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Catalyst innovation lies at the heart of transition-metal-catalyzed reaction development. In this article, we have explored the
C(sp2)–H alkenylation activity with novel spirocyclic N-heterocyclic carbene (NHC)-based cyclometalated ruthenium pincer
catalyst system, SNRu-X. After screening catalyst and condition, a high valent Ru(IV) dioxide (X = O2) species has demon-
strated superior reactivity in the catalytic alkenylation of aromatic and olefinic C–H bonds with unactivated alkenyl bromides
and triflates. This reaction has achieved the easy construction of a wide range of (hetero)aromatic alkenes and dienes, in good to
excellent yields with exclusive selectivity. Preliminary mechanistic studies indicate that this reaction may proceed through a
single electron transfer (SET) triggered oxidative addition, by doing so, providing valuable complementary to classical alke-
nylation reactions that are dependent on activated alkenyl precursors.
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1 Introduction

Transition-metal-catalyzed C–H bond activation reactions
have emerged as a powerful strategy to forge C–C bonds in
organic synthesis. The rational design of transition-metal
catalyst structures, in particular the outer ligand framework,
has great potential to enhance the reactivity and expand
substrate scope, or even create new reaction mode [1,2]. In
2014 our group designed and explored a novel N-hetero-
cyclic carbene (NHC) that contains a flexible 6-membered-
ring fused with a rigid spirobicycle [3]. Late in 2021, we
reported its cyclometalated CCC Ir(III)-pincer complex

(SNIr-Cl) that demonstrated high reactivity, regioselectivity
(α, β, γ or σ-positions), and chemoselectivity (sp2 or sp3

hybridized C–H bonds) in the heteroatom-directed silylation
of C–H bonds (Scheme 1a) [4]. Recently, an Ir(III) complex
hydride catalyst (SNIr-H) has been found to enable selective
benzylic alkylations with alcohols as alkyl donors (Scheme
1b) [5]. Mechanistic studies indicate that both of the above
processes feature the formation of a flexible and hemi-open
catalytic intermediate that can accommodate and activate
substrates of different sizes, thus enabling the transfer of
active species during the reaction. Inspired by these suc-
cesses, we postulate that incorporation of other transition-
metals into this unique NHC framework could generate
further novel catalytic systems that are expected to display-
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some more reactivities than ever. With this in mind, ruthe-
nium (Ru) has been examined due to its relatively low-cost
[6] and the significant success in its cyclometalated Ru-
complexes’ catalytic functionalizations of inert C–H bond
[7,8].
(Hetero)aryl alkenes and dienes have been used widely as

versatile industrial and laboratory chemicals in organic
synthesis [9]. Recent studies in transition-metal-catalyzed
C–H bond functionalizations have generated some straight-
forward approaches to access these valuable π-conjugated
molecules. For example, the manipulation of aromatic C–H
bonds for the addition of alkyne fragments [10], or oxidative
coupling with alkene partners [11]. Despite these advances,
the existing methods have inherent limitations such as dif-
ficulty in synthesizing sterically hindered tetra-substituted
alkenes, or the requirement of stoichiometric quantities of
oxidant. To address these challenges, transition-metal-cata-
lyzed aromatic C–H bond alkenylations with alkenyl
(pseudo)halides have been developed [12] that can selec-
tively access a structure diversity of products under redox-
neutral conditions. However, such an alkenylation approach
is heavily dependent upon the use of activated alkenyl ha-
lides such as bromostyrenes and bromoacrylates, whereas
unactivated alkenyl precursors still display significantly
lower reactivity [13]. In addition, all aforementioned cata-
lytic strategies are challenging to be extended to alkenylation
of olefinic C–H bond due to the following difficulties: (1)
olefinic C–H bond metalations are much harder than those of
arenes; (2) unwanted conjugate addition, oxidation or poly-
merization of the olefinic π-bond are easy to take place.
Indeed, for example, there is only one isolated report on
olefinic C–H bond coupling with alkenyl halides (using 5
equivalents of CF3- or C2F5-substituted/activated alkenyl
bromide) [13d]. Consequently, design and development of an

alternative catalytic system that is capable of realizing both
aromatic and olefinic C–H alkenylations, and more im-
portantly compatible with unactivated alkene precursors,
would be of significant demand for organic synthesis, but
still remain challenging. Herein, we report our research ef-
forts toward this goal by developing a novel class of cyclo-
metalated Ru pincer catalysts, such as SNRu-O2 (Scheme
1c), that incorporate a unique spirocyclic NHC framework
mentioned above [3–5]. This reaction offers a valuable al-
ternative to some classic alkenylation reactions that gen-
erally use the activated alkenyl coupling partners, such as the
Nobel Prize winning Heck reaction.

