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Abstract: A cationic ruthenium carbyne complex
was prepared and was found to initiate olefin meta-
thesis reactions with good activities, which throws
a new light on the design of a new type of ruthenium
catalyst for RCM reactions. More importantly, no
double bond isomerized by-product was observed
even at elevated temperatures in reactions catalyzed

by the new carbyne complex. A mechanism involving
the in situ conversion of the ruthenium carbyne to
a ruthenium carbene complex via addition of an
iodide to the carbyne carbon was also proposed.

Keywords: olefin isomerization; olefin metathesis;
ring-closing metathesis; ruthenium carbynes

Introduction

Olefin metathesis, especially ring-closing metathesis
(RCM), has evolved into an important method for
carbon-carbon bond formation in modern organic
synthesis.'l Its success has largely relied upon the dis-
covery of the well-defined modern ruthenium cata-
lysts 1 and 2 and the parallel development of cata-
lysts 3-8 (Figure 1).! The repertoire of such catalysts
is still expanding!*! as exemplified by the recent addi-
tion of several ruthenium-based complexes with en-
hanced catalytic performance, such as 9,°% 10,**) and
other ruthenium carbene complexes
[(HLIMes)CLRu=CH(PCy))]*[A]"  [A=B(C,Fy).,
BF,, OTf, BPh,].’l A carbene ligand coordinated to
the ruthenium center is a constituent of the catalysts
currently available for olefin metathesis.

These well-defined ruthenium carbene-based olefin
metathesis catalysts are generally highly selective for
olefin metathesis. However, there has been an in-
creasing number of reports of olefin isomerization
when the catalysts were used under harsh reaction
conditions, such as high temperature, high dilution,
long reaction time, and forced high turnovers.” The
resulting side products are usually difficult to remove
via standard purification techniques. A large amount
of additives, such as 1,4-benzoquinone, and maleic an-
hydride, has to be added into the reaction system to
prevent the undesired isomerization reaction,®!
which brings additional problems for purification of
the final products. Hence, it is important to develop
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a catalyst that does not bring about isomerization re-
action for the application of olefin metathesis reaction
under harsh reaction conditions.

In contrast with the ruthenium carbene complexes,
ruthenium carbyne complexes exhibiting catalytic ac-
tivity towards olefin metathesis are extremely rare
and the nature of their catalytic behaviour remains
elusive. Although many ruthenium carbyne complexes
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Figure 1. Catalysts for olefin metathesis.
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have been prepared,”! only few ruthenium carbyne
complexes were reported to catalyze the olefin meta-
thesis reaction. For example, the ring-opening meta-
thesis polymerization (ROMP) of cyclic olefin sub-
strates is catalyzed by a carbyne complex.®! Some of
the carbyne complexes are known for catalyzing the
dimerization of alkynes rather than for alkyne meta-
thesis.” There is a general belief that ruthenium car-
byne complexes are inert towards olefin metathesis.”)
It is also believed that, to initialize an olefin metathe-
sis reaction, these complexes must be first converted
into allenylidene- or alkylidene-ruthenium com-
plexes."”! To the best of our knowledge, none of the
ruthenium carbyne complexes synthesized so far has
been directly used in ring-closing olefin metathesis.

In this article, we report a stable cationic ruthenium
carbyne complex 11 capable of initiating olefin meta-
thesis, including both ring-closing and cross metathe-
sis reactions.

Results and Discussion

The complex 11 was prepared in good yield (>95%)
via oxidation of 2 with an excess amount of I, in
CH,(l, at 25°C (Scheme 1).

Unlike its bisphosphine analogues, 11a and 11b,["?!
the new Ru-carbyne complex does not exist as a neu-
tral, six-coordinate Ru-carbyne structure, which may
be due to the large steric effect of the N-heterocar-
bene preventing the coordination of the iodide ligand
to the ruthenium center. The molecular structure of
11 was established by X-ray diffraction (Figure 2).['"]
The structure reveals the presence of an Ru-carbyne
bond with a typical bond length of 1.600 A, which is
in agreement with that of previously reported Ru-car-
byne complexes.!”)

In sharp contrast to other Ru-carbyne complexes,
compound 11 act as an effective catalyst for RCM re-
actions. The RCM activity of 11 was initially exam-
ined using the N-protected diallylamine 12 as a test
substrate. The kinetic behaviour of RCM of 12 cata-
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Scheme 1. Synthesis of ruthenium carbyne complex 11.
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Figure 2. Molecular structure of the ruthenium carbyne 11
(50% thermal ellipsoid plot; hydrogens have been omitted
for clarity; see Supporting Information for details).
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Figure 3. Kinetic curves for the RCM of diene 12 using 11
as a precatalyst: a) in CH,Cl, at 40°C; b) in the presence of
1.5mol% Fe in CH,Cl, at 40°C; c) in the presence of
2.5mol% Fe in CH,Cl, at 40°C; d) in the presence of
5.0 mol% Fe in CH,Cl, at 40°C; e) in toluene at 100°C; f)
in the presence of 5.0 mol% Fe in toluene at 100°C. All re-
actions used 2.5 mol% of 11. See the Supporting Informa-
tion for details.

