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Annulation of Alkynyl Aryl Ethers with Allyl Pivalates To Give
2,3-Bismethylenechromanes through Double C—H Bond Cleavage

Yasunori Minami,* Megumi Sakai, Tomohiro Anami, and Tamejiro Hiyama*

Abstract: The treatment of silylethynyloxyarenes with allylic
pivalates in the presence of a palladium catalyst led to efficient
C—H bond cleavage in both substrates and a novel annulation
reaction to give 2,3-bismethylenechromanes. When ortho-
allylated silylethynyloxybenzenes were used as the substrates,
the same products were obtained. This result shows that site-
selective intramolecular hydrovinylation is involved in the
annulation reaction. The synthetic utility of the products was
demonstrated by the construction of condensed polycycles.

Condensed polycyclic compounds are long-standing impor-
tant and challenging targets in synthetic chemistry.' For
example, pyran-based tricycles are the core structure of many
natural products and biologically active agents (Scheme 1).
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Scheme 1. Selected examples of pharmacologically active chromanes.

The construction of such condensed cycles is straightforward
by the Diels—Alder reaction of conjugated exocyclic dienes."!
Various methods for the preparation of such exocyclic dienes
have been reported.”! As a typical example, Wender and co-
workers took advantage of sequential Diels—Alder reactions
of 2,3-bismethylene-4-trimethylsilylbutan-1-ol, whereby the
initially constructed exocyclic diene intermediates underwent
a second Diels-Alder reaction.”) Although the utility of
exocyclic dienes is evident, synthetic methodology for their
synthesis has been limited. Previously, we reported that
sequential insertion reactions of alkynyl aryl ethers with
allenes gave chromane derivatives containing 2,3-exomethy-
lene moieties for the formation of pyran-based condensed
cycles.78l However, allenes are unsuitable for mass produc-
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tion: their instability issue imposed a limitation on synthetic
diversity. Thus, a more facile preparative method has been
required.

At present, catalytic C—H activation followed by a C—C
bond-forming reaction is regarded as a powerful synthetic
strategy for the preparation of simple and complex molecules.
Double C—H activation has been applied to straightforward
annulation reactions, thus allowing the rapid synthesis of
cyclic compounds.®¢*1% On the basis of this idea, we set out
to invent an annulation reaction through double C—H bond
cleavage in two substrates to form exocyclic dienes directly
(Scheme 2). We merged the alkynoxy-group strategy! with
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Scheme 2. Strategy for the straightforward construction of condensed
cycles by double C—H bond-cleaving site-selective C—C bond forma-
tion.

C—H bond-cleaving allylation with a stable allylic reaction
partner that can be readily prepared.!"'! Herein, we report the
palladium-catalyzed annulation of aryl silylethynyl ethers
with allylic electrophiles through cleavage of the ortho-C—H
bond in the aryl silylethynyl ether and the pB-alkenyl C—H
bond in the allylic reaction partner. The total transformation
produces chromane derivatives with conjugated bismethylene
moieties. These compounds are useful for the synthesis of
pyran-based polycyclic compounds.

First, we attempted a reaction of p-anisyl triisopropyl-
silylethynyl ether (1a) with cinnamyl bromide in the presence
of a palladium catalyst and a base. However, this combination
led to a complex mixture without any allylation products. We
screened various cinnamyl substrates and reaction condi-
tions!"” and found cinnamyl pivalate (2a) to be effective for
the reaction with 1a. Thus, the reaction of 1a with 2a took
place in the presence of [Pd(dba),] (5mol%), PCy,
(10 mol %), and Cs,COj; (1.1 equiv) at 140°C in toluene to
give the exocyclic product 3a in 83 % yield through cleavage
of the ortho-C—H bond in 1a and the f-C—H bond in 2a
(Scheme 3). A simply ortho-allylated aryl silylethynyl ether
was not observed at all. A catalytic amount of Cs,COj; also
gave 3a in moderate yield, thus suggesting that the copro-
duced pivalic acid does not hamper the reaction. tBuPh,Si,
tBuMe,Si, and rBu groups in the place of TIPS were not
effective. Both 1-TIPS-3-arylpropyne and TIPS-ethynyl aryl
ketone were ineffective substrates, thus suggesting that the
alkynyl ether moiety is essential for this transformation. We

