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We here describe a new palladium-catalyzed oxidative 6-exo-trig
cyclization of 1,6-enynes at room temperature using tBuONO as
oxidant for the synthesis of 3-bicyclo[4.1.0]heptan-5-ones. This
cascade strategy hydration, cyclization
cyclopropanation sequence, and represents a new transition-
metal-catalyzed oxidative cyclization of 1,6-enynes through the 6-
exo-trig fashion.

achieves and

Transition-metal-catalyzed cyclization of 1,n-enynes has
become a powerful and atom-economical method for building
diverse carbo- and hetero-cyclic frameworks.™® Generally, the
majority of these processes utilize three strategies, including
cycloisomerization, skeletal rearrangement and metathesis.”
However, these strategies deliver the carbo- and hetero-cyclic
products with limited complex ring systems because within
them the intermolecular incorporation of new functional
groups into the ring systems from additional functional
reagents is difficult. An alternative strategy includes transition-
metal-catalyzed oxidative cyclization of 1,n—enynes,2‘5 which
offers several advantages over the three classical strategies
because various new functional groups are easily introduced
into the ring systems and the functionalization of both
positions of the m bond in the alkene and alkyne moieties
occur. However, successful palladium-catalyzed oxidative
cyclization of 1,n-enynes are quite rare and are limited to the
5-exo-trig fashion (Scheme 1a) 23 despite the enormous recent
advances enjoyed by Au catalysts.4 The group of Tse®® and the
Group of Sanford®®** have independently report a new
palladium-catalyzed oxidative cyclization of 1,6-enynes by
using PhI(OAc), oxidant in HOAc medium for the synthesis of
bicyclo[3.1.0]hexanes through the 5-exo-trig cyclization and
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Sy2 C-0 formation.>®" The group of Liu* have describer

another new palladium-catalyzed oxidative 5-exo0-u.y
cyclization/dichlorination of 1,6-enynes with LiCl in the
presence of H,0, oxidant leading to dichloro-contained f...
membered heterocyclic compounds. Recently, a mild an’
efficient Pd-catalyzed oxidative diarylating carbocyclization ¢”
enynes using arylboronic acids as additional reactants an'
benzoquinone as oxidant was illustrated by the group «f
Backvall®" to stereoselectively assemble tetrahydrofurans and
tetrahydropyranes. There is a lack of a new strategy for tf. >
palladium-catalyzed oxidative cyclization of 1,n-enynes. Herein,
we report a novel palladium-catalyzed oxidative 6-exo-tr j
cyclization of 1,6-enynes (1) with the aid of tBUONO”® at room
temperature for the synthesis of bicyclo[4.1.0]heptan-5-or
derivatives (Scheme 1b), which are important core structures
in many natural products and pharmaceuticals.9
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Scheme 1 Pd-Catalyzed Oxidative Cyclization of 1,6-Enynes.

Our studies began with the cyclization of 4-methyl-N-(2-
methylallyl)-N-(3-phenylprop-2-yn-1-yl)benzenesulfonamide
(1a) for reaction condition optimization (Table 1). After a seric »
of trials, we found that treatment of 1,6-enyne 1a with 5 mol..
Pd(OAc), and 1.5 equiv tBUONO afforded the desired
azabicyclo[4.1.0]heptan-5-one 2a” in 75% yield (entry 1,.
Screening of the amount of tBUONO revealed that the identic .
yield to that of 1.5 equiv tBUONO was achieved at a loadin_
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2 equiv tBUONO (entry 2), but the yield decreased from 75% to
58% by decreasing tBUONO to 1 equiv (entry 3). However, in
the absence of tBuONO, the reaction did not deliver the
detectable amounts of 2a (entry 4). In light of these results, a
number of oxidants, namely nAmONO, AgNO,, Fe(NOs); and
Phl(OAc),, were subsequently examined, and they were less
effective than tBuONO (entry 1 versus entries 5-8). Two nitriles,
nAmONO, and Fe(NO3);, effected the reaction but decreased
the yields of 2a to 68% and 30%, respectively (entries 5 and 7).
However, both AgNO, (entry 6) and Phl(OAc), (entry 8) were
inert for the cyclization reaction. Interestingly, the amount of
water had a fundamental influence on the reaction, and 4
equiv H,0 was found to be the preferred choice (entry 1
versus entries 9 and 10). The results demonstrated that the Pd
catalyst played an important role in the cyclization reaction,
and its amount affected the reaction in terms of yields (entries
11-13). It should be noted that 2a cannot be detected without
Pd catalysts (entry 11), and 5 mol% Pd(OAc), gave the best
results (entry 1 versus entries 12 and 13). Pd(TFA), had the
same catalytic activity as Pd(OAc), (entry 14), but PdCl,
showed less activity (entry 15). Among the effect of the

