-2-(2-PrO-C6H4)}], 5= [Ru(CF3COO)2(IMesH2)(=CH-2-(2-PrO-C6H4)}].

Figure 3. Structure of poly(DEDPM) (n :m=95:5).
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Unlike with other Ru-based metathesis catalysts,[54,57] the
polymerization does not proceed in a living[78] manner: it
yields poly(DEDPM) with Mn=20000 and a PDI of 1.9–2.3.

In terms of stability, both 1 and 2 behave similar to H and
5. Thus, they may be purified by chromatography on silica
after synthesis or after metathesis reactions. When reactions
are performed with low catalyst loadings (<0.05 mol%), no
catalyst can be recycled.

Synthesis of immobilized versions of 2 : For several reasons,
demand for supported metathesis catalysts is increas-
ing.[63–68,79,80] First, contamination of products with metal ions
and/or ligands must be low, particularly in compounds rele-
vant to pharmaceutical chemistry. Second, since modern
metathesis catalysts significantly add to the total costs of a
product, regeneration and/or reuse are highly desirable.

Table 6. Enyne and ring-opening cross-metathesis reactions with 1 and 2.

Entry Reactants Product Conditions[a] Yield [%]

1 1, 2 mol% 100

2 2, 2 mol% 100

3 1, 2 mol% 100

4 2, 2 mol% 100

5 1, 2 mol% 100

6 2, 2 mol% 100

7 1, 2 mol% 100

8 2, 2 mol% 100

9 1, 10 mol% 69+oligomer

10 2, 10 mol% 3+polymer

[a] Reaction conditions: CDCl3, 12 h, room temperature.

Figure 4. 13C NMR spectrum of poly(DEDPM) in CDCl3 prepared by the
action of 2.
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Third, supported catalysts are suitable for high-throughput
techniques and continuous flow reactors. Therefore, the key
issues for supported metathesis catalysts are 1) preservation
of the activity and reaction rates of the parent homogeneous
system, 2) ease of catalyst sepa-
ration, 3) (multiple) catalyst re-
cycling, and 4) metal- and con-
taminant-free products.

In a first step, a hydroxy-
methyl-Merrifield resin (PS-
DVB-CH2OH, 1.1 mmol -
CH2OHg�1) was treated with
perfluoroglutaric anhydride by
following a procedure published
by Nieczypor et al.[53,81] Depro-
tonation and formation of the
silver salt were accomplished
by reaction with aqueous
sodium hydroxide followed by
treatment with AgNO3. Com-
plex 1 was dissolved in THF
and added to the polymer-
bound silver salt. By this ap-
proach, intermediary (polymer�
CH2OCOCF2CF2CF2COO)
RuCl(NHC)(=CH-2-(2-PrO)-5-
NO2�C6H3) was obtained. The
second chloro ligand was al-
lowed to react with CF3COOAg
to yield (polymer�CH2OC-
OCF2CF2CF2COO)Ru(CF3-
COO)(NHC)(=CH-2-(2-PrO)-
5-NO2-C6H3) (3) as a brown

powder (Scheme 2). A catalyst loading of 10 mgg�1 (1%)
was determined for 3 by means of ICP-OES.

As an alternative to the Merrifield support, a monolithic
support was synthesized by ring-opening-metathesis poly-

Scheme 2. Synthesis of hydroxymethyl-Merrifield resin supported catalyst 3. a) [RuCl2(NHC)(CH-2-(2-PrO)-5-
NO2-C6H3)], THF.

Scheme 3. Synthesis of the monolith-supported catalyst 4.
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merization (ROMP) of norborn-2-ene (NBE) and (NBE-
CH2O)3SiCH3 in a suitable mixture of porogens with first-
generation Grubbs catalyst [RuCl2(PCy3)2(=CHPh)] accord-
ing to published procedures.[56,58, 59,82] Since the catalyst re-
mains active on the inner surface of the monolith after rod
formation is complete, it was used for grafting of the per-
fluoroglutaric ligand norborn-5-ene-2-ylmethyl hexafluoro-
glutarate (Scheme 3). The initiator was removed by exten-
sive flushing with ethyl vinyl ether, which resulted in a Ru-
free support. After deprotonation of the carboxylic acid
groups of the graft polymer with aqueous KOH, the potassi-
um salt was transformed into the corresponding silver salt
with aqueous AgNO3. After reaction with catalyst 1,
CF3COOAg was added to substitute the second chloro
ligand. By following this procedure, 25 mgg�1 (i.e., 66% of
the original amount of catalyst 1 used) was bound to the
support. Unconsumed catalyst was recovered quantitatively
as 2.