Wiley Online Library

An dte

Chemie

8343


http://dx.doi.org/10.1002/anie.201602252
http://dx.doi.org/10.1002/ange.201602252
http://dx.doi.org/10.1002/anie.201602252

H
_ [Pd(dba),] (5 mol%)
Ph._A_oPiv PCys (10 mol%)
2a (1.1 equiv) Cs,CO; (1.1 equiv)
| toluene (ogszz, 140°C, 4 h l TIPS
/@Ox 45% (Cs,COs, 0.1 equiv) O Ay
TIPS H
MeO H OPiv MeO N
1a 2'a Ph 3a
| Ph (1.1equiv) as above ?

8844

83% 6h

Scheme 3. Palladium-catalyzed double C—H bond-cleaving annulation.
Cy =cyclohexyl, dba=dibenzylideneacetone, Piv= pivaloyl.

examined the reaction of 1la with 1-phenyl-2-propenyl
pivalate (2'a) and also obtained the 4-phenylated product
3ain a yield similar to that observed in the case with 2a. This
result clearly suggests that a mt-allyl palladium intermediate is
involved in the present annulation.

The scope of the reaction of 2a with various aryl
silylethynyl ethers was briefly surveyed (Table 1). Substrates
1 in which the aryl group was an unsubstituted phenyl group
or had a methyl, phenyl, or fluorine group at the para position
underwent the desired reaction to give the corresponding
products in good to excellent yields (Table 1, entries 1-4).

Table 1: Reaction of 1 with cinnamyl pivalate (2a).”
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Entry 1 3, Yield [%]"!
TIPS
2_0 7/8 o ZH
37 [ 17
17 R \
R4@H\TIPS LS x>
Ph
1 1b, R'=4-Me 3b, R'=6-Me, 81
2 1¢,R'=H 3¢, R'=H, 80
3 1d, R'=4-Ph 3d, R'=6-Ph, 72
4 le, R'=4-F 3e, R'=6-F, 661
5 1f, R'=3-Me 3f, R'=7-Me, 80
6 1g, R'=2-Me 3g, R'=8-Me, 77
TIPS TIPS
MeO O MeO (o] O
; @[ N ZH Z H
H TIPS x e
Ph OMe Ph
1h 3h, 76 (85:15)
TIPS
O O
N Z "H
GG -
Ph

Ti

3i, 629

[a] Unless otherwise noted, a mixture of 1 (0.3 mmol), 2a (0.33 mmol),
[Pd(dba),] (0.015 mmol), PCy; (0.03 mmol), Cs,CO; (0.33 mmol), and
toluene (3.0 mL) was heated at 140°C for 4 h. [b] Yield of the isolated
product. [c] A mixture of 1b (1.0 mmol), 2a (1.1 mmol), [Pd(dba),]
(0.05 mmol), PCy; (0.1 mmol), Cs,CO; (1.1 mmol), and toluene (10 mL)
was heated at 140°C for 4 h. [d] Total yield of 3e and 3’e (97:3). [e] Total
yield of 3i and 3'i (98:2).

TIPS TIPS

O Z>H %e(R'=F,R?=Ph) )
3'k (R' = Me, R2 = 4-CF3CgH,) _
R’ 3'o (R' = Me, R? = 3-pyridyl)
R? 3 Ph
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These results suggest that electron-rich aryl groups in 1 are
preferred for the reaction. In fact, an electron-withdrawing
CF; group at the para position was not effective for the
reaction. Substrates 1f and 1g with a meta- or ortho-tolyl
group gave 3f and 3g in 80 and 77% yield, respectively
(Table 1, entries 5 and 6). In the case of 1f, the less-hindered
position selectively participated in the reaction. On the other
hand, the reaction of the meta-methoxy-substituted phenyl
ether 1h gave a mixture of products with a methoxy group at
the C7 and CS5 positions (85:15) in 76 % combined yield
(Table 1, entry 7). The 2-naphthyl alkynyl ether 1i reacted to
give 3i through C—H cleavage at C3 (Table 1, entry 8). In the
cases of le and 1i, conjugated dienes 3’e and 3'i were
produced, probably as a result of the acceleration of isomer-
ization by the electron-deficient aryl groups.

