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ABSTRACT: Described herein is a novel method for the synthesis of 3,4,5-trisubstituted 2-oxazolones featuring the first Pd-
catalyzed dehydrogenative alkenylation of 2-oxazolones, which is realized by employing 10 mol % of Pd(OAc), as the catalyst
and the use of readily available Cu(OAc), as the oxidant. A wide range of functional groups, such as F, Cl, Br, OMe, ester, ketone,
amide, alkyl, and aryl substituents, are found to be compatible under the reaction conditions. The utilization of the C—H
functionalization strategy provides a straightforward, convenient, and highly atom-economical approach for the construction of
3,4,5-trisubstituted 2-oxazolones. It is worth noting that the 4-alkenyl 2-oxazolones can be smoothly converted into naphtho[1,2-

d]oxazol-2-ones via a photochemical transformation.

B INTRODUCTION

2-Oxazolones are employed in a variety of chemical trans-
formations, such as cycloaddition reactions," ™ radical reac-
tions,>® metal-catalyzed cross-coupling reactions,” and other
reactions.® Moreover, some natural or synthetic 2-oxazolones
are found to have distinctive biological activities, including anti-
inflammatory, antitumor, sedative, and cardiotonic activity.9 As
such, the exploration of novel and efficient procedures for the
assembly of 2-oxazolones has remained an attractive task. In
contrast to the tradltlonal method involving the condensation
of carbonyl groups,'®™"* which suffers from the utilization of
strongly acidic or basic conditions or toxic carbonylation
reagents, recently the transition-metal-catalyzed approach has
emerged as a powerful alternatlve to prepare 2-oxazolones. For
example, Hashmi'® and Gagosz'” independently disclosed an
elegant method for the synthesis of 3,5-disubstituted 2-
oxazolones involving a Au-catalyzed cyclization of N-alkynyl
tert-butyloxycarbamates. Meanwhile, the Jiang group reported a
concise approach to 4-methyl-2-oxazolones via the cyclo-
addition of propargylic alcohols, primary amines, and carbon
dioxide.'® Lautens and co-workers found that 3,5-disubstituted
2-oxazolones could be efficiently assembled by the Pd-catalyzed
coupling of p,B-dibromoenamides with boronic acids."
Recently, a dichotomy protocol for the access of 3,5-
disubstituted or 3,4,5-trisubstituted 2-oxazolones featuring the
Pd-catalyzed cycloisomerization of N-alkynyl tert-butyloxycar-
bamates has been realized in our group;20 however, as for the
latter case, only 4-allyl-2-oxazolones could be synthesized, and
the development of a general as well as efficient method for the
synthesis of 3,4,5-trisubstituted 2-oxazolones both remains
challenging and has great value.

On the other hand, cross dehydrogenative coupling reactions
are of paramount interest in forming a new C—C bond;*'~% in
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particular, Pd-catalyzed oxidative cross-coupling of arenes and
alkenes through C—H activation, the so- called oxidative Heck-
type reaction or Fujiwara—Moritani reactlon, ® has matured to
be among the most reliable methods for furnishing diversely
substituted alkenes. Indeed, it has been widely utilized for the
introduction of a side chain into various heterocycles and
carbocycles, including indoles,”” furans,?® pylrroles,29 thio-
phenes,z’0 caffeines,®’ azoles and related compounds,32 S-
pyrazolones,33 chromones,** N-oxides,>® indolizines,>® pyri-
dines,*’ pyridones,38 benzenes,” ferrocenes,* and perfluoroar-
enes.*"* In contrast, the Pd-catalyzed direct alkenylation of 2-
oxazolones has not been reported so far. Quite recently, we
implemented a facile route to 3,4,5-trisubstituted 2-oxazolones
by the Pd-catalyzed coupling of N-alkynyl tert-butyloxycarba-
mates with aromatic halides and related electrophiles (Scheme
1, eq 1).43 To our surprise, #-haloalkenes, f-bromostyrenes, for
example, were not amenable to this reaction. As such, the

Scheme 1. Complementary Methods to 3,4,5-Trisubstituted
2-Oxazolones
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effective synthesis of 4-alkenyl-2-oxazolones constitutes an
unmet goal. To address this issue, we hypothesized that the Pd-
catalyzed direct alkenylation of 2-oxazolones would provide an
operationally simple as well as atom- and step-economical route
to 4-alkenyl-2-oxazolones (Scheme 1, eq 2), thus providing a
complementary method to our attempts®®* to elaborate
polysubstituted 2-oxazolones. Herein, we report such a
reaction. It should be noted that it represents the first Pd-
catalyzed direct C—H olefination of 3,5-disubstituted 2-
oxazolones, which may be a class of challenging substrates for
direct C4 functionalization due to the unfavorable steric
interactions caused by two ortho substituents.