Disk-shaped monolithic systems applicable to high-
throughput screening, similar to the silica-based systems de-

scribed by Hoveyda et al.,[83] were obtained by drying and
subsequent cutting of the parent monolith into pieces of
1 cm in height.

RCM and ROCM experiments with supported catalysts 3
and 4 : For the purpose of comparison, DEDAM, 1,7-octa-
diene, diallyldiphenylsilane, and tert-butyl N,N-diallylcarba-
mate were used in heterogeneous RCM reactions to bench-
mark heterogeneous catalysts 3 and 4 (Table 5, entries 13–16
and 17–20, respectively). Excellent reactivity was observed
for the Merrifield-supported version of 2 with TONs in the
range of 80–3200. The monolithic disk immobilized catalyst
showed somewhat reduced TONs in the range of 80–960.
This clearly stems from the fact that reactions within these
disks were not stirred and therefore depended on diffusion
of the substrates to the catalytic site. Nevertheless, the reac-
tivity observed with these systems definitely justifies the use
of such monolith-supported catalysts in high-throughput
screening, where the disk serves simultaneously as support,
reaction vessel, and filtration unit and can in principle be di-

Table 7. Ring-opening cross-metathesis reactions with 3 and 4.

Entry Reactants Product Conditions[a] Yield [%]

1 3, 2 mol% 100

2 3, 2 mol% 99

3 3, 2 mol% 71

4 3, 0.24 mol% 94

5 3, 0.24 mol% 76

6 4, 2 mol% 81

7 4, 2 mol% 89

8 4, 2 mol% 83

9 4, 2 mol% 89

[a] Reaction conditions: entries 1–9: CDCl3, 12 h, room temperature.
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rectly used in combination with commercially available ma-
chines. In ROCM, excellent yields were achieved at room
temperature with 2 mol% of 3 (Table 7, entries 1–3). Even
when only 0.24 mol% of 3 was used, yields were in the
range of 76–94% (Table 7, entries 4 and 5). Again, yields
obtained with 2 immobilized on monolithic disks were
somewhat lower (81–89%, entries 6–9, Table 7) compared
to the homogenous analogue, yet can still be regarded as
good.

Finally, in terms of product purity, it is noteworthy that
metal leaching from the supported systems 3 and 4 was low.
Thus, the typical Ru contamination of the products was in
the range of 0.14 ppm (0.000014%), as evidenced by ICP-
OES.

Conclusion

A new family of metathesis catalysts based on tetrahydro-
pyrimidin-2-ylidenes has been synthesized and immobilized
on different polymeric supports. With the supported systems,
access to both slurry-type reactions and high-throughput
screening methodologies was gained. Both the homogeneous
and supported systems are highly active in various metathe-
sis reactions including ring-closing, cross-, ring-opening
cross-, and enyne metathesis. In addition, they showed activ-
ity in the cyclopolymerization of 1,6-heptadiynes such as di-
ethyl dipropargylmalonate. The restrictions in the search for
even more active metathesis catalysts clearly become obvi-
ous. Similar to other highly active catalytic systems, the new
systems presented here are no longer allrounders. While
they became active enough to promote classical RCM with
high TON and reactions such as cyclopolymerizations domi-
nated so far by molybdenum catalysts, they can no longer be
used for related chemistry such as enyne metathesis. Ruthe-
nium-based metathesis chemistry has thus reached the point
where particular catalysts will be designed for distinct syn-
thetic problems.