lyzed by 11 (2.5 mol%) under a variety of conditions
is illustrated in Figure 3. When CH,Cl, at reflux was
used as the solvent (0.10M), the reaction proceeded
slowly to give the desired RCM product in low yield
(Figure 3, a). Many reagents such as Sn, Fe, Zn, or
SnCl, were found to increase the reaction rate, and

Adv. Synth. Catal. 2012, 354, 27432750


http://asc.wiley-vch.de

Advanced

. . . Synthesis &
A Unique Ruthenium Carbyne Complex: A Highly Thermo-endurable Catalyst Catalysis
Table 1. Olefin metathesis reactions catalyzed by Ru-carbyne complex 11.
b]
Entry Diene Product T Ru mol%  Convn Entry Diene Product " Ru mol%  Convn 1
(time)®  (yield [%]) (time)® (yield [%] )
TN o=
1 | NTs 1.0% (2 h) 100 (96) 9 1.0% (12h) 100 (92)
= ~ (e}
12 13 28 29
O
N g A
2 v NTs 1.0% (2 h) 100 (96) 10 2.0% (12h) 98(91)
— (0}
14 15 30 31
0]
TSN X A/ <
3 K/\ | NTs 1.0% (2h) 100 (95) 11 \\_>—N N/Y 1.0% (12h) 98 (90)
X ‘ﬁ\ ~
16 17 32 33
% = o —
4 PhCNT EN(':'Ph 10% (2h) 98 (95) 12 TSN/ p /\IL\NTS 1.0% (12h) >98 (80)
v
18 19 34 35
/—/ o — 0
5 TsN\’{ /CNTS 10%(3h)  100(98) 13 puoN p Pthg/\ 1.0% (12h) >98 (86)
20 21 36 37
o/ Pe Ts
6 S | s< 1.0% (2h) 100 (95) 14 rlj | NTs 2.5% (12h) <5.0
o \/\\\ ¢}
22 23 38 39
o] / o] =
0/ Q . By 07 " pn ) 95 (93)
7 PhCN PhCN | 1.0% (3h) 100 (96) 15 o N N /g 5.0% (12h)  E only
\—< 40 Ph 6}
24 25 42
py PR X
COOEt 41
g EtOOC E>< 10% (3h) 100 (96)
Et0OC Y COOEt
26 27
[ In toluene(c=1.0 mol/L) at 100°C in the presence of 5.0 mol% Fe under nitrogen.
[l Conversions were determined by 'H NMR analysis of the crude reaction mixture, isolated yields were given in paren-

theses.

among these Fe powder was the best. Thus, the addi-
tion of iron powder of up to two equivalents
(5.0 mol% relative to the substrate) clearly accelerat-
ed the reaction (Figure 3, b—d), which might be due to
the role of iron as an efficient scavenger of the I5~
that is present in the reaction system.'” When the re-
action was carried out in toluene (0.10M) at 100°C,
the catalytic activity of 11 was sharply increased and
a complete conversion (>98%) was observed in
40 min (Figure 3, e) and the presence of Fe
(5.0 mol%) in the reaction medium, could facilitate
complete conversion in 20 min (Figure 3, f).

Further study showed that the catalytic reaction
proceeds with better yield on increasing the concen-
tration of substrates to 1.0M. Under these conditions,
the RCM of variety of substrates leading to the for-
mation of five-, six-, and seven-membered carbo- and
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heterocyclic structures with a di- or tri-substituted
double bond proceeds cleanly in the presence of 11
(1.0-2.0 mol%) and Fe (5.0 mol%) in toluene at
100°C (entries 1-11, Table 1). The RCM of enyne
substrates 34 and 36 also proceeded uneventfully (en-
tries 12 and 13, Table 1). However, only a minimal ac-
tivity was observed for 11 towards the RCM of struc-
turally more challenging substrates such as the tetra-
substituted diene 38. The complex 11 is also an effec-
tive catalyst for typical cross-metathesis reactions
(entry 15, Table 1) such as the one between olefins 40
and 41, to give the product 42 E isomer only, indicat-
ing 11 as a highly stereoselective catalyst. These stud-
ies clearly establish that 11 is an olefin metathesis cat-
alyst with moderate to good activity, and is very com-
parable with many of the other well known olefin
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metathesis catalysts in terms of substrate scope and
functional group tolerance.!"*!