We next investigated the scope of the reaction with
respect to the allyl pivalate (Table 2). Allyl pivalates with
phenyl groups with an electron-donating or electron-with-
drawing group at the 2- or 4-position or a 2-naphthyl group
underwent the desired reaction (Table 2, entries 1-5). a-(3-
Pyridyl)allyl pivalate (2'g) also participated in the reaction to
give product 3o (Table 2, entry 6). When o-fert-butylallyl
pivalate (2'h) was used, the corresponding products 3p and 3q
were obtained in high yields (Table 2, entries 7 and 8). To
prepare a trifluoromethylated chromane structure,™ we
examined the reaction with 4,4 4-trifluoro-2-butenyl pivalate

Table 2: Scope of the reaction with respect to 2.1

3, Yield [%]"

Entry 1 2

TIPS
/\r OPiv /@;r

Al

&

Ph

1 1c 2b (Ar=4-OMeCH,) 3j (R'=H, Ar=4-OMeC¢H,), 59
2 1b (Ar_4 CF,CeH,) 3k (R'=Me, Ar=4-CF,CH,), 751
3 1b 2'd (Ar=2-MeCH,) 31 (R'=Me, Ar=2-MeC¢H,), 66
4 1b 2’e (Ar=2-PhC¢H,) 3m (R'=Me, Ar=2-PhC¢H,), 71
5 1b 2'f (Ar=2-naphthyl)  3n (R'=Me, Ar=2-naphthyl), 7
6 1b 2'g (Ar=3-pyridyl) 30 (R'=Me, Ar=3-pyridyl), 74"
TIPS
OPiv
= U
/\gu 2h
7€ 1a 3p (R OMe
8 1b 3q(R'=
TIPS
9 Ta PG A OPV 9 /@Qﬁ 3r 34
TIPS
Ph OPiv O~y
100 1a A 2] /@Eg;\ 35, 92
eO
Ph Ph

[a] Unless otherwise noted, a mixture of 1 (0.3 mmol), 2 (0.33 mmol),
[Pd(dba),] (0.015 mmol), PCy; (0.03 mmol), Cs,CO; (0.33 mmol), and
toluene (3.0 mL) was heated at 140°C for 4 h. [b] Yields of the isolated
product. [c] Total yield of 3k and 3’k (81:19). [d] Total yield of 30 and 3’0
(85:15). [e] Reaction time: 16 h. [f] The reaction mixture was heated in
toluene (0.8 mL) for 3 h. [g] The product was isolated as an inseparable
mixture of stereoisomers (96:4) at the C3 methylidene moiety.

Angew. Chem. 2016, 128, 88438847


http://www.angewandte.de

An dte

Chemie

GDCh

=7 Zuschriften

(2i) and obtained 3r successfully, albeit in low yield (Table 2,
entry 9). The substrate trans-1,3-diphenylallyl pivalate (2j)
reacted with 1a to give 3s, which contains two phenyl groups
at the 3-methylidene and C4 positions, in excellent yield
(Table 2, entry 10). In contrast, unsubstituted allyl pivalate
did not give any annulation product.

The reaction of 1b with 2'k, which contains a bulky 2,6-
dimethylphenyl (xylyl) group, occurred with different regio-
selectivity to give 4 with the xylyl group at the C3-
methylidene position [Eq. (1)]. In contrast to the reaction of
substrate 2i with a CF; group, the perfluoroalkylated allyl
pivalate 21 reacted through sequential regioselective annula-
tion/elimination of HF to form chromene 5 with a Z
perfluoroalkylated methylidene group at the C3 position
[Eq. (2)]. These results indicate that the regioselectivity of the
transformation is controlled by steric effects.