Table 1. Screening of the Reaction Conditions.?

Ph

Ph,

H,0 O
‘ ‘ [Pd], additive
solvent, r.t. 4 h

. Pcs
)
a

AP
e ! il \fgv-’k"’

N

| - L
Ts Ts ¥ ’/ \ésf
1a 2 . :

Entry [M][mol%] Additive [equiv] Solvent Yield [%]°
1 Pd(OAc), (5) tBuONO (1.5)  CH,CICH,CI 75
2 Pd(OAc), (5) tBuUONO (2) CH,CICH,CI 76
3 Pd(OAc); (5) tBuONO (1) CH,CICH,CI 58
4 Pd(OAc), (5) — CH,CICH,CI 0
5 Pd(OAc), (5)  nAmMONO (1.5) CH,CICH,CI 68
6 Pd(OAc), (5) AgNO, (1.5) CH,CICH,CI trace
7 Pd(OAc), (5)  Fe(NOs); (1.5)  CH,CICH,CI 30
8 Pd(OAc), (5) PhI(OAc), (1.5) CH,CICH,CI trace
9°  Pd(OAc), (5) tBUONO (1.5)  CH,CICH,CI 67

10  Pd(OAc),(5) tBUONO (1.5)  CH,CICH,CI 71
11 — tBUONO (1.5)  CH,CICH,CI 0
12 Pd(OAc), (10) tBUONO (1.5)  CH,CICH,CI 76
13 Pd(OAc),(2) tBUONO (1.5)  CH,CICH,CI 64
14  Pd(TFA),(5) tBUONO (1.5)  CH,CICH,CI 73
15 PdCl, (5) tBUONO (1.5)  CH,CICH,CI 34
16°  Pd(OAc), (5) tBUONO (1.5)  CH,CICH,CI 76
17 Pd(OAc), (5)  tBUONO (1.5) CH,Cl, 64
18  Pd(OAc),(5) tBUONO (1.5) MeCN 62
19 Pd(OAc),(5) tBUONO (1.5) HOAc 30
20°  Pd(OAc),(5) tBUONO (1.5)  CH,CICH,CI 74
218 Pd(OAc), (5) tBUONO (1.5)  CH,CICH,CI 59

® Reaction conditions: 1a (0.2 mmol), H,O (4 equiv), [Pd] (5% mol),
additive, and anhydrous solvent (1 mL) at room temPerature under
air atmosphere for 16 h. ® Yield of isolated product. “ H,Q (2 equiv).
The coversion of 1a is 89%. ° H,0 (8 equiv). ¢ At 40 °C. " Under O,
atmosphere. & Under argon atmosphere.

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

reaction temperatures (entry 16) and solvents (entries 17-..
examined, it turned out that the use of CH,CICH,ClI medium 7 .
room temperature was optimal for the reaction (entry 1). Tk
results indicated that O, favoured the reaction (entries 1, 2~
and 21).The reaction under air or O, offered 2a in good yie. !
(entries 1 and 20), but under argon the reactivity of 1,6-enyne
1a was suppressed in a lower yield (entry 21).