2 Results and discussion

We began our studies with the synthesis of several spir-
ocyclic NHC-based Ru pincer complexes, Cat. A, B and C,
where Ru possesses the IV, III and II oxidation states, re-
spectively (Table 1). Pleasingly, these complexes could be
easily accessed and all bench stable (see the Supporting In-
formation online for details). Remarkably, Cat. A contained
an unusual Ru(IV)-dioxygen motif. With these catalysts in
hand, we chose 2-(o-tolyl)pyridine (1a) as a model substrate
for the C–H alkenylation because it was prevalent in both
medicinal and material research fields [9a,9d], and pyridine
moiety or its analogues were also the commonly useful di-

Scheme 1 Spirocyclic NHC-based metal catalyst-enabled C–H functio-
nalizations (color online).

Table 1 Catalyst screen and optimization of the reaction conditionsa)

Entry Cat. Solvent T (°C) Yield (%)b)

1 A THF 120 84

2 B THF 120 78

3 C THF 120 0

4 [RuCl2(p-cymene)]2 THF 120 13

5 Cp(PPh3)2RuCl THF 120 0

6 RuCl3 THF 120 0

7 SNIr-Cl THF 120 0

8 SNIr-H THF 120 0

9 None THF 120 0

10 A 1,4-dioxane 120 89

11 A toluene 120 60

12 c) A 1,4-dioxane 140 95

a) General conditions: 1a (0.2 mmol), 2a (0.4 mmol), Cat. (5 mol%),
K2CO3 (0.4 mmol) and solvent (0.5 mL) for 24 h under argon. b) Yields
determined by 1H NMR. c) 1,4-Dioxane (0.3 mL).
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recting groups. An unactivated alkenyl bromide, 1-bromo-2-
methylpropene (2a), was employed as a model alkenylation
partner. Following extensive screening of reaction conditions
and catalysts, we obtained the desired C–H alkenylation
product 3a in 84% yield using Cat. A (5 mol%), whereas
Cat. B was less efficient and Cat. C failed to react (entries 1
vs. 2, 3). Some other commonly used Ru-catalysts were also
examined, but all delivered a lower yield of 3a, or behaved
low or on reactivity (entries 4–6). When the previously
mentioned Ir(III) catalysts (SNIr-Cl and H, entries 7, 8)
were subjected to these conditions, no reaction was ob-
served. A control experiment in the absence of the Ru-cat-
alyst led to no product formation (entry 9). We then
investigated different solvents (entries 10, 11), and 1,4-di-
oxane was found the most effective. Finally, an optimal 95%
yield of 3a was obtained by raising the reaction temperature
to 140 °C, and the system concentration to 0.67 M (entry 12).
With optimized conditions in hand, the scope of the (het-

ero)arene substrate was first investigated and the results were
shown in Table 2A. Substrates containing either EDGs or
EWGs at the o- or m-position of the arene fragment (3a–3j)
or fused benzene ring (3k–3n) reacted smoothly to give
mono-alkenylation products in good to excellent yield
(73%–95%). Exceptionally, a biphenyl containing substrate
3m gave only the moderate yield (56%). Heteroaromatic
substrates (3o–3r) also performed well, yielding the ex-
pected products in good to high yields. In most cases of Table
2A, the electronic effect of the substituents at substrates had
a negligible effect on the reaction efficiency.
Subsequently, we tested the bis-alkenylation reaction (4a–