B RESULTS AND DISCUSSION

Preliminary investigations on the reaction parameters were
carried out by employing 3-benzyl-S-phenyloxazol-2(3H)-one
(1a) and butyl acrylate (2a) as the model substrates. No
reaction occurred when 1a and 2a were just treated with 10 mol
% of Pd(OAc), in N,N-dimethylmethanamide (DMF) at 100
°C for 8 h, while employing 2 equiv of Cu(OTf), as the oxidant
led to 3aa in noticeable yield (11%) (Table 1, entries 1 and 2),
indicating that the oxidant was essential for the Pd-catalyzed
direct alkenylation reaction. Hence, we extensively screened the
oxidants for this reaction, and representative results are
included in Table 1 (Table 1, entries 3—9). We were delighted
to find that the use of Cu(OAc),-H,O instead of Cu(OTf),

Table 1. Optimization of the Reaction Parameters®

Bn Bn

N PdX,, oxidant N COzn-Bu
o= I + Xy COn-Bu T80 OXEAML o ]

O™ pn O™ >ph

1a

solvent
2a 3aa

entry PdX, oxidant solvent yield (%)
Pd(OAc), DMF NR
Pd(OAC), Cu(OTf),  DME 11
Pd(OAc), Cu(OAc),  DMF s1
H,0
4 Pd(OAc), Cu(OAc),  DMF 77 (75)°
(38)
s Pd(OAc), Cu(OAc),  DMF 52°
6 Pd(OAc), AgOAc DMF trace
7 Pd(OAc), Ag,CO; DMF trace
8 Pd(OAc), BQ DMF trace
9 Pd(OAc), PhI(OAc),  DMF 2
10 Pd(PhCN),Cl, Cu(OAc),  DMFE 60
11 Pd(PPh;),Cl,  Cu(OAc), DMF 52
12 Pd(OTH), Cu(OAc),  DMF 10
13 Pdcl, Cu(OAc),  DMF 55
14  Pd(OAc), Cu(OAc), HOACc 48
15 Pd(OAc), Cu(OAc),  CH,CN 28
16 Pd(OAc), Cu(OAc), dioxane 12
17 Pd(OAc), Cu(OAc),  DMAC )
18 Pd(OAc), Cu(OAc),  NMP 51
19  Pd(OAc), Cu(OAc),  DMEF/HOAc 34
(4/1)
20 Pd(OAc), Cu(OAc), DME/PivOH 36
(1/1)
21 Pd(OAc), Cu(OAc), Dl(\/ﬂ;/;\TMP 81
2/1

“Reaction conditions: 1a (0.25 mmol), 2a (0.5 mmol), PdX, (10 mol
%) and oxidant (200 mol %) in 1 mL of solvent at 100 °C in air for 8
h. “Isolated yield. “Under O,. “Under N,. “1 equiv of Cu(OAc), was
used.

resulted in a significant increase of the yield to 51% (Table 1,
entry 3). Furthermore, the reaction promoted by Cu(OAc), in
air produced 3aa in 77% yield, while a comparable yield (75%)
was observed by replacing air with O,; therefore, further
optimizations were conducted in an air atmosphere. A survey of
the amounts of Cu(OAc), revealed that the addition of 2 equiv
of Cu(OAc), was necessary to maintain the high yield (Table 1,
entry S). Other oxidants, including silver salts, led to the
product in reduced yields (Table 1, entries 6—9). Various
solvents such as HOAc, CH;CN, dioxane, N,N-dimethyletha-
namide (DMAC), and N-methylpyrrolidone (NMP) were also
investigated, but all resulted in decreased efficiency (Table 1,
entries 14—18). Finally, excellent performance was found for
the combination use of DMF and NMP (DMF/NMP 2/1),
furnishing 3aa in 81% isolated yield (Table 1, entry 21).
Therefore, the best reaction conditions for the Pd-catalyzed C—
H olefination of 2-oxazolinones were finally identified as
follows: 10 mol % of Pd(OAc),, 2 equiv of Cu(OAc),, DMF/
NMP (2/1 v/v), 100 °C, and 8 h in air. The structure of the
resulting 4-vinyl 2-oxazolone product 3aa was determined by a
single-crystal X-ray analysis (see the Supporting Information).