Experimental Section

General : All experiments involving transition metals were performed
under a nitrogen atmosphere in an MBraun glove box or by standard
Schlenk techniques. Reagent-grade THF, toluene, hexane, and pentane
were distilled from sodium benzophenone ketyl under argon. Dichloro-
methane and [D1]chloroform were distilled from calcium hydride under
argon. 1,3-Dimesityl-3,4,5,6-tetrahydropyrimidin-1-ium tetrafluoroborate
was synthesized according to published procedures.[60] All other reagents
were commercially available and used as received. Column chromatogra-
phy was performed with silica gel 60 (220–440 mesh, Fluka, Buchs, Swit-
zerland). NMR spectra were recorded at 25 8C on a Bruker Spektrospin
300 at 300.13 MHz for proton and at 75.47 MHz for carbon in the indicat-
ed solvent and referenced to the solvent peaks (CDCl3: d=7.24 ppm,
77.0 ppm). FTIR spectra were recorded on a Bruker Vector 22 using
ATR technology. GC-MS measurements were carried out on a Shimadzu
GCMS QP 5050 using a SPB-5 fused silica column (30 mS0.25 mmS
25 mm film thickness) and helium as carrier gas. Elemental analyses were
performed at the Institute of Physical Chemistry, University of Vienna,
Austria, and at the Mikroanalytisches Labor, Technische UniversitFt
MCnchen, Garching, Germany. Further Instrumentation is described else-
where.[53, 60] Yields for RCM and enyne experiments were determined by

GC with the corresponding diene compound as internal standard, with
the exception of 1,7-octadiene, for which yields were determined by
1H NMR in CDCl3. Yields in ring-opening cross-metathesis experiments
were determined by 1H NMR in CDCl3.

[RuCl2(1,3-dimesityl-3,4,5,6-tetrahydropyrimidin-2-ylidene){=CH-2-(2-
PrO)-5-NO2-C6H3}]: Potassium tert-amylate (22 mg, 0.17 mmol) was
added to a suspension of of 1,3-dimesityl-3,4,5,6-tetrahydropyrimidinium
tetrafluoroborate (75 mg, 0.19 mmol) in n-hexane (5 mL) and the result-
ing slightly turbid, yellow solution was stirred at room temperature for
1 h. [RuCl2(PCy3)2(=CHC6H5)] (123 mg, 0.15 mmol) was added as a solid
and the reaction mixture was heated to reflux for 30 min. A solution of
2-(2-propoxy)-5-nitrostyrene (34 mg, 0.16 mmol) in CH2Cl2 (5 mL) and
CuCl (16 mg, 0.16 mmol) were added to the brown-pink suspension at
room temperature. The resulting mixture was stirred at room tempera-
ture for 30 min and then concentrated in vacuo. The resultant material
was purified by column chromatography using silica 60 and diethyl
ether:pentane (50:50). Evaporation of the solvent and crystallization
from CH2Cl2/pentane afforded green crystals (51 mg, 0.074 mmol, 50%).
IR (ATR mode): ñ=2923 (m), 2851 (w), 1603 (w), 1518 (w), 1484 (m),
1440 (m), 1336 (s), 1303 (m), 1295 (m), 1258 (s), 1090 (s), 1026 (s), 798
(s), 744 cm�1 (m); 1H NMR (CD3Cl) d=16.38 (s, 1H; H-17), 8.43 (dd, J=
12.08, 3.8 Hz, 1H; H-21), 7.88 (d, J=3.8 Hz, 1H; H-19), 7.14 (s, 2H; H-
13, H-15), 7.04 (s, 2H; H-7, H-9), 6.78 (d, J=12.68, 1H; H-22), 4.79 (m,
1H; H-24), 3.67 (m, 4H; H-2, H-4), 2.56, 2.33, 2.32 (3Ss, 20H; H-3, H-
061, H-081, H-101, H-121, H-141, H-161), 1.07 ppm (d, J=8.28, 6H; H-
25, H-26); 13C NMR (CD3Cl): d=298.0 (C17), 200.1 (C1), 155.5 (C23),
145.9 (C18), 144.3 (C20), 143.0 (C19), 141.6 (C21), 139.8 (C22), 138.8
(C11), 137.2 (C5), 136.7 (C12), 130.1 (C6), 129.6 (C13), 124.2 (C7), 117.7
(C14), 112.8 (C8), 65.8 (C24), 49.9 (C2, C4), 21.7 (C3), 21.4, 21.1, 21.0
(C121, C141, C161), 18.3 ppm (C25, C26). Elemental analysis (%) calcd
for C32H39Cl2N3O3Ru (685.63): C 56.06, H 5.73, N 6.13; found: C 56.27, H
5.66, N 5.73.