4f). Wherever substrates exposed two active sites, reactions
could generate the di-alkenylation products in excellent
yields (>90%), although DG was employed (4a–4e). It was
particularly noteworthy that a phenyl imine-directed reac-
tion, followed by deamination, could give a final benzalde-
hyde product 4f in good yield. Such a product bearing three
adjacent substituents at one benzene ring was difficult to be
obtained in a typical manner and would a find good appli-
cation.
Next, we examined the scope of the alkenyl bromide

partner bearing up to three substituents, with 2-(m-tri-
fluoromethyl phenyl)pyridine 1d being the model substrate.
Bromoethenes with various substituents can effectively
generate heavily substituted aryl alkenes (Table 2B). And
both Z- and E-1,2-disubstituted bromoethenes formed ex-
clusively the E-product (3t, 3u). Unactivated bromoalkenes,
such as simple bromoethene (3s) and cyclic alkenyl bro-
mides (3v–3z) were also well tolerated, with the cyclohex-
enyl (3w) and indenyl (3z) products being formed in
excellent yields. Importantly, reactions with trisubstituted
bromoalkenes 2 also performed well, producing the chal-
lenging olefins 3aa and 3ab with a crowded tetra-substitu-
tion, whose analogs were useful in optical and electronic

material sciences [14]. In addition, the (hetero)aromatic
bromides 2 were typically workable toward this catalytic

Table 2 Reaction scopeaa)

a) Unless otherwise specified, reactions with 1 (0.2 mmol), 2
(0.4 mmol), Cat. A (5 mol%) and K2CO3 (0.4 mmol) in 1,4-dioxane
(0.3 mL) at 140 °C under argon for 24 h, isolated yield. b) 2 (0.6 mmol). c)
Substrate bearing a phenyl imine-DG used. d) Cat. A (10 mol%).
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system, affording the C–H arylated products 3ac–3ae in
good to excellent yields.
We then turned to expand the reactivity of our catalytic

system to olefinic C–H alkenylations. This transformation
was more challenging than that of arenes, as olefins tethered
to pyridine were easy to undergo side-reactions in the pre-
sence of transition-metal catalysts and alkenyl halide elec-
trophiles [15]. To our delight, when 2a was used, a wide
range of (E)-2-olefinpyridines could react smoothly to give
exclusively the desired γ-alkenylation products under the
standard condition (6a–6r, Table 3). Various γ-substituted
substrates with primary (5a–5d), or secondary alkyls (5e, 5f),
or even sterically hindered aryls and heteroaryls (5g–5p),
were also well tolerated, generating the corresponding pro-
ducts in moderate to good yields. In addition, alkenylation of
cyclic olefins (5q, 5r) performed well, giving sterically
hindered tetrasubstituted olefin products (6q, 6r) in good
yield. To the best of our knowledge, the results in Table 3
were the first succeeded examples for olefinic C–H alkeny-
lation using unactivated alkenyl precursors.
In addition, our investigation was turned to alternate the

alkenyl bromide partners 2 with triflates 7. Compared with
the alkenyl bromides used above, alkenyl triflates were
usually less utilized in alkenylations. However, the latter

could be easier to prepare from ketones or aldehydes, and
thus would have wider utility if an active enough catalyst
was available.
In view of this, a series of unactiveted alkenyl triflates

were subjected to examination of the reactivity of Cat. A. As
indicated in Table 4, both cyclic and acyclic alkenyl triflates
bearing neither activating nor stabilizing functionalities
could react with 2-(m-trifluoromethyl phenyl) or 2-cycpen-
tenyl pyridines under the standard conditions. Remarkably,
the aromatic C–H alkenylation proceeded with high effi-
ciency, generating tri-substituted alkene products (8a–8f) in
moderate to good yields, whereas the olefinic C–H alkeny-
lation of cyclopentenyl pyridine delivered relatively lower
yields of the diene products (8g–8i). These results clearly
indicated Cat. A exhibited considerable reactivity towards
unactivated alkenyl triflates, and further improvements of
our catalyst SNRu-X will be of great potential utility.
Several final experiments were conducted to obtain in-

sights into the reaction mechanism (Scheme 2). Initially, a
stoichiometric reaction of Cat. A and alkenyl bromide 2a
was performed at 50 °C (Scheme 2a), forming a Ru(III)-
bromide species (Cat. D, confirmed by X-ray analysis) in
15% yield (0.0075 mmol). A complicated mixture of other
components was not isolable and detectable. When Cat. D
was used as a catalyst (5 mol%), 3a was obtained in 85%
yield (Scheme 2b), a result very similar to that obtained with
Cat. A and Cat. B (Table 1). Furthermore, when TEMPO
was used as a radical scavenger, the reaction afforded only a
trace amount of 3a (Scheme 2c). Taken altogether, these
results suggested that all Cat. A, B and D were possibly the
pre-catalysts that may generate the same Ru(II) species I
(Figure 1 below) in the reaction that undergoes radical type

Table 3 Scope of 2-olefinpyridine substrates 5a)

a) Unless otherwise specified, reactions with 5 (0.2 mmol), 2a
(0.4 mmol), Cat. A (5 mol%), and K2CO3 (0.4 mmol) in 1,4-dioxane
(0.3 mL) at 140 °C under argon for 24 h, isolated yield. b) 48 h.