To explore the scope and limitations of Pd-catalyzed
Fujiwara—Moritani reactions of 2-oxazolones, a variety of
olefins were examined under the optimal reaction conditions.
First, the activated alkenes were treated with 1a, and in general,
the reaction produced 4-alkenyl 2-oxazolones in good yields.
For instance, the reaction of ethyl acrylate (2b) and benzyl
acrylate (2c) resulted in 3,4,5-trisubstituted oxazolones 3ab,ac
in 75% and 84% yield, respectively; moreover, both of them
were obtained as a single E isomer (Table 2, 3ab,ac). In
addition to monosubstituted alkenes, disubstituted alkenes
were also investigated. As an example, methyl methacrylate
(2g) coupled smoothly with 1a to afford a mixture of two
inseparable regioisomers in an overall 72% yield, and similar to
the previous report,** it was found that the unconjugated
isomer 3ag was the major product (3ag/3ag’ S/1) (Table 2,
3agjag’), suggesting that f-H elimination was kinetically
favorable in this reaction. Additionally, a range of substituted
styrenes proved to be effective substrates for the olefination
reaction. For example, the reaction of styrene 2h produced 3ah
in 73% yield (Table 2, 3ah). It is worth noting that the styrene
substrate 2m, bearing a strong electron-donating group (OMe),
gave rise to 3am in a much lower (47%) yield (Table 2, 3am).
Under the reaction conditions, the transformation of
pentafluorostyrene (20) also gave the olefination product 3ao
in a reasonable yield (Table 2, 3a0). For the unactivated olefin
cyclohexene, for instance, the reaction was relatively sluggish
and only a moderate yield was observed after 16 h; notably, it
enabled the formation of unconjugated 3aq as the single
product (Table 2, 3aq). Moreover, 1-decene was found to be a
viable substrate (Table 2, 3ar and 3ar’), while the vinylation of
(4E)-octene failed under the standard conditions.

Under the optimized reaction conditions, a number of 3,5-
disubstituted 2-oxazolones were then varied by utilizing 2a as
the coupling partner, and as expected, the reaction proceeded
successfully to generate the desired 3,4,5-trisubsituted 2-
oxazolones in moderate to good yields (Table 3). The relatively
electron poor 3,5-disubstituted 2-oxazolone 1b afforded the
corresponding product 3ba in 48% yield, while the alkenylation
of electron-rich substrate 1h gave 76% of 3ha, which implied
that the electronic effect of 2-oxazolones had some influence on
this Pd-catalyzed oxidative Heck-type reaction (Table 3,
3baha). The halide functional groups, including F, Cl, and
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Table 2. Scope of Olefins 2"
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for 8—16 h.

bIsolated yield. “Overall yield after hydrogenation catalyzed by 10 mol % of Pd/C.

Table 3. Pd-Catalyzed Direct Alkenylation of 2-Oxazolones with 2a®?
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“Reaction conditions: 1
for 8 h. “Isolated yield.

(0.25 mmol), 2a (0.5 mmol), Pd(OAc), (10 mol %) and Cu(OAc), (200 mol %) in 1 mL of DMF/NMP (2/1) at 100 °C

Br, were well tolerated, and no byproducts resulting from the
Heck reaction® of C—X bonds were observed (3ba—ea), thus
making this reaction a useful method for the assembly of highly
functionalized 3,4,5-trisubsituted 2-oxazolones. In addition, the
reaction of S-alkyl-2-oxazolone 1j took place as well, albeit in a
moderate yield (Table 3, 3ja). Then, we briefly investigated the
influence of substituents on the nitrogen atom of 2-oxazolones.