The observation of the unique catalytic activity of
ruthenium carbyne to olefins prompted us to do more
experiments to uncover the reaction mechanism of
11. This work was started with the attempt to trap
any key intermediate by stoichiometric reaction of 11
with styrene, but this failed to reveal any mechanistic
implications. Instead styrene was converted to (E)-
1,2-diphenylethene quickly and completely, with no
key intermediate being observed either during or
after the reaction by NMR or TLC, indicating that
the key intermediates may be formed in very low con-
centrations that could not be observed by convention-
al tools. Further studies showed that the deprivation
of I;~, and hence 1", by anionic exchange with AgBF,
completely shuts down the activity of 11. This obser-
vation, coupled with the fact that metallic Fe could
accelerate the metathesis reaction (vide supra), points
to the important role played by I". Based on these
preliminary studies on the role of 11 in olefin meta-
thesis, a catalytic mechanism involving the in situ con-
version of 11 to the a-iodobenzylidene complex 44,
resulting from the nucleophilic addition of I to either
11 or its resonance structure 43 (Scheme 2) was thus
proposed.l"! Although addition to carbon-metal triple
bonds by heteronucleophiles is well-documented,!!
the formation of 44 from 11 represents a rare but po-
tentially general approach for the formation of halo-
carbene complexes. To further support this mechanis-
tic proposal, a sample of 11 was heated to 100°C in
toluene for 30 min and subjected to MS-MS analysis.
A signal with m/z=939.12 corresponding to [44—CI]*
(caled.: m/z=939.26) was observed, suggesting the
formation of 44 as a putative active intermediate. The
latter is expected to react with an olefin to generate
the 14-electron Ru complex 45 which participates in
subsequent catalytic cycles. This hypothesis was fur-
ther proved by the formation of a-iodostyrene (de-
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Scheme 2. Proposed mechanism for the olefin metathesis ac-
tivity.
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tected by GC-MS) in the crude reaction product of
the CM of styrene (see the Supporting Information
for details). Although the isolation of the key inter-
mediates was unsuccessful, the above mentioned evi-
dence clearly points to the mechanism we proposed.

A comparative study on the behaviour of 11 and
several well known catalysts such as 1, 2 and 5§ re-
vealed an appealing feature of the Ru-carbyne com-
plex 11: the lack of tendency to bring about double
bond isomerization, a cumbersome phenomenon in
olefin metathesis by Ru-carbene-based catalysts.” Al-
though the RCM of tosylamide dienes 12, 14, 16, 20
using the complexes 1, 2, or § in CH,Cl, at room tem-
perature give the desired ring closing products clean-
ly, it was found that these reactions in toluene at ele-
vated temperature (100°C) resulted in the formation
of an undesired secondary product in each case
through the isomerization of the initially formed ring-
closure product (Table 2, entries 1-4). However, the
same reactions proceeded uneventfully with precata-
lyst 11 under otherwise noted identical conditions
with essentially quantitative formation of 13, 15, 17,
and 27, without any complication due to the double
bond isomerization of the primary products. Additives
were used with 2 and 5 to prove the higher selectivity
of precatalyst 11. When 5 mol% I, or FeCl; was used
as the additive with 5, the RCM reaction of diene 12
did not reach completion (86% with I,, and only 5%
with FeCl;). Under similar conditions, when 5 mol%
Fe was used with 2 and 5, the isomerization product
was detected in a large amount (31% for 2, and 41%
for 5). Only FeCl, has the tendency to prevent the un-
desired isomerization reaction (no 13a was observed
for 2, and 2% was observed for §). It is worthy of
note that the RCM reaction of 46 in CH,Cl, at 40°C,
using 1, 2, or 5 as catalyst, also resulted in the forma-
tion of an undesired product of 47b in significant
amounts (Table 2, entry 5). In another example, the
RCM reaction of 46 proceeded smoothly using 11 as
catalyst in toluene at elevated temperature (100°C) to
give the desired product 47 in good yield (85%)
(Table 2, entry5) without any complication of 47b.
Although the exact mechanism for the prevention of
olefin isomerization/migration is unknown at this
time, it is highly likely that the released I, during the
initiation stage of 11 (vide supra) can provide the re-
action system with a moderately oxidative atmos-
phere, and thus may play an important role in elimi-
nating the ruthenium hydride intermediate produced
from the decomposition of the ruthenium catalyst
while maintaining a low concentration of the in situ
generated 14-electron Ru complex 45.'! The forma-
tion of the Fe’* from the released I, and the additive
Fe may also play an important role in preventing the
isomerization reaction (vide supra).

The ability of 11 to prevent olefin isomerization/mi-
gration makes it ideally suited for many olefin meta-
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Table 2. Comparation of 11 to 1, 2, and 5 for different substrates in model metathesis reactions at elevated temperature.

Cat. (Ru mol%)[!

Cat. (Ru mol%)[!

