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A novel palladium-catalyzed highly selective hydrocarbonylative
cycloaddition reaction with two different alkenes in the presence
of CO enabled by reactive direction-group is developed, which
offers an efficient and convenient access to the lactone-containing
bridged polycyclic compounds in high yield with high chemo- and
stereoselectivities.

Olefins and CO are important feedstock chemicals in synthetic
organic chemistry. Their abundance from the petrochemical
refining and coal chemical industry has spurred the
development of new methodologies for the efficient
transformation of these simple materials. Transition-metal-
catalyzed hydrocarbonylation reactions, transformations that
mobilize the CO for elongation of the carbon chain and installing
a versatile carbonyl functionality, have allowed for the
upcycling of simple olefin feedstock into higher-order valuable
carbonyl products.? In this context, there have been a large
number of reports on the hydrocarbonylation of a single alkene
with different nucleophiles, resulting in a fertile research field
spanning a diverse range of chemical approaches to carbonyl
compounds.23 In  particular, the direct sequential
hydrocarbonylation/Heck reaction process by connecting two
molecular of olefins via a carbonyl group represents an
attractive approach to enones. Over the last three decades,
various studies on Pd-catalyzed dimerization and
copolymerization of olefins with CO have been reported.*
However, the carbonylative cross-coupling reaction taken place
with two different alkenes and CO remains largely unexplored
because of the inherent formidable challenges of controlling
the chemoselectivity and regioselectivity (Scheme 1a).
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Moreover, the intermolecular Heck reaction initiated via the
hydropalladation may also take place to compete with the
desired carbonylation reaction. Therefore, the development of
an efficient strategy to selectively assemble two different
alkenes with CO is highly desirable but challenging.

Scheme 1. Palladium-catalyzed carbonylative cross-coupling

with two alkenes
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Recently, transition-metal-catalyzed C-H functionalization
reactions assisted by chelation-groups have become useful and
efficient  approaches to delivering highly efficient
transformations with high selectivity.> Notable progress has
been achieved for site-selective reactions by using directing-
groups, such as carboxylic acids,’2 amides,’® ethers®c and
ketones.®d Similarly, the chelation-assisted copolymerization of
functionalized olefins with non-polar olefins has been

successfully established and extensively investigated for the
selective synthesis of functionalized polyethylenes (Scheme
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1b).” The above results prompted us to envision that the
chelation-assisted strategy would be competent for enhancing
the selectivity of the transition-metal-catalyzed
hydrocarbonylative coupling reactions taking place between
two alkenes. However, the directing group itself in most of such
C-H functionalization reactions and copolymerization reactions
remains intact during the reactions and has to be removed or
transformed in some cases, which leads to a lower atom- and
step-economy.® One way to circumvent this drawback is
identifying a reactive directing group, which could not only be
utilized as a directing group to enhance the selectivity, but also
be incorporated into the desired product via a simple
transformation. Aldehyde is a class of ubiquitously available and
readily interconvertible functional group, which has proved to
be a useful directing-group for transition-metal-catalyzed C-H
functionalization reactions.® Inspired by these results and in
connection with our interests in hydrocarbonylation
reactions,'® we herein report an unprecedented chelation-
assisted palladium-catalyzed carbonylative cycloaddition
reaction with two alkenes and CO, in which the aldehyde-
functionality contained in the alkene participated in the
carbonylation reaction to form a lactone-containing dienophile,
which enabled the following [4+2]-cycloaddition with another
alkenes (Scheme 1c). This method offers an efficient solution for
the highly selective cross-carbonylative coupling of olefins and
the expedient synthesis of bicyclic [2.2.2] lactones, which are
common structural motifs in numerous natural products.*-14

Results and discussion

Our investigation initiated by evaluating the reactivity and
product profile of 2-vinylbenzaldehyde (1a) and styrene (2a)
under CO atmosphere in the presence of [Pd(allyl)Cl], and
NH,4Cl. Extensive experimentation using this standard substrate
(see ESIT) revealed a number of critical reaction parameters. In
particular, no reaction occurred when bidentate phosphines
were utilized as ligands. The observed no reaction may stem
from that the palladium-complex ligated with a bidentate ligand
cannot provide with coordination site to coordinate with
aldehyde-functionality. Among the monophosphines that have
been evaluated, the RuPhos exhibited the highest efficiency to
provide the desired product 3aa with 84% isolated yield as well
as excellent chemoselectivity and stereoselectivity.’> The
exceptionally high reactivity of RuPhos ligated catalyst might be
attributed to the unique structure of the ligand which is capable
of forming weak dative O-Pd interaction to stabilize the 3-
coordinate Pd.’® The inverse electron demand Diels-Alder
reaction and steric effect might be responsible for the result
that only trace amount of homo-coupling product 3a was
detected. In addition, product 3a was obtained in 89% isolated
yield with an excellent stereoselectivity under the same
reaction conditions when only 1a was utilized as a substrate
(see ESIT).