10896

In comparison with the N-n-Bu substrate 1k, the sterically
demanding N-Cy equivalent 11 resulted in the expected product
3la in a lower yield (Table 3, 3ka,la). Interestingly, conducting
the coupling with S-vinyl-2-oxazolone 1m gave the benzo[d]-
oxazol-2(3H)-one derivative 3ma in 61% yield (Table 3, 3ma).
We speculated that the Pd-catalyzed vinylation followed by a 67

electrocyclization®® might account for the formation of 3ma.
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Having established a facile access to prepare 3,4,5-
trisubstituted 2-oxazolones, the synthetic utility of this method
was investigated. In view of the literature*’ and our previous
work,*® a photochemical transformation of 3aa, catalyzed by
CuCl, and L, produced naphtho[1,2-d]oxazol-2-one 4a in 63%
yield (Scheme 2). Likewise, naphtho[1,2-d]Joxazol-2-one 4b

Scheme 2. Transformations of 3,4,5-Trisubstituted 2-

Oxazolones
CuCl, (0.4 equiv) \ R
2 (1 mol %), hv _ o=<N O
o= I\/ “MeOH, 40°C .~ o
3aa (R = CO,n-Bu)
3ah (R = Ph)

Bn

4a, 63%
4b, 58%

was also assembled from 3ah in 58% yield. The structure of
naphtho[1,2-d]oxazol-2-ones was identified by an X-ray
diffraction analysis of 4a (see the Supporting Information).

To gain insights into this Pd-catalyzed C—H alkenylation
reaction, an intermolecular kinetic isotope effect (KIE)
experiment was performed, and consequently, a relatively
small KIE value was observed (ky/kp = 1.3), implying that the
palladium-catalyzed C—H cleavage may not be the rate-
determining step in the overall catalytic cycle*® (Scheme 3).

On the basis of the above results, we propose a possible
mechanism for this reaction, which is similar to that reported by
Fujiwara and co-workers.”® As shown in Scheme 4, the reaction
may consist of the following steps: (1) generation of the
intermediate A via an electrophilic palladation of 2-oxazolones,
(2) carbopalladation of A with olefins 2 to afford the alkyl
palladium species B, (3) f-H elimination generating 3,4,5-
trisubstituted 2-oxazolones 3 in conjunction with the release of
intermediate C (HPdOAc), (4) reductive elimination of the
palladium hydride species C followed by oxidation of Pd(0) by
Cu(Il) to regenerate the Pd(II) catalyst.

B CONCLUSION

In summary, we have developed a novel and general method for
the synthesis of 4-alkenyl-2-oxazolones featuring the first Pd-
catalyzed Fujiwara—Moritani reaction of 2-oxazolones. Various
functional groups, such as F, Cl, Br, OMe, ester, ketone, amide,
alkyl, and aryl substituents, are found to be well tolerated under
the reaction conditions. The utilization of a C—H functional-
ization strategy provides a direct, convenient, and highly atom-
economical approach for the construction of 3,4,5-trisubstituted
2-oxazolones. Moreover, the 4-vinyl-2-oxazolone products thus
obtained can be successfully converted into naphtho[1,2-
d]oxazol-2-ones via a photochemical transformation, and we
believe that the method presented here will be useful for
organic synthesis and medicinal chemistry.

Scheme 4. Possible Mechanism
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B EXPERIMENTAL SECTION

General Considerations. Unless stated otherwise, all reactions
were performed in an air atmosphere. The chemicals and solvents were
purchased from commercial suppliers and used without further
purification. '"H NMR, *C NMR, and F NMR spectra were
measured on a 400 and 600 MHz NMR spectrometers using CDCl; as
the solvent with tetramethylsilane (TMS) as the internal standard.
Chemical shifts are given in § relative to TMS, and the coupling
constants are given in Hz. Column chromatography was performed
using silica gel (300—400 mesh). High-resolution mass spectra
(HRMS) analyses were carried out using a TOF-MS instrument
with an ESI source. The 3,5-disubstituted oxazolone substrates were
synthesized according to our previous reports.*’