Entry Diene _ Product (Conv.)®!  Entry  Diene _ Product (Conv. )l
(Conv. in total) (Conv. in total)
N\
TSNM \__\NT \ -
1 v TSN [ TsN_ >’/ s TsN TSN~ TsN
12 13 a 20 21 a 21b
1(1.0) (100%) 97% 3% 1(1.0) (59%)M 58% 1% 0%
2 (1.0) (100%) 73% 27% 2 (1.0) (98%)M 94% 2% 2%
2 (1.0) (99%)len1] 68% 31% 5(1.0) (96%)"  89% 6% 1%
2 (1.0) (95%)dn1 95% 0% 11(1.0) (98%)"  98% 0% 0%
2 (1.0) (73%)len 74% 0% 5
5 (1.0) (100%) 80% 20% / N N
5 (1.0) (86%)IF1 87% 0% PhN(j PhN<:| PhN<:‘
5 (1.0) (99%)lcn 58% 41% PhN // =
5 (1.0) (98%)dn1 96% 2%
5 (1.0) (5%)@n1 5% 0% 46 47b
11 (1.0) (100%) 100% 0% 1 (1.0) (95%)!1 69% 0% 26%
/_/: 2(1.0) (100%)[i] 11% 0% 89%
\ - 5 (1.0) (91%)l! 69% 0% 22%
TN TSN: > TsN 11(1.0)(85%)  85% 0% 0%

<

14 15 15a
1(1.0) (100%) 100% 0%
2 (1.0) (100%) 84% 16%
5 (1.0) (100%) 90% 10%
11(1.0)(100%)  100% 0%

® TSN§ QTSNQ
16 17a
1(1.0) (100%) 100% 0%
2 (1.0) (100%) 87% 13%
5 (1.0) (100%) 91% 9%
1(1.0)(100%)  100% 0%

(o]
(o] (o]
6 ° o) 0
(Qa O O s (s \_;) )
/7 N\ = =
48 49a

49

11(10.0%) (91%)iK  91% (2.4:1) 0.0%

[l Except where noted, the catalytic reactions were performed in toluene (c=1.0 mol/L) at 100°C for 2 h under nitrogen,

and in the presence of 5 mol% Fe for 11.

] Determined by '"H NMR analysis of the crude reaction mixture.

[l The reaction was conducted in the presence of 5 mol% Fe.

@ The reaction was conducted in the presence of 5 mol% FeCl,.
[l The reaction was conducted in the presence of 0.5 equiv. benzoquinone.

1 The reaction was conducted in the presence of 5 mol% L.

el The reaction was conducted in the presence of 5 mol% FeCl,.
[l Conversions were obtained by GC-MS analysis of the crude reaction mixtures.

il In CH,Cl,, at 40°C for 24 h.
il ¢=1.5mmolL ! for 48, 12 h.

[k

Ul The conversions were determined by GC-MS.

thesis reactions that require harsh reaction conditions.
For example, the RCM of 48 to form the 21-mem-
bered macrocyclic lactone 49 was complicated by the
formation of a by-product, the 20-membered cyclic
lactone 49a, resulting from an initial isomerization of
one of the double bonds in 48 when the Ru-carbene
complex 3 was used as the catalyst. Performing the re-
action at elevated temperature using toluene as the
solvent led to the formation of even more 49a as re-
ported by Nolan.”"! However, application of catalyst
11 in this reaction in toluene at 100°C gave 49 in 91%
yield without any indication for the formation of 49a
(Table 2, entry 6). Another example for the unique
application of 11 was found in the metathetical dime-
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tHE E/Z ratio was obtained by GC-MS analysis of the product.

rization of allybenzene 50 (Table 3, entry 1). The use
of 2 and 5 as catalysts gave the desired product 51 in
low yield (7% for 2; 33% for §5) in CH,Cl, at 40°C,
along with the side products 1-[(E)-prop-1-enyl]ben-
zene 50a (22% for 2; 1% for §), (E)-1,3-diphenyl-
prop-1-ene Sla (33% for 2; 54% for §), and (E)-1,2-
diphenylethene 51b (36% for 2; 6% for 5). The use of
1 as the catalyst gave the desired product 51 in higher
yield (62%), but the side products 1-[(E)-prop-1-
enyl]benzene 50a (13%), and the (FE)-1,3-diphenyl-
prop-l-ene 5la (11%) were also produced. When
5mol% 2 and 0.5 equiv. benzoquinone were used as
the catalyst, the product 51 was produced in 65%
yield in toluene at 100°C for 12 h, along with 2% by-
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Table 3. CM Reactions of 50, and 52 Catalyzed by 1, 2, §, and 11.

Entry Olefin Cat. (Ru mol%)@ Product
(Conv. in total) (Conv.)®!
1 ph NF P pr e B TN e X
50 50a 51 51a 51b
1 (5.0) (73%)l9] 13% (E only) 62% (4.5:1) 11% (E only) 0%
2 (5.0) (98%)lde] 22% (E only) 7% (4.8:1) 33% (E only) 36% (E only)
2 (5.0) (67%)49 2% (E only) 65% (2.4:1) 0% 0%
5 (5.0) (95%)ld] 1% (E only) 33% (5.6:1) 54% (E only) 6% (E only)
5 (5.0) (79%)dN 0% 76% (5.3:1) 3% (E only) 0%
5 (5.0) (98%)1%1 25% (E only) 0% 4% (E only) 49% (E only)
5 (5.0) (98%)141 18% (E only) 0% 7% (E only) 49% (E only)
5 (5.0) (98%)19K 48% (E only) 21% (3.8:1) 9% (E only) 1%
11 (1.0) (79%)M9] 0% 79% (3.8:1) 0% 0%
o 0