After establishing the optimal reaction conditions, we
applied the palladium-catalyzed oxidative 6-exo-trig cyclizatic
protocol to a variety of 1,6-enynes 1b-z. As shown in Table 2,
the substitution effect on the nitrogen atom had a crucial
effect on the reactivity of substrates (2b-d). While substrate,
1b and 1c with a Et group or an Ac group have no reactivity f¢
the reaction (2b and 2c), substrates 1d with a PhSO, group w:
successfully  converted into the corresponding 2
azabicyclo[4.1.0]heptan-5-one 2d in 70% vyield. In light of th
results, a wide range of N-Ts-substituted 1,6-enyens 1le-z w
employed for the cyclization reaction under the optimai
conditions (2e-z). To our delight, both electron-donating -
2f and 2i) and electron-withdrawing (2g, 2h, 2j and 2k)
aromatic substituents were well-tolerated at the term--'
alkyne. For example, 1,6-enynes 1e and 1i with a p-MeCgl -
group or a o-MeCgH, group were successfully converted into
2a and 2i in high yields. Moreover, halide substituents (Cl ar i
Br) were compatible with the optimal conditions (2g and 2j},
thereby providing chances for further manipulation at tr.c
halogenated positions. 1,6-Enynes 1h and 1k having a strongc .
electron-withdrawing aromatic substituent (p-CNCgH, or L
CO,MeCgH,) were also viable substrates for assembling =
azabicyclo[4.1.0]heptan-5-ones 2h and 2k in moderate yielc,
albeit with lower reactivity. Using heteroaryl alkyne -~
successfully reacted with H,0, Pd(OAc), and tBUONO, giving =
in 73% yield. It should be noted that terminal alkyne 1m an .
aliphatic alkynes 1n-o were consistent with the optime
conditions, and allowed the formation of 2m-20 in moderate
to good yields. However, electron-deficient alkyne 1p -r
electron-deficient alkene 1r were not suitable for the oxidative
cyclization reaction (1p and 1r). Gratifyingly, 1,6-enyne 1gq,
bearing a Ph group at the 2 position of the allyl moiety, wi >
found to smoothly deliver 2q in 63% yield. An internal alker .
1s was also viable substrate, stereoselectively giving 7
according to 2D NMR analysis (see Supporting Information’

The palladium-catalyzed oxidative 6-exo-trig cyclizatio
protocol could be applicable to the synthesis of =
oxabicyclo[4.1.0]heptan-5-ones (2t and 2u) and 1H

cyclopropal[b]naphthalen-2(1aH)-ones (2v-aa). 1,6-Enynes . *
and 1u, having a Me group or a Ph group at the 2 position of
the allyl moiety, worked well with H,0, Pd(OAc), and tBuO /0,
offering 2t and 2u in moderate yields. For 1-ally, ©
ethynylbenzenes 1v-ab, the corresponding 1+
cyclopropa[b]naphthalen-2(1aH)-ones 2v-ab were successful) -
constructed in moderate to high vyields, although 10 mol.*
AgSbFg was required to improve the cyclizaition process. For
example, treatment of 1,6-enyne 1v with H,0, Pd(OAc), ar i
tBUONO for 24 h afforded 2v in 45% yield, whereas with
additional AgSbFg increased the yield to 77% yield.

This journal is © The Royal Society of Chemistry 20xx
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Table 2. Substrate Scope.?