TIPS

J0¢
A

H [Pd(dba),] (5 mol%)

: PCy; (10 mol%)
AN OV 6,80, (1.1 equiv)
—_—

toluene (0.1 m)
140°C, 4 h

1b +

2'k (1.1 equiv) 4,53%

[Pd(dba),] (5 mol%) TIPS
PCyz (10 mol%) (o)
Cs,CO03 (2.2 equiv)

et A it ol
OPW tsluene (0.5 u) MeO
140 °C, 12 h \

5, 48%

FF H
1a +
F11Cs™ 7

2l (1.1 equiv)

To gain insight into the C—H cleaving event, we used the
deuterated substrate [Ds]1e for the annulation with 2'd and
obtained [D;]3t with moderate deuteration at the 2-methyl-
idene carbon atom and loss of deuterium at the C8 position
[Eq. (3)]. This observation suggests that the ortho-C—H bond
is cleaved reversibly, and that the C2-methylidene hydrogen
atom in 3t is partially derived from the ortho-hydrogen atom
in 1.

[Pd(dba),] (5 mol%)

PCys (10 mol%)  80%D=DHD TIPS

0. .
= Cs,CO3 (1.1 equiv) 0.
D4— | \ +2d —MM D _/ ‘ ~ "HID (3)
~p TIPS toluene (0.1 m) 3R ~ 0
140°C, 4 h 41% D
[Dsl1e [Dsj3t o-tolyl

On the basis of the aforementioned results, we propose
the reaction mechanism shown in Scheme 4. The ligation of
1 to m-allyl palladium species I'*! forms a cationic allylpalla-
dium species II, which participates in reversible C—H
cleavage through nucleophilic attack by the ortho-carbon
atom to give allyl aryl palladium complex III. Reductive
elimination then forms ortho-allylic intermediate I'V. Next,
intramolecular hydrovinylation proceeds via vinylpalladium
pivalate V,[*4¢ which undergoes intramolecular carbopal-
ladation to form VI. Subsequent 3-H elimination produces 3.
An alternative pathway is internal C—H bond cleavage
through concerted metalation-deprotonation to give VII,
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Scheme 4. Proposed mechanism.

which undergoes reductive elimination to give 3. The
observed regioselectivity may be attributed to steric repulsion
between the R group in the m-allylpalladium fragment and the
TIPS group in the step from III to IV. On the other hand,
bulky groups in 2, such as 2,6-xylyl, led to the opposite
regioselectivity to avoid the severe steric repulsion of the aryl
groups in 1.

This mechanism suggests that an intramolecular hydro-
vinylation may be feasible. Indeed, ortho-allylated 6a was
converted in the presence of Pd(OAc),/PCy,/PivOH at 140°C
into 2,3-bismethylidenechromane 7a and its isomer 7'a in 6
and 82% yield, respectively, possibly through exclusive
cleavage of the internal vinyl C—H bond [Eq. (4)]. This
observation supports the mechanism in Scheme 4 and clearly
appears to compensate the failure of 1 to react with simple
allyl pivalate. After optimization, 7a was obtained in 91 %
yield with Pd(OAc), and PCy; at 90°C." The use of
[PA(PCys;),| instead of Pd(OAc), and PCy; resulted in no
reaction, thus indicating that the hydrovinylation proceeds by
a route which does not involve a palladacycle derived from
the oxidative cyclization of 6 with the palladium(0) com-
plex.['"181 2_Allyl-6-methylphenyl alkynyl ether 6b was also
converted into 7b (85%) and 7’b (3%) in the presence of
Pd(OAc),/PCy; without cleavage of the benzylic C—H
bond.I® The ortho-isopropenyl substrate 8 underwent suc-
cessful cyclization to form 9 through cleavage of the -vinyl
C—H bond [Eq. (5)].