CHjy | | Me
52 Ph 53 Ph 52a
1 (10.0%) (64%)¢41] 55% (E only) 9% (E only)
1 (10.0%) (95%)ld-e] 70% (E only) 25% (E only)
2 (10.0%) (90%)le9] 65% (E only) 25% (E only)
2 (10.0%) (gg%)[dve.f] 58% (E only) 40% (E only)
11 (10.0%) (49%)ld-e] 49% (E only) 0%
11 (10.0%) (85%)l4-e1 85% (E only) 0%

[ Except where noted, the reactions were performed toluene (c=1.0 mol/L) at 100°C for 12 h, and in the presence of

5 mol% Fe for 11.

'] Ratios of the product were obtained by GC for 50; by isolated yields for 52.

' In CH,CI, at 40°C.

[ The ratios of Z/E isomer were obtained by GC-MS of the product mixtures.

[ In xylene at 137°C.

1 Only E isomers were detected by '"H NMR analysis of the product mixtures.
el The reaction was conducted in the presence of 0.5 equiv. benzoquinone.

" The reaction was conducted in the presence of 5 mol% L.

[l The reaction was conducted in the presence of 5 mol% Fe.

01 The reaction was conducted in the presence of 5 mol% FeCl,.
(I The reaction was conducted in the presence of 5 mol% FeCl,.

product 50a. However benzoquinone produces addi-
tional problems for purification of the final product.
Under similar conditions, the use of 5mol% 5 and I,
give the desired product 51 in a yield of 76% along
with 3% byproduct 51a. When 5 mol% Fe or FeCl,
was used as the additive with 5 mol% 5, there was no
product 51 formed. The use of 5mol% FeCl; and
5Smol% 5 gave 21% of the desired product 51, along
with 48% 50a, 9% 51a, and 23% undefined com-
plexes. In contrast, with 11, the dimerization of 50
proceeded smoothly to give 51 in a higher yield
(79%) without any side products. The metathesis of
the long-chain terminal olefin 52 to form the symmet-
ric internal olefin 53 was also found to be impaired
due to the formation of the internal olefin 52a result-
ing from double bond migration (Table 3, entry 2). As
a result, substrate 52 could not be completely convert-
ed to the desired product 53 when the CM reaction
was conducted at a lower temperature (40°C) in
CH,Cl, for 12 h, and even under these conditions,
a certain amount of undesired 51a (9% for 1; 25% for

2748 asc.wiley-vch.de
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2) is formed. Attempts to improve the yield of 53 by
carrying out the reaction at a higher reaction temper-
ature (100°C) in toluene failed and even more of the
substrate was converted to 51la (25% for 1; 40% for
2). Again, an improvement in the yield (85%) of the
desired product 53 was achieved by the use of 11
when the reaction was performed in xylene at 137°C,
which is because it can be used for a long time at high
temperatures

Conclusions

The cationic complex 11 reported here is the first
ruthenium-carbyne compound capable of catalyzing
RCM reactions. More importantly, no double bond
isomerization by-products were formed even at ele-
vated reaction temperatures in the reactions catalyzed
by 11, indicating the unique applications of 11. Re-
search on improving the catalytic activity of these
types of complexes by varying the substituted groups

Adv. Synth. Catal. 2012, 354, 27432750
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on the phenyl ring as well as the application of 11 in
alkyne metathesis is currently underway in our labo-
ratory.

Experimental Section

Preparation of Ruthenium-Carbyne 11

Ruthenium-carbene complex 2 (100 mg; 118 mmol) and
iodine (179 mg; 707 mmol) were added into a flask under
N,. Dry dichloromethane (8.0 mL) was added into the mix-
ture by syringe under N, and the resulting mixture was then
stirred for 30 min. After that, all manipulations were carried
out in air with reagent-grade solvents. The reaction mixture
was concentrated under vacuum. The solid was washed with
hexane until the hexane layer was colorless. The residue was
purified by flash column chromatography on neutral alumi-
num oxide using CH,Cl, as eluant to give the desired prod-
uct 11 as a yellow solid; yield: 166 mg (95%). Anal. found
(caled.) for C,HgCLIsN,PRu: C 3727 (37.25), H 435
(4.36), N 1.89 (1.91); 'H NMR (400 MHz, CDCl,): §=7.90-
7.94 (m, 1H, Ph para CH) 7.34-7.42 (m, 4H, Ph ortho CH,
meta CH), 4.16 (s, 4H, NCH,CH,N) 6.98 (s, 2H), 6.42 (s,
2H) 2.58 (s, 9H, H,Imes CHj;), 2.45 (s, 6H, H,Imes CHj),
2.29 (s, 3H, H,Imes CH;), 1.843, 1.57-1.66, 0.98-1.15 (all m,
33H, PCy;); *CNMR (100 MHz, CDCl;): §=298.05 (d),
204.2(d, Jcp=89.6 Hz), 140.6, 140.2, 1384, 138.2, 137.0,
136.8, 136.4, 132.1, 130.5, 128.8, 66.2, 54.2 (d, Jcp=3.4 Hz),
52.6, 34.1, 34.0, 29.8, 27.7(d, Jcp=10.8 Hz), 25.7, 21.5, 21.4,
20.1, 18.6; MS (+ESI): m/z=847.13, calcd. for [M]*: 847.32.