R .
H,0 o R
| | R2 Pd(OAC), (5 mol%) R2
BUONO (1.5 equiv), air )
N 7 CH,CICH,CI, r.t. Y=o X 4
i: . :J S :’;J
2
Cl NC
0. (o]
R =Et, 2b trace
R! = Ac, 2c, trace N N
R! = PhSO,, 2d, 70% Ts Ts
2 2e, S 2f, 73% 29, 77% 2h, 41%P

Br MeO,C

Ts Ts Ts
2i, 70% 2j, 74% 2k, 62%P 2| 73% 2m, 85%
. /L P,
25 ~¢g X Tﬁ ho!
N N oo
Ts | 2 630/ i
Ts 2 trace q, °
on, 66% 20, 45% P, R4 2r, trace
R*=H, 2v, 45%"
R*=H, 2v, 77%"°
R* = Me, 2w, 80%"¢
R= Me 2t, 65% R*=Cl, 2x, 77%"°
2s, 45% R = Ph, 2u, 50% Cone
1
CO Me COzMe cone
2y, 76%°¢ 2z, 59°¢ 2aa, 59%P° 2ab, 54%“c

® Reaction conditions: 1 (0.2 mmol), H,0 (4 equiv), Pd(OAc), (5
mol%), tBUONO (1.5 equiv), and anhydrous CH,CICH,CI (1 mL). b
For 24 h. © AgSbFe (10 mol%) was added.

Some control experiments were performed to understand
the mechanism (Scheme 2). We found that the radical
inhibitors (TEMPO and hydroquinone) had no effect on the
reaction of 1,6-enyne 1a, ruling out a radical process [Eq (1)].
Subsequently, an 80-Labeled experiment by using H,"®0 was
investigated [Eq (2)]. The result showed that 18O-containing
product 2a-'®0 was isolated in 71% yield, suggesting that H,0
was the major resource of the oxygen atom in the new formed
carbonyl group.

oh H,0 (4 equiv) Ph,
l Pd(OAC), (5 mol%) o
BUONO (1.5 equiv) )
Addtive (2 equiv) ﬁl
'T‘ Additive = TEMPO, Hydroquinone Ts
Ts 2a,75%
1a .
Ph mainly "°0
H,'®0 (4 equiv) \

Pd(OAC), (5 mol%)

Ph
(130)180
BUONO (1.5 equiv) (2)

air, CH,CICH,CI, rt., 16 h N
|

N

Ts Ts
1a 2a-1%0 (71%)

Scheme 2 Control Experiment.

This journal is © The Royal Society of Chemistry 20xx
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The mechanism outlined in Scheme 3 for the oxidati :
cyclization reaction is proposed on the basis of the abo\ .
results and previous reports.z'gﬂ'8 Initially, complex of tfr
active Pd" species with the C-C double bond and the C-C tr' >’
bond of 1,6-enyne 1a affords intermediate A, followed L ¢
hydration of the C-C triple bond with the active pd" species
and H,O0 gives intermediate B. Cyclization with the C-C doub 2
bond within intermediate B easily occurs to produce
intermediate C. A Pd" intermediate D®" is formed fro
oxidative cyclization of intermediate C by NO, and air, 8 in-situ
generated from tBuONO and H20.7 Finally, reductive
elimination of the Pd" intermediate D delivers product 2a anu
regenerates the active pd" species.

o
T H
N Pd" N
Ts ‘
2 b Ts 1a
o 1 oPd!
N A
Ts H0
Pd"
Pd"
Ho /
2(BUOH  + NO
21BUONO  + H0 ¢

Scheme 3. Possible Mechanism.

In summary, we have report a new strategy for the oxidative
6-exo-trig cyclization by using Pd(OAc), as the catalyst ar 1
tBUONO as the oxidant. This 1,6-enyne cyclization method
proceeds through hydration, 6-exo-trig cyclization ar i
cyclopropanation cascade, and provides a mild and selective
access to diverse bicyclo[4.1.0]lheptan-5-one skeleton .
including 3-azabicyclo[4.1.0]heptan-5-ones, 3-
oxabicyclo[4.1.0]heptan-5-ones and 1d
cyclopropa[b]naphthalen-2(1aH)-ones, in moderate to goo.
yields with excellent functional group tolerance and
stereoselectivity. Further applications of this catalytic oxidativ~
cyclization method in synthesis and detailed mechanisti -
studies are currently underway in our laboratory.
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