90°C,3h

R R TIPS R TIPS
fe) conditions 0 [e)
= + = 4
\ toluene (0.1 m) H Ho @)
x TIPS ggec N —
6a (R=H) 7a (R=H) 7'a (R=H)
[Pd(dba),] (5 mol%), PCy; (10 mol%) 6% 82%
PivOH (10 mol%), 4 h
Pd(OAc), (5 mol%), PCy, (10 mol%), 3 h 91% 4%
6b (R = Me) 7b (R = Me) 7'b (R =Me)
Pd(OAc), (5 mol%), PCy3 (10 mol%), 3 h 85% 3%
TIPS
o Pd(OAc), (5 mol%) o
N PCyj (10 mol%) ZH
~ TIPS — (5)
toluene (0.1 m) =
8

9, 78%
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Products 3 and 7 are versatile precursors of linearly
condensed polycycles. For example, 3p underwent the Diels—
Alder reaction with N-phenylmaleimide (10a) to give tetra-
cycle 11a [Eq. (6); DCE = 1,2-dichloroethane]."” The C4-

OTIPS OTIP? H o
= 10 (1 equiv)
—_— | N X 6)
R X DCE R!
80 °C, 18-20 h
{Bu Bu 1O
3p (R: = OMe) 11a (R' = OMe, X = H), 82%
3q (R'=Me) 11b (R' = Me, X = Br), 74%
TIPS |, o TIPS TIPS
Meo[IItﬁ m (III§
11c 58% 11d 71% 11e, 56% (d r.6.1:1)
(DCE, 80 °C) (toluene, 100 °C) (toluene, 100 °C)
TIPS TIPS
0._~_CO,Me (e}
O [ 2 @ COREt
COMe F,
tBu 11f, 59% tBu : 11g, 78% (d.r. 1.8:1)

(neat, 140 °C, 8 h) (neat, 100 °C)

phenylated diene 3a and dienophiles such as N-(p-bromo-
phenyl)- and N-methylmaleimide (10b and 10c¢), 4-phenyl-
1,2,4-triazoline-3,5-dione (10d), maleic anhydride (10e), and
dimethyl acetylenedicarboxylate (10 f) were employed with-
out any problems to give the condensed polycycles 11b-f.
Ethyl 3,3,3-trifluoropyruvate (10g) could be used to form the
benzopyranopyran derivative 11g regioselectively. In the
reaction leading to 11e and 11g, single diastereomers were
produced. The reaction of 7a with N-phenylmaleimide (10a)
gave tetracycle 11h (84 % yield by NMR analysis), which,
upon attempted isolation by open-air silica-gel column
chromatography, was converted into 12 in 69% yield over
two steps, possibly through aerobic oxidation during the
purification [Eq. (7)].”” The tandem hydrovinylation/Diels—

TIPS | o TIPS | o

0.
a 102, ] O ‘ Neh (1)
DCE, 80 °C s1l|ca gel

13h

11h, 84% 12, 69% (2 steps)

Alder reaction of 6a under palladium catalysis was possible in
a single operation to give 11h directly in 93 % yield [Eq. (8)].

Pd(OAc), (5 mol%)
PCy; (10 mol%)

6a + 10a 11h 8)
toluene (0.1 m), 90 °C, 16 h 93%

In conclusion, the present study has demonstrated two
palladium-catalyzed annulation reactions for the synthesis of
2,3-bismethylenechromanes: an intermolecular reaction of
alkynyl aryl ethers with allyl pivalates through C—H bond
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cleavage in each substrate and intramolecular hydrovinyla-
tion through vinylic C—H bond cleavage. In the former case,
reactions with a- or y-substituted allyl pivalates produced the
same products, thus suggesting that this reaction takes place
via m-allyl palladium intermediates. The bis(exomethylene)
cyclic products serve as a building block for the synthesis of
linear polycycles by the Diels—Alder reaction with various
dienophiles.
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