General Procedures for the Kinetic Curves of 11

To a stirred solution of diene 12 (0.80 mmol, 200.4 mg) in
CH,Cl, (8 mL) under nitrogen, catalyst 11 (0.02 mmol) was
added in a single portion at 40°C and the reaction mixture
was stirred for 7h at the same temperature. Aliquots
(0.20 mL), taken in regular intervals, were quenched imme-
diately with 0.10 mol/LL PEI in CH,Cl,, and then the resul-
tant solution was passed through a short column to remove
the Ru metal residue using CH,Cl, as eluant. Solvent from
the collected solution was evaporated under vacuum, and
the residue was analyzed by '"H NMR spectroscopy and the
conversion was obtained by comparing the ratios of the inte-
grals of starting materials with those of products. The com-
parative experiments are presented in Figure 2.

General Procedures for Olefin Metathesis Reactions

RCM and enyne metathesis: A solution of 11 (0.001-
0.0025 mmol, 1.00-2.50 mol% ), and Fe powder (0.005mmol,
2.8mg, 5.0mol%) was added into a solution of alkene
(0.10mmol) in toluene (0.10mL, ¢c=1.0M) under nitrogen.
The resulting mixture was stirred at 100°C for 2-12h. Then,
the solvent was removed under reduced pressure to give
a crude product, which was purified by flash chromatogra-
phy (cyclohexane-CH,Cl,) to remove the Ru residue. Con-
versions were obtained from 'H NMR spectroscopy by com-
paring the ratios of the integrals of starting materials with
those of products. The catalytic activities of ruthenium-car-
byne 11 to a variety of substrates are shown in Table 1.
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Cross-metathesis: To a mixture of alkene (0.10mmol) and
cross-metathesis partner (0.20mmol) in toluene (0.10mL,
¢c=1.0M) was added solid 11 (0.0050mmol, 5.0 mol%)
under nitrogen. The resulting mixture was stirred at 100°C
for 12h. The solvent was removed under reduced pressure.
The crude product was purified by flash chromatography
(cyclohexane-CH,Cl,). The catalytic activity of ruthenium
carbyne 11 to 40 and 41 is shown in Table 1.

Mechanism Study of 11 for RCM Reactions

Catalyst 11 (1.0 mmol) was placed into a 5.0-mL round-
bottom flask under nitrogen, and toluene (1.0 mL) was
transferred at room temperature. The resulting solution was
stirred at 100°C for 0.5 h. Then the reaction mixture was in-
jected to a Thermo Finnigan LCQ Advantage instrument in
situ to examine the tandem mass spectrometry (MS-MS).
The important intermediates such as [15—CI]* (calcd: m/z =
939.26, found 939.12) and [16—H—CI]* (caled: m/z =532.13,
found 531.02) were observed, see the mass spectra for de-
tails.

Catalyst 11 (0.10 mmol) and styrene (1.0 mmol) were
placed into a 5-mL round-bottom flask under nitrogen. The
flask was evacuated and CHCI,; (1.0 mL) was transferred at
room temperature. The resulting solution was stirred at
40°C for 1.0 h. After rapidly flash chromatography on silica
to remove the catalyst, the reaction mixture was injected to
TRACEDSQ GC-mass instrument to detect the reaction in-
termediates. The (1-iodovinyl)benzene intermediate was ob-
served in the reaction mixture, see the mass spectra for de-
tails.

Acknowledgements

We thank Q. Yao (Sphinx Scientific Laboratory, Sycamore,
Lllinois) for discussions related to the catalytic mechanism
and M. M. Yusuff and J. L. Wynn for language assistance.
This work was supported by grants from the National Science
Foundation of China (NSFC 20872108 and 21072149).

References

[1] a) R.H. Grubbs, (Ed.), Handbook of Metathesis,
Wiley-VCH, Weinheim, Germany, 2003; Vols. 1-3;
b) R. R. Schrock, A. H. Hoveyda, Angew. Chem. 2003,
115, 4740-4782; Angew. Chem. Int. Ed. 2003, 42, 4592—
4633; c) T.M. Trnka, R. H. Grubbs, Acc. Chem. Res.
2001, 34, 18-29; d) A. Fiirstner, Angew. Chem. 2000,
112, 3140-3172; Angew. Chem. Int. Ed. 2000, 39, 3012-
3043; e) R. H. Grubbs, S. Chang, Tetrahedron 1998, 54,
4413-4450; f) M. Schuster, S. Blechert, Angew. Chem.
1997, 109, 2124-2144; Angew. Chem. Int. Ed. Engl.
1997, 36, 2036-2056.