[Ru(CF3COO)2(1,3-dimesityl-3,4,5,6-tetrahydropyrimidin-2-ylidene){=
CH-2-(2-PrO)-5-NO2-C6H3}]: Compound 1 (150 mg, 0.22 mmol) was dis-
solved in CH2Cl2 (5 mL), and a solution of CF3COOAg (2 equiv, 97 mg,
0.44 mmol) in THF (5 mL) was slowly added to the stirred solution. Stir-
ring was continued for 2 h and formation of a precipitate was observed.
The precipitate was filtered off and the solution was evaporated to dry-
ness. It was redissolved in CH2Cl2, flashed over a pad of silica gel (5 cm),
and evaporated to dryness, yielding 2 as a light green powder (123 mg,
0.15 mmol, 68%). Crystals suitable for X-ray analysis were obtained by
layering pentane over a solution of 2 in CH2Cl2. IR (ATR mode): ñ=

2922 (w), 1687 (s), 1606 (w), 1519 (w), 1495 (m), 1476 (w), 1443 (w), 1397
(m), 1344 (m), 1312 (m), 1299 (m), 1276 (s), 1180 (s), 1128 (s), 1091 (s),
781 (s), 722 cm�1 (s); 1H NMR (CD3Cl): d=16.77 (s, 1H; H-17), 8.27 (dd,
J=6.21, 2.85 Hz, 1H; H-21), 7.90 (d, J=2.4 Hz, 1H; H-19), 7.19 (s, 4H;
H-7, H-9, H-13, H-15), 6.65 (d, J=9.06 Hz, 1H; H-22), 4.57 (m, 1H; H-
24), 3.61 (t, J=5.25, 4H; H-2, H-4), 2.58, 2.45, 2.42, 2.00 (4Ss, 18H; H-
061, H-081, H-101, H-121, H-141, H-161), 2.30 ( m, 2H; H-3), 0.76 ppm
(d, J=6.18, 6H; H-25, H-26); 13C NMR (CD3Cl): d=315.0 (C17), 198.7
(C1), 156.6 (C23), 144.2 (C18), 143.3 (C20), 143.2 (C19), 142.3 (C21),
140.9 (C22), 139.2 (C11), 136.4 (C5), 134.2 (C12), 130.3 (C6), 130.2
(C13), 125.1 (C7), 118.8 (C14), 115.8 (C28), 112.0 (C8), 110.3 (C27),
65.9(C24), 49.8, 49.5 (C2, C4), 21.3 (C3), 21.1, 21.0, 20.2 (C121, C141,
C161), 19.2 ppm (C25, C26). For atom numbering, see Figure 2. Elemen-
tal analysis (%) calcd for C36H39F6N3O7Ru (840.77): C 51.43, H 4.68, N
5.00; found: C 51.42, H 4.83, N 4.82.