General Procedure for the Pd-Catalyzed Direct Alkenylation
of 2-Oxazolones. To a mixture of 1a (63 mg, 0.25 mmol), Pd(OAc),
(5.6 mg, 0.025 mmol), and Cu(OAc), (91 mg, 0.50 mmol) in 1 mL of
DMF/NMP (2/1) was added 2a (71 pL, 0.5 mmol) in an air
atmosphere. After it was stirred at 100 °C for 8 h, the reaction mixture
was quenched by water, extracted with ethyl acetate, washed with
brine, dried over Na,SO,, and concentrated. Column chromatography
on silica gel (petroleum ethers/EtOAc 10/1) gave 76 mg (yield: 81%)
of 3aa as a yellow solid: mp 68—70 °C; 'H NMR (CDCl,, 400 MHz)
5093 (t, ] = 7.2 Hz, 3H), 1.32—1.43 (m, 2H), 1.59—1.67 (m, 2H),
4.14 (t, ] = 6.8 Hz, 2H), 5.04 (s, 2H), 6.14 (d, ] = 16.4 Hz, 1H), 7.27—
7.50 (m, 9H), 7.56—7.60 (m, 2H); '*C NMR (CDCl;, 100 MHz) §
13.7, 19.1, 30.5, 46.6, 64.7, 119.7, 120.4, 126.6, 126.8, 127.0, 128.1,
128.1, 128.9, 129.0, 129.7, 1354, 1414, 155.0, 166.0; HRMS (ESI)
caled for C,3H,,NO, (M + H)* 378.170S, found 378.1703.

Crystal data for 3aa: C,3H,;NO, (377.42), orthorhombic, space
group, P2,2,2,, a = 5.9205(6) A, b = 11.3365(13) A, ¢ = 29.609(3)4,
U = 1987.3(4) A3, Z = 4, T = 296(2) K, absorption coefficient 0.086
mm™', 17002 reflections collected, 4488 independent reflections
(R(int) = 0.0513), refinement by full-matrix least squares on F?, 4488/
0/253 data/restraints/parameters, goodness of fit on F* 0.926, final R
indices (I > 26(I)) R1 = 0.0464 and wR2 = 0.1006, R indices (all data)
R1 = 0.1069 and wR2 = 0.1241, largest difference peak and hole 0.135
and —0.140 e A™>. Crystallographic data of 3aa have been deposited

Scheme 3. Preliminary Mechanism Study

X COzn-Bu (2a)

Bn n
Pd(OAc), (10 mol % N Xx-C0,"Bu
0= I + 0= I Ok ( 2 0= IV + laa-d
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with the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-956154.

Compound 3ab: 75% yield (66 mg); yellow solid, mp 63—65 °C;
'"H NMR (CDCl,, 400 MHz) & 1.27 (t, J = 7.2 Hz, 3H), 4.19 (q, ] =
7.2 Hz, 2H), 5.04 (s, 2H), 6.14 (d, ] = 16.4 Hz, 1H), 7.27-7.52 (m,
9H), 7.55—7.64 (m, 2H); *C NMR (CDCl,, 100 MHz): § 14.1, 46.6,
60.8, 119.7, 120.4, 126.5, 126.8, 127.0, 128.0, 128.1, 129.0, 129.0,
129.7, 135.4, 141.4, 154.9, 165.9; HRMS (ESI) calcd for C, H,,NO,
(M + H)* 350.1392, found 350.1390.

Compound 3ac: 84% yield (86 mg); yellow solid, mp 85—87 °C;
"H NMR (CDCl,;, 600 MHz) § 5.07 (s, 2H), 5.22 (s, 2H), 6.23 (d, ] =
16.2 Hz, 1H), 7.27-7.52 (m, 13H), 7.55 (d, ] = 16.8 Hz, 1H), 7.61 (d,
J = 6.6 Hz, 2H); *C NMR (CDCl,, 150 MHz) § 46.6, 66.5, 119.7,
119.8, 126.5, 126.7, 127.0, 128.0, 128.1, 128.3, 128.5, 128.6, 129.0,
129.0, 129.8, 135.3, 135.6, 141.7, 154.9, 165.7; HRMS (ESI) calcd for
CysH,,NO, (M + H)* 412.1549, found 412.1545.

Compound 3ad: 75% yield (71 mg); yellow solid, mp 90—92 °C;
"H NMR (CDCl,, 400 MHz) § 1.47 (s, 9H), 5.04 (s, 2H), 6.09 (d, ] =
16.4 Hz, 1H), 7.27—7.51 (m, 9H), 7.58 (d, J = 7.6 Hz, 2H); 3C NMR
(CDCl,;, 100 MHz) § 28.0, 46.6, 81.1, 119.8, 122.4, 126.6, 126.8,
126.8, 127.1, 128.0, 128.9, 129.0, 129.5, 135.4, 140.9, 154.9, 165.1;
HRMS (ESI) caled for C,;H,,NO, (M + H)* 378.1705, found
378.1702.