[2] a) P. Schwab, M. B. France, J. W. Ziller, R. H. Grubbs,
Angew. Chem. 1995, 107, 2179-2181; Angew. Chem. Int.
Ed. Engl 1995, 34, 2039-2041; b) P. Schwab, R. H.
Grubbs, J. W. Ziller, J. Am. Chem. Soc. 1996, 118, 100-
110; ¢) M. Scholl, S. Ding, C. W. Lee, R. H. Grubbs,
Org. Lett. 1999, 1, 953-956; d)T.M. Trnka, J.P.
Morgan, M. S. Sanford, T. E. Wilhelm, M. Scholl, T-L.

asc.wiley-vch.de 2749


http://asc.wiley-vch.de

FULL PAPERS

[

2750

Mingbo Shao et al.

Choi, S. Ding, M. W. Day, R. H. Grubbs, J. Am. Chem.
Soc. 2003, 125, 2546-2558; e) M. Scholl, T. M. Trnka,
J. P. Morgan, R. H. Grubbs, Tetrahedron Lett. 1999, 40,
2247-2250; f) J. Huang, E. D. Stevens, S. P. Nolan, J. L.
Petersen, J. Am. Chem. Soc. 1999, 121, 2674-2678.

a) J. S. Kingsbury, J. P. A. Harrity, A. H. Hoveyda, J.
Am. Chem. Soc. 1999, 121, 791-799; b) S. B. Garber,
J.S. Kingsbury, A.H. Hoveyda, J. Am. Chem. Soc.
2000, 722, 8168-8179; c) H. Wakamatsu, S. Blechert,
Angew. Chem. 2002, 114, 2509-2511; Angew. Chem. Int.
Ed. 2002, 41, 2403-2405; d) V. Dragutan, 1. Dragutan,
F. Verpoort, Platinum Met. Rev. 2005, 49, 33-40; e) A.
Firstner, O. Guth, A. Diiffels, G. Seidel, M. Liebl, B.
Gabor, R. Mynott, Chem. Eur. J. 2001, 7, 4811-4823;
f) L. Jafarpour, H. J. Schanz, E. D. Stevens, S. P. Nolan,
Organometallics 1999, 18, 5416-5419.

a) C. Samojtowicz, M. Bieniek, K. Grela, Chem. Rev.
2009, 109, 3708-3742; b) G. C. Vougioukalakis, R. H.
Grubbs, Chem. Rev. 2010, 110, 1746-1787; c) A. M.
Lozano-Vila, S. Monsaert, A. Bajek, F. Verpoort,
Chem. Rev. 2010, 110, 4865-4909.

a) M. S. Sanford, J. A. Love, R. H. Grubbs, Organome-
tallics 2001, 20, 5314-5318; b) M. Bieniek, R. Bujok, M.
Cabaj, N. Lugan, G. Lavigne, D. Arlt, K. Grela, J. Am.
Chem. Soc. 2006, 128, 13652-13653; c) E. M. Leitao,
E.F. vander Eide, P.E. Romero, W.E. Piers, R.
McDonald, J. Am. Chem. Soc. 2010, 132, 2784-2794;
d) P.E. Romero, W. E. Piers, R. McDonald, Angew.
Chem. 2004, 116, 6287-6291; Angew. Chem. Int. Ed.
2004, 43, 6161-6165; e)E.F. vander Eide, P.E.
Romero, W. E. Piers, J. Am. Chem. Soc. 2008, 130,
4485-4491; f)S.R. Dubberley, P. E. Romero, W.E.
Piers, R. McDonald, M. Parvez, Inorg. Chim. Acta
20006, 359, 2658-2664.

For reviews see: a) B. Alcaide, P. Almendros, A. Luna,
Chem. Rev. 2009, 109, 3817-3858; b) V. Dragutan, I
Dragutan, L. Delaude, A. Demonceau, Coord. Chem.
Rev. 2007, 251, 765-794; c) B. Schmidt, Eur. J. Org.
Chem. 2004, 1865-1880. For research papers, see:
d) S. H. Hong, D. P. Sanders, C. W. Lee, R. H. Grubbs,
J. Am. Chem. Soc. 2005, 127, 17160-17161; e) S. Fus-
tero, M. Sanchez-Rosell6, D. Jiménez, J. F. Sanz-Cer-
vera, C. del Pozo, J. L. Acena, J. Org. Chem. 2006, 71,
2706-2714; f)Y. Terada, M. Arisawa, A. Nishida,
Angew. Chem. 2004, 116, 4155-4159; g) S. E. Lehman,
J. E. Schwendeman, P. M. O’Donnell, K. B. Wagener,
Inorg. Chim. Acta 2003, 345, 190-198; h) A. E. Sutton,
B. A. Seigal, D.F. Finnegan, M. L. Snapper, J. Am.
Chem. Soc. 2002, 124, 13390-13391; i) R. L. Pederson,
I. M. Fellows, T. A. Ung, H. Ishihara, S. P. Hajela, Adv.
Synth. Catal. 2002, 344, 728-735; j) D. Bourgeois, A.
Pancrazi, S.P. Nolan, J. Prunet, J. Organomet. Chem.
2002, 643-644, 247-252; k) B. Alcaide, P. Almendros,
J.M. Alonso, M. F. Aly, Org. Lett. 2001, 3, 3781-3784;
1) S. S. Kinderman, J. H. van Maarseveen, H. E. Schoe-
maker, H. Hiemstra, F. P. J. T. Rutjes, Org. Lett. 2001,
3, 2045-2048; m) D. Bourgeois, A. Pancrazi, L. Ri-
chard, J. Prunet, Angew. Chem. 2000, 112, 741-744;
Angew. Chem. Int. Ed. 2000, 39, 725-729; n) A. Fiirst-
ner, O.R. Thiel, L. Ackermann, H.-J. Schanz, S.P.
Nolan, J. Org. Chem. 2000, 65, 2204-2207; o) T.R.
Hoye, H. Zhao, Org. Lett. 1999, 1, 1123-1125; p) S.J.