With the optimized reaction conditions in hand, the scope of
alkenes was studied first (Table 2). It appeared that the
electronic nature of the para and meta substituents on the
phenyl ring of the styrenes did not have a strong influence on
the reactivity and selectivity. Both electron-rich and electron-

2| J. Name., 2012, 00, 1-3

poor styrenes are competent coupling partners far, givingthe
desired products (3ab-3ak) in moderatd gobdYidlds uppto
81% yield) with excellent selectivities (dr >20:1). With regard to
the steric effect, more sterically hindered ortho-substituents
generally reduce the yields. In addition, broad functional group
compatibility was observed with the tolerance towards halide
and alkyl ether. Besides the substituted styrenes, the 1-
vinylnaphthalene also gave the tandem product 3al in 56%
yield. Prop-1-en-2-ylbenzene and (E)-prop-1-en-1-ylbenzene
were also tested, giving the corresponding products (3am-3an)
in good yields with good selectivities. Further broadening the
substrate scope indicated the tandem reaction of 2-
vinylbenzaldehyde 1a with a series of 1,3-dienes and CO could
also be achieved to give the desired adducts (3ao-3aq) in
moderate to good yields. Unfortunately, only product 3a was
detected when the simple aliphatic alkenes and electron-
deficient alkenes, such as ethyl acrylate, diethyl maleate, were
tested. It is impressive that cis-cyclooctene could participate in
this reaction, in which the cross-coupling cycloaddition reaction
occurred and the desired product 3ar was obtained in 76% yield
with excellent diastereoselectivities (dr >20:1). We speculated
that the observed high reactivity might be attributed to the ring
tension of cyclooctene. Noteworthily, the structures of
products of endo-3aa, endo-3am and endo-3an were confirmed
by X-ray single-crystal diffraction analysis.”

Table 2. Substrate Scope of Alkenes for Cross-annulation?
[o]
[Pd(allyl)Cl], (2.5 mol%)

~ RuPhos (5.5 mol% R
@\ . CO s Ra/\/ uPhos (5.5 mol%) Rl
CHO R2 anisole, 120 °C, 12 h R®

1a 3
alkene 2 product 3 alkene 2 product 3
o]
Of 5&}
2a: Ar = CgHs 3aa: 84%

2b: Ar = 2-MeCgH,
2c: Ar = 3-MeCgHy 3ac: 76%
2d: Ar = 4-MeCgHy 3ad: 73%
2e: Ar=4-MeOCgH;  3ae: 79%
2f: Ar = 4-t-BuCgHy 3af: 64%

3ab: 66%

2g: Ar=4-CFsCeHy  3ag: 81% 33" 60% o
2h: Ar = 2-CICgH, 3ah: 60% \

2i: Ar = 3-CICgH, 3ai :71% @

2j: Ar = 4-CICqH, 3aj: 71%

2k: Ar = 4-FCgH, 3ak: 71% 20: Ar = CgHs 3ao: 54%
2I: Ar = 1-Napth 3al: 56% 2p: Ar = 4-MeCgHy 3ap: 56%
(TTTTTTTTTTT STy \ 2q: Ar = 4-FCgH, 3aq:80%

3ar: 76%
9 Reaction conditions: 1 (0.5 mmol), 2 (0.6 mmol), CO (20 atm), [Pd(allyl)Cl],
(2.5 mol%), RuPhos (5.5 mol%), NH4CI (5 mol%), anisole (1.0 mL), 120 °C, 12
h, isolated yield and in all case dr > 20:1.