Compound 3ae: 60% yield (52 mg); yellow oil; '"H NMR (CDCL,,
400 MHz) 6 2.61 (s, 3H), 2.94 (s, 3H), 5.04 (s, 2H), 6.45 (d, ] = 15.6
Hz, 1H), 7.24—7.31 (m, 3H), 7.32—7.46 (m, SH), 7.50 (d, ] = 15.6
Hz, 1H), 7.58 (d, ] = 7.2 Hz, 2H); *C NMR (CDCl,, 100 MHz) §
35.8, 36.6, 46.6, 120.2, 120.7, 125.9, 125.9, 126.6, 126.9, 127.9, 128.8,
129.1, 129.3, 135.8, 140.0, 155.1, 165.2; HRMS (ESI) calcd for
Cy H,N,0; (M + H)* 349.1552, found 349.1549.

Compound 3af: 64% yield (53 mg); yellow oil; "H NMR (CDCl,,
600 MHz) 5 1.03 (t, ] = 7.4 Hz, 3H), 1.03 (q, ] = 7.4 Hz, 2H), 5.05 (s,
2H), 6.43 (d, ] = 164 Hz, 1H), 7.27-7.49 (m, 9H), 7.53—7.60 (m,
2H); ®C NMR (CDCl;, 150 MHz) & 7.8, 35.3, 46.8, 120.2, 125.4,
126.4, 126.6, 126.8, 127.1, 128.1, 129.0, 129.1, 129.8, 135.6, 142.0,
155.0, 199.1; HRMS (ESI) calcd for C,;H,oNO; (M + H)* 334.1443,
found 334.1439.

Compound 3ag: 72% overall yield (63 mg) for 3ag and 3ag’ (3ag/
3ag’ 5/1); white solid, mp 86—88 °C; 'H NMR (CDCl,, 400 MHz) §
3.55 (s, 2H), 3.80 (s, 3H), 4.76 (s, 2H), 5.48 (s, 1H), 6.24 (s, 1H),
7.185—7.45 (m, 10H); *C NMR (CDCl,;, 100 MHz) & 25.7, 45.5,
52.3, 1189, 124.7, 126.5, 127.2, 128.1, 128.1, 128.7, 128.8, 128.9,
134.6, 135.9, 136.4, 155.2, 166.4; HRMS (ESI) calcd for C,;H,(NO,
(M + H)* 350.1392, found 350.1389.

Compound 3ah: 73% yield (65 mg); yellow oil; '"H NMR (CDCL,,
400 MHz) 6 4.97 (s, 2H), 6.67 (d, ] = 16.8 Hz, 1H), 6.82 (d, J = 16.8
Hz, 1H), 7.27-7.47 (m, 13H), 7.60 (d, ] = 7.8 Hz, 2H); 3C NMR
(CDCl,;, 100 MHz) § 46.3, 112.6, 121.7, 125.6, 126.5, 126.9, 127.9,
128.0, 128.2, 128.7, 128.8, 128.8, 128.9, 135.2, 135.7, 136.0, 136.3,
155.3; HRMS (ESI) calcd for C,,H,oNO, (M + H)* 354.1494, found
354.1488.

Compound 3ai: 60% yield (56 mg); yellow oil; "H NMR (CDCl,,
600 MHz) 6 4.98 (s, 2H), 6.59 (d, J = 16.8 Hz, 1H), 6.77 (d, ] = 16.8
Hz, 1H), 7.06 (t, ] = 8.6 Hz, 2H), 7.25—7.44 (m, 10H), 7.62—7.65 (m,
2H); F NMR (CDCl,;, 565 MHz) § —111.9; 3C NMR (CDCl,, 150
MHz) § 46.4, 112.4, 1159 (d, ] = 21.8 Hz), 121.6, 125.7, 126.9, 128.0,
128.1 (d, J = 8.1 Hz), 128.3, 128.8, 129.0, 131.9 (d, ] = 3.4 Hz), 134.0,
136.1, 136.3, 155.3, 162.9 (d, J = 248.1 Hz); HRMS (ESI) calcd for
CH,FNO, (M + H)* 372.1400, found 372.1398.