asc.wiley-vch.de

(7]

(13]

[14]

11

[15]

[16]

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Miller, H. E. Blackwell, R. H. Grubbs, J. Am. Chem.
Soc. 1996, 118, 9606-9614.

a) S. R. Caskey, M. H. Stewart, J. L. C. Rowsell, J. W.
Kampf, Organometallics 2007, 26, 1912-1923; b) N.J.
Beach, J. M. Walker, H. A. Jenkins, G. J. Spivak, J. Or-
ganomet. Chem. 2006, 691, 4147-4152; ¢) S. R. Caskey,
M. H. Stewart, Y.J. Ann, M.J. A. Johnson, J. W.
Kampf, Organometallics 2005, 24, 6074-6076; d) N.J.
Beach, A.E. Williamson, G.J. Spivak, J. Organomet.
Chem. 2005, 690, 4640-4647; e) V. Cadierno, J. Diez,
S. E. Garcia-Garrido, J. Gimeno, Organometallics 2005,
24, 3111-3117, f)N.J. Beach, H.A. Jenkins, G.J.
Spivak, Organometallics 2003, 22, 5179-5181; g) D.
Amoroso, P. Czechura, G. P. A. Yap, D. E. Fogg, Orga-
nometallics 2003, 22, 3634-3636.

W. Stiier, J. Wolf, H. Werner, P. Schwab, M. Schulz,
Angew. Chem. 1998, 110, 3603-3606; Angew. Chem.
Int. Ed. 1998, 37, 3421-3423.

N. Ledoux, R. Drozdzak, B. Allaert, A. Linden, Dalton
Trans. 2007, 44, 5201-5210.

a) E. Bustelo, M. Jiménez-Tenorio, M. C. Puerta, P. Va-
lerga, Organometallics 2007, 26, 4300-4309; b) E. A.
Shaffer, C. L. Chen, A. M. Beatty, E.J. Valente, H. J.
Schanz, J. Organomet. Chem. 2007, 692, 5221-5233;
¢)S. Jung, K. Iig, C.D. Brandt, J. Wolf, H. Werner,
Eur. J. Inorg. Chem. 2004, 469-480; d) R. Castarlenas,
P. H. Dixneuf, Angew. Chem. 2003, 115, 4662-4665;
Angew. Chem. Int. Ed. 2003, 42, 4524-4527.

CCDC 849386 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
It should be noted that most of the added Fe was re-
mained after the catalytic reactions; only very small
amount of Fe was converted to Fel, even though the
Fe was added 2 equivalent to 11. This may be due to
the fact that cleavage of the Is~ only happened on the
surface of the Fe powder. A significant amount of the
released I, was always observed during the catalytic re-
actions.

For a comparative study of Ru precatalysts in olefin
metathesis: H. Clavier, S. P. Nolan, Chem. Eur. J. 2007,
13, 8029-8036.

An alternative mechanism, the direct [2+2]addition of
11 with a terminal olefin, would involve the intermedia-
cy of a cationic metallocyclobutane, whose breakdown
to form the required propagating species 45 is disfav-
oured due to the formation of a high energy species,
the a-styrenyl cation:

+
Poy, | At2iMes HalMes =\ HylMes
v Phocl |, Ph Pho o
Ru= - Ru < ‘VRU
R |c” 4 oo
Y Cl cl R
R R 45

a) P.F. Engel, M. Pfeffer, Chem. Rev. 1995, 95, 2281-
2309. For early examples of halide addition to Mn- and
Re-carbyne complexes, see b) E. O. Fischer, J. Chen, K.
Scherzer, J. Organomet. Chem. 1983, 253, 231-241.

a) S. H. Hong, M. W. Day, R. H. Grubbs, J. Am. Chem.
Soc. 2004, 126, 7414-7415; b) D. V. McGrath, R. H.
Grubbs, Organometallics 1994, 13, 224-235.

Adv. Synth. Catal. 2012, 354, 27432750


http://asc.wiley-vch.de