Table 4 Scope of the alkenyl triflatesa)

a) Unless otherwise specified, reactions with 1 or 5 (0.2 mmol), 7
(0.4 mmol), Cat.A (10 mol%), and K2CO3 (0.4 mmol) in 1,4-dioxane
(0.3 mL) at 140 °C under argon for 24 h, isolated yield, b) 160 °C. c) Cat.B
(10 mol%).
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oxidative addition with the corresponding alkenyl bromide.
Although an attempt to isolate and identify this on-cycle Ru
(II) species I failed, several further observations were con-
sisted with above conjecture: (1), the Ru species (species II,
Figure 1, vide infra) generated by the oxidative addition step
was detected by the real-time high resolution mass spectro-
scopy (HRMS) of the model reaction system (see the Sup-
porting Information online for details); (2) the density
functional theory (DFT) calculations indicated that the oxi-

dative addition triggered by single electron transfer (SET)
from Ru(II) species to alkenyl bromide (energy barrier ΔG*
= 3.9 kcal/mol) was more feasible than concerted two-elec-
tron oxidative addition pathway (ΔG* = 21.5 kcal/mol) (see
the Supporting Information online for details). The latter was
unusual as unactivated alkenyl halides have a highly nega-
tive reduction potential, meaning that an SET-based gen-
eration of the highly unstable alkenyl radical would be a
challenging process [16]. Finally, a kinetic isotope effect
(KIE) experiment revealed a primary KIE of 2.3, suggesting
that C–H cleavage would be the turnover limiting step
(Scheme 2d) [17]. This was consistent with a competition
experiment fact that revealed a significant reaction rate dif-
ference between m-EWG’s phenyl substitution and the m-
EDG’s one (see the Supporting Information online for de-
tails).
Based on the acquired evidence and our previous under-

standing on the catalytic behavior of SNM-X [4,5], a tenta-
tive mechanism is proposed (Figure 1). Cat. A first in situ
generate a Ru(II) species I, which subsequently undergoes
radical type oxidative addition with alkenyl bromide 2a to
deliver a Ru(IV) species II (detected by real-time HRMS).
Then, C–H ruthenation of 1a by species II occurs, likely via
a σ-bond metathesis pathway, generating a Ru(IV) species
III, and this goes through reductive elimination to produce
the final product 3a and to complete the catalytic cycle. DFT
calculations further supported our proposal that C–H acti-
vation of 1a was the turnover limiting step with an energy
barrier of 28.6 kcal/mol (II to III), whereas reductive elim-
ination was exergonic (ΔG = –21.0 kcal/mol) with a barrier
of 2.5 kcal/mol (see the Supporting Information online for
details). We speculated that the above particular catalytic
activity Cat A emerged would be attributed mainly to the
strong carbenic complexing and σ-electron donating abilities
of our spirocyclic 6-membered-ring’s NHC ligand [3,18], the
bulky stereo-hinderance of the complex molecular backbone
as well as the special property of the central ruthenium.

3 Conclusions

In summary, we have developed a novel spirocyclic NHC-
based cyclometalated Ru(IV) pincer catalyst, Cat. A, that
contains a high valent and sterically crowed Ru dioxide
center. Owing to its highly catalytic activity, we have rea-
lized the C–H alkenylation of both aromatic and olefinic
substrates using unactivated alkenyl bromide and triflate
partners. A wide range of multi-substituted (hetero)aryl al-
kenes and dienes were produced efficiently, indicating the
potential utility of this reaction in synthetic chemistry. Pre-
liminary mechanistic studies indicate that the reaction pro-
ceeds through a radical pathway. This alkenylation further
displays the versatile reactivity of our SNM-X catalyst ser-

Scheme 2 Mechanistic experiments (color online).

Figure 1 Proposed reaction mechanism (color online).
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ies. Further investigations into this series are ongoing in our
group.
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