Heterogenization on hydroxymethylpolystyrene, generation of (polymer-
CH2OCOCF2CF2CF2COO)(CF3CO2)Ru(NHC){=CH-2-(2-PrO)-5-
NO2C6H3} (3): PS-CH2�OH (2.00 g, 1% cross-linked with divinylben-
zene, mesh, 1.1 mmolOHg�1) was suspended in dry THF (40 mL), and
perfluoroglutaric anhydride (1 equiv, 488 mg, 2.2 mmol) was added. Stir-
ring was continued for 3 h, then the product was collected by filtration
and washed three times with THF. It was dried in vacuo to give a slightly
yellow solid (2.35 g). FTIR (ATR mode): ñ=3025 (br), 2920 (br), 1773
(vs), 1601 (br), 1492 (s), 1451 (s), 1241 (w), 1175 (vs), 1141 (vs), 1046
(vs), 910 (s), 871 (w), 822 (w), 751 (s), 697 cm�1 (vs). The solid was resus-
pended in THF (20 mL), and an excess of NaOH (181 mg dissolved in
40 mL of water) was added. The mixture was stirred for 3 h. The precipi-
tate was filtered off, washed three times with water, and finally suspend-
ed in water (25 mL). AgNO3 (1.2 equiv, 448 mg, 2.64 mmol) in water
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(15 mL) was added. Stirring was continued for 2 h, and the product was
filtered off and washed three times each with water, Et2O, and pentane.
Drying in vacuo gave a white solid (1.94 g). FTIR (ATR mode): ñ=3058
(br), 3024 (br), 2918 (br), 2849 (br), 2324 (br), 1868 (w), 1773 (w), 1511
(w), 1492 (s), 1451 (s), 1373 (w), 1311 (w), 1178 (w), 1154 (w), 1069 (w),
1028 (w), 945 (w), 906 (w), 836 (w), 817 (w), 754 (s), 696 cm�1 (vs). The
use of excess NaOH leads to partial hydrolysis of the ester. If high cata-
lyst loadings are required, equimolar amounts of NaOH or NH3 should
be used.

This solid (0.8 g) was resuspended in THF (25 mL), and 1 (70 mg,
0.102 mmol) was added. Stirring was continued for 2 h. Intermediary pol-
ymer-CH2OCOCF2CF2CF2COO)RuCl(NHC){=CH-2-(2-PrO)-5-NO2�
C6H3} was filtered off, washed with THF, and dried in vacuo to yield an
off-white powder. FTIR (ATR mode): ñ=3058 (w), 3024 (w), 2919 (br),
2849 (w), 1601 (w), 1492 (s), 1451 (s), 1421 (w), 1179 (br), 1153 (w), 1053
(w), 1028 (w), 906 (w), 822 (w), 750 (s), 697 cm�1 (vs).

CF3COOAg (1 equiv, 23 mg, 0.10 mmol) was dissolved in THF (2 mL)
and the solution was added to intermediary polymer-CH2OC-
OCF2CF2CF2COO)RuCl(NHC){=CH-2-(2-PrO)-5-NO2�C6H3} suspended
in THF (10 mL), and the mixture was stirred for 90 min. Extensive wash-
ing with THF and drying in vacuo gave 3 as a brown powder (0.77 g). Ru
content 0.012 mmolg�1, corresponding to 10.1 mg of 2 per gram (1.01%
catalyst loading). FTIR (ATR mode): ñ=3058 (w), 3024 (w), 2919 (br),
2849 (w), 2360 (w), 1870 (w), 1774 (w), 1655 (w), 1600 (w), 1582 (w),
1492 (s), 1451 (s), 1421 (w), 1364 (w), 1285 (w), 1065 (w), 1028 (w), 906
(w), 837 (w), 750 (s), 697 cm�1 (vs).