To extend the applications of this reaction, a variety of
substituted 2-vinylbenzaldehydes were then subjected to the
standard reaction conditions by using styrene 2a in the
presence of CO (20 atm). Under the optimized reaction
conditions, a series of 2-vinyl aryl aldehydes with electron-
donating or -withdrawing substituents on the phenyl ring could
react with styrene to give the corresponding products 3ba-3ia
in good yields with excellent diastereoselectivities (Table 3).
Typical functional groups such as chloride, fluoride, methoxyl
and alkyl were well-tolerated under the optimized reaction

This journal is © The Royal Society of Chemistry 20xx
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conditions. Notably, no apparent steric effect or electronic
effect was observed in these reactions. After successfully
examining the tandem cross-coupling annulation reaction, the
substrate scope of homo-annulation reactions was then
explored. The corresponding endo-type bicyclo[2,2,2] lactones
3a-j were obtained in good to excellent yields with excellent
diastereoselectivities in all cases. The reaction was found to be
marginally affected by the electronics and sterics of the
substituents on the aromatic aldehydes as shown by the
reaction of 1d and 1j, both of which gave relatively lower yields.
Typical substituents such as the halide, alkyl, alkoxyl were
tolerated. Additionally, 2-vinyl-1-naphthaldehyde afforded the
product 3j in 48% yield with excellent diastereoselectivities (dr
>20:1). The solid structures of endo-3a and exo-3a were
confirmed by X-ray single-crystal diffraction analysis.'”

Table 3. Substrate Scope of 2-vinylbenzaldehydes for Cross-
annulation and Homo-annulation

[Pd(allyl)Cll (2.5 mol%)

X o Ariiy
R*} + CO + A'/\ RuPhos (5.5 mol%) 7\
Z>cHo anisole, 120 °C, 12h R
1 2a 3
Cross-annulation®

// 3ba, R'=F, R?=H, 74% yield; 3fa, R = H, R? = OMe, 65% yield;

Ph 3ca, R'=Cl, R?=H, 78% yield; 3ga, R" = CF3, R?= H, 74% yield;
R! 3da, R' = Me, R? = H, 53% yield; 3ha, R' = OMe, R? = OMe, 73% yield;

3ea, R = OMe, R?= H, 63% yield; 3ia, -OCH0-, 74% yield;

Homo-annulation®

o o o
CHO ] &? CHO /] CHO /9
&’ % { ’,: W @ % at %
3a, 89% X-Ray structure of 3a 3b, 82% 3c, 85%
o o
CHO I CHO /C/) CHO
el A
OMe
3d, 48% 3e 95% MeO 3t go% 39, 92%
o
CHO CHO J? C CHO //
o
OMe
MeO Lo %O
3h, 84% OMe 3i, 73% o 3j, 48%

9 Reaction conditions: 1 (0.5 mmol), 2a (0.6 mmol), CO (20 atm), [Pd(allyl)Cl],
(2.5 mol%), RuPhos (5.5 mol%), NH,CI (5 mol%), anisole (1.0 mL), 120 °C, 12
h, isolated yield and in all case dr > 20:1. 21 (0.8 mmol), 2 (0 mmol), isolated

yield and in all case dr > 20:1.
Fe(OTf)3 (10 mol%)

OO Fe(OTf); (10 mol%)
O PhCI,130°C, 6 h PhCI,130°C, 6 h

4, 84% 7,88%

HO o
@ % InBr; (10 mol%) - NaBH,
Et3SiH, CHCl3, CH30H, 25°C, 4 h
5,70% 60°C, 1h 8,92%
\ o

© CO,Me

“ HCI (2.0 eq.) PhaPCHBr

MeOH/H,0 t+BuOK, 0-25 °C
6, 84% 100 °C, 4h 4h 9,90%

Scheme 2. Synthetic utility

To demonstrate the synthetic potential of this reaction, a
gram-scale reaction has been conducted to afford 3aa and 3ain
70% and 82% vyields, respectively (see ESIT). The synthetic utility
of the bridged polycyclic compounds was demonstrated by
simple transformations (Scheme 2). Under the catalysis of
Fe(OTf);, the 1-methyl-2-phenylnaphthalene 4 could be
obtained in 84% yield by heating of 3aa in chlorobenzene at 130
°Cvia extrusion of CO, and aromatization. It is interesting to find
that the product 3a was converted to the 5-methyl-11H-