Synthesis of monolith-supported catalyst 4 : The monolithic support was
synthesized according to published procedures[58,59,82] from norborn-2-ene
(NBE, 1.0 g, 10.6 mmol), (NBE-CH2O)3SiCH3 (1.0 g, 2.42 mmol), 2-prop-
anol (2.9 mL), toluene (0.8 mL), and [RuCl2(PCy3)2(CHPh)] (20 mg).
Column dimensions: 60S8 mm i.d., V=5 mL. The monolith was washed
with dry toluene (5 mL). Argon was passed through the monolith for
30 min to elute the solvent. Hexafluoroglutaric anhydride (0.40 mL,
2.98 mmol) was added dropwise to a solution of norborn-5-ene-2-metha-
nol (0.30 mL, 2.48 mmol) in 6 mL of freshly distilled dichloromethane.
The mixture was stirred for 1 h in a Schlenk tube under argon at room
temperature. A 3 mL portion of this solution was introduced into the
monolith, which was sealed and kept at 40 8C overnight. Then the mono-
lith was flushed with ethyl vinyl ether (40 vol% in THF) to remove the
initiator, and then with water, each for 30 min. An aqueous solution of
KOH (10 mL, 0.05m) was passed through the monolith at a flow rate of
0.1 mLmin�1, followed by water until the washings were neutral. An
aqueous solution of AgNO3 (3.0 mL, 0.5m) was introduced into the mon-
olith, then the supports were washed with water until the effluent was
free of silver, as checked with aqueous sodium iodide solution. The mon-
olith was then flushed with dry THF. 1 (60 mg, 0.087 mmol) was dissolved
in freshly distilled CH2Cl2 (3 mL), and the solution was introduced into
the monolith, which was then kept sealed at room temperature for 1 h.
Then silver trifluoroacetate (21.2 mg, 0.096 mmol) was dissolved in fresh-
ly distilled THF (3 mL), and the solution was introduced into the mono-
lith, which was again kept sealed at room temperature for 1 h. Finally,
the monolith was flushed with freshly distilled THF until the effluent was
colorless and dried in vacuo. Ru loading: 0.03 mmol Ru per gram corre-
sponding to 25 mg of 2 per gram monolith. The monolith was chopped
into pieces of approximately 1 cm in height and put into syringes for
solid-phase-extraction (SPE) (ICT, Isolute, Austria).

Ring-opening cross metathesis and enyne metathesis reactions catalyzed
by 1–3 : The following procedure is representative for all homogeneous
and slurry-type reactions: DEDAM (500 mg, 2.08 mmol) was dissolved in
CH2Cl2 (2 mL) and the catalyst (homogeneous or supported, 0.006–
10 mol%, as indicated in Tables 5–7) was added. The mixture was heated
to the temperature indicated in Tables 5–7 and stirred for the indicated
time. After removal of the catalyst by filtration, yields were determined
by GC-MS and 1H NMR spectroscopy (in CDCl3).

Ring-opening cross metathesis catalyzed by monolith-supported catalyst
4 : The monolith was removed from the SPE column and chopped into
pieces of 140–200 mg (approximately 1 cm in length). Syringes for SPE
were used as encasements for these pieces. The following procedure is
representative: the monolithic disk (0.147 g, 4.41 mmol catalyst) was treat-
ed with 4.24 g of a 50 wt% solution of diethyl diallylmalonate (DEDAM)

in CH2Cl2. Other monolithic disks were treated in a similar way with the
monomers indicated in Tables 5–7. The reaction vessels were removed
from the glove box and reactions were allowed to proceed for the time
given there. Finally, the reaction mixtures were eluted with CH2Cl2 or
CDCl3. Yields were determined by GC-MS and 1H NMR (in CDCl3).

Leaching of the support : Aqua regia (3.0 mL) was added to the com-
bined effluents from which the solvent had been removed. The mixture
was placed in high-pressure Teflon tubes and leaching was carried out
under Microwave conditions (50, 600, and 450 W pulses, t=32 min).
After cooling to room temperature, the mixture was filtered and water
was added up to a volume of 10.00 mL.

Ruthenium analysis : Ru was anlyzed by ICP-OES (l=240.272 nm, ion
line). The background was measured at l=240.287 and l=240.257 nm.
Standardization was carried out with aqueous Ru standards containing 0
and 4 ppm of Ru.

X-ray structure determination of 1 and 2 : Data were collected on a
Nonius Kappa CCD equipped with graphite-monochromatized MoKa ra-
diation (l=0.71073 T) and a nominal crystal to area detector distance of
36 mm. The structures were solved with direct methods (SHELXS86)
and refined against F2 using SHELX97.[84] All non-hydrogen atoms were
refined with anisotropic displacement parameters. The hydrogen atoms
were refined on calculated positions, except at C(17), which was located
and refined with isotropic displacement parameters for 1 and 2.

CCDC-233916 and CCDC-233917 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12, Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336-033; or deposit@ccdc.cam.ac.uk).
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