This journal is © The Royal Society of Chemistry 20xx
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benzo[b]fluorene 7 via the iy artandem
decarboxylation/nucleophilic  additionPOl/deRdrai6R0538Ad
aromatization process under the same reaction conditions.
These new transformations provide an alternative synthetic
approach to biaryl compounds and polycyclic aromatic
hydrocarbons (PAHs), which are important building blocks in
material chemistry.’8 Reducing the 3aa with EtsSiH in the
presence of the catalytic amount of InBr; afforded the bridged
cyclic ether 5 in 70% yield.'®* The aldehyde functionality could
be facilely reduced to alcohol by NaBH,, providing product 8 in
92% vyield. In addition, the lactone could be hydrolysed in the
acidic condition to afford product 6 in 84% yield.18 Moreover,
the product 3aa could be transferred to the product 9 in 90%
yield by conventional Wittig reaction.18d

To get some insight into the reaction mechanism, a series of
mechanism experiments were conducted. No product 3aa was
obtained when 3a served as the substrate to react with 2a
under the standard conditions. This result excluded the
possibility that the adduct 3aa was generated from product 3a
and suggested that the cycloaddition reaction was irreversible
(see ESIT). The observed kinetic isotope effects (ku/kp = 1.04)
indicated that the carbon-hybridization change from sp? to sp?
event of CH=0O was most unlikely involved in the rate-
determining step (see ESIt). Further competition reaction with
la, 2a, and MeOH under the standard reaction condition
disclosed that the product 3aa was obtained as the major
product, suggesting that aldehyde-functionality facilitated the
hydrocarbonylation and enabled the high chemoselectivity (see
ESIt). Kinetic analysis of the standard homo-annulation reaction
of 1a under standard conditions was conducted. The reaction
profile showed that producing the adduct 3a paralleled the
consumption of 1a (see ESIt), which indicated that the
intermediate produced from the hydrocarbonylation was
quickly consumed in the catalytic system. The initial reaction
rate investigation shows an induction period of ~35 min. We
assumed that the induction period may originate from the
generation of HPdCI| species from the palladium precursor.
Further kinetic experiments demonstrated a zero-order
dependence on the pressure of CO and a first-order
dependence on the concentration of both 1a and palladium
catalyst (see ESIt). The kinetic results for each factor suggested
that the hydropalladation of the alkene with palladium-hydride
species is the rate-determining step of the tandem reaction,

which is consistent with the KIE experiment
Pd?

c4 O CO/RuPhos
Z c// 0
) (RuPhos)Pd(O) NH,CI
O NHACI cr 4

w ©
PR
2o
¢é P

3 0 RuPhos
PhY (RuPhos)Pd
kel
3
@i (Lo

(’) "RuPhos

Fig. 1. Plausible Reaction Mechanism
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On the basis of the above results and previous studies,!® a
tentative reaction pathway for this carbonylative cycloaddition
reaction was proposed (Fig. 1). Initially, palladium hydride
species Il is formed via oxidative addition of NH4Cl to
(RuPhos)Pd(0) I, which is formed in situ via reduction of Pd(Il)
with CO or phosphine ligand. The selective hydropalladation of
2-vinylbenzaldehyde with Il under the assistance of aldehyde
affords the benzylpalladium species lll, which further reacts
with CO to produce the intermediate IV. The subsequent
reductive elimination of IV gives the intermediate V and
regenerates the Pd(0) species. The transient benzopyran-2-one
VI is then generated by deprotonation under the assistance of
base, which undergoes [4+2]-cycloaddition with an alkene to
give the desired product 3. Huckel calculations showed that the
LUMO of VI has much larger coefficients at C-1 than at C-4,
which lead to highly regioselectivity.5b 18

In summary, we have designed and implemented a new and
efficient strategy to realize an efficient palladium-catalyzed
carbonylative cross-coupling reaction with two different
alkenes and CO. With commercially available catalyst
components, a variety of 2-vinyl aryl aldehydes and simple
alkenes could be directly carbonylated to complex bridged
polycyclic compounds in good to excellent yields. Remarkable
chemo- and stereoselectivity were observed by using the
aldehyde-functionality as the reactive directing group. The
resulting bridged polycyclic products could be derivatized to
useful synthons. Notably, this transformation proceeds in a
100% atom economy and builds a connection between a
palladium-catalyzed hydrocarbonylation and cycloaddition.
Mechanism studies suggest that the reactive aldehyde-
functionality facilitates the hydrocarbonylation and enables the
high chemoselectivity. We expect that these controllable
hydrocarbonylation/cycloaddition processes will provide new
routes to upcycle the simple olefin and CO feedstock into
valuable carbonyl products with versatile uses. Further studies
on substrate scope and mechanism are currently underway and
will be reported in due course.
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