Compound 3aj: 72% yield (70 mg); yellow solid, mp 100—102 °C;
'"H NMR (CDCl,;, 600 MHz) § 4.98 (s, 2H), 6.64 (d, ] = 16.8 Hg,
1H), 6.75 (d, ] = 16.8 Hz, 1H), 7.18 (d, ] = 8.4 Hz, 2H), 7.28—7.41
(m, 10H), 7.57—7.60 (m, 2H); 3C NMR (CDCl,, 150 MHz) & 46.4,
113.3, 121.5, 125.7, 126.8, 127.6, 127.9, 128.0, 128.4, 128.8, 129.0,
129.0, 133.6, 134.3, 134.5, 136.2, 136.4, 155.2; HRMS (ESI) calcd for
C,,H;,CINO, (M + H)* 388.1104, found 388.1099.

Compound 3ak: 71% yield (77 mg); yellow solid, mp 120—122 °C;
'"H NMR (CDCl;, 600 MHz) § 5.02 (s, 2H), 6.70 (d, ] = 16.6 Hg,
1H), 6.77 (d, ] = 16.6 Hz, 1H), 7.16 (d, ] = 8.4 Hz, 2H), 7.34-7.37

(m, 4H), 7.40—7.44 (m, 4H), 7.49 (d, ] = 8.4 Hz, 2H), 7.62 (d, ] = 8.0
Hz, 2H); C NMR (CDCl,;, 150 MHz) § 46.4, 113.3, 121.5, 122.7,
125.7, 126.8, 127.8, 127.9, 128.0, 128.4, 128.8, 129.0, 132.0, 133.6,
134.7, 136.2, 136.4, 155.2; HRMS (ESI) calcd for C,,H;,BrNO, (M +
H)* 432.0599, found 432.0590.

Compound 3al: 74% yield (76 mg); yellow oil; "H NMR (CDCL,,
600 MHz) § 1.32 (s, 9H), 4.95 (s, 2H), 6.64 (d, ] = 16.8 Hz, 1H), 6.81
(d, J = 16.8 Hz, 1H), 7.29—7.46 (m, 12H), 7.60 (d, J = 8.0 Hz, 2H);
BC NMR (CDCl,, 150 MHz) § 31.1, 34.7, 46.3, 111.8, 121.9, 125.5,
125.8, 126.3, 127.0, 127.9, 128.1, 128.1, 128.7, 128.9, 133.0, 135.4,
135.7, 136.3, 152.2, 155.3; HRMS (ESI) caled for C,H,gNO, (M +
H)* 410.2120, found 410.2117.

Compound 3am: 47% yield (45 mg); yellow oil; 'H NMR (CDCL,,
600 MHz) 6 3.81 (s, 3H), 4.96 (s, 2H), 6.52 (d, ] = 16.8 Hz, 1H), 6.77
(d, J = 16.8 Hz, 1H), 6.87 (d, ] = 8.6 Hz, 2H), 7.21-7.40 (m, 10H),
7.59—7.63 (m, 2H); *C NMR (CDCl,;, 150 MHz) § 46.3, 55.3, 110.3,
114.3, 122.1, 125.5, 127.0, 127.9, 128.0, 128.2, 128.4, 128.5, 128.7,
129.0, 135.3, 135.5, 1364, 155.3, 160.2; HRMS (ESI) calcd for
CysH,,NO; (M + H)* 384.1600, found 384.1595.

Compound 3an: 72% yield (77 mg); yellow solid, mp 122—124
°C; 'H NMR (CDCl,, 600 MHz) § 5.00 (s, 2H), 6.72 (d, ] = 16.8 Hz,
1H), 6.85 (d, ] = 16.8 Hz, 1H), 7.29—7.41 (m, 11H), 7.44 (t, ] = 7.4
Hz, 2H), 7.56—7.64 (m, 6H); *C NMR (CDCl,, 150 MHz) § 46.4,
112.6, 121.9, 125.7, 126.9, 127.0, 127.0, 127.5, 127.6, 128.0, 128.0,
128.3, 128.8, 128.9, 129.0, 134.6, 134.7, 136.1, 136.3, 140.2, 141.6,
155.3; HRMS (ESI) calcd for C40H,,NO, (M + H)* 430.1807, found
430.1799.

Compound 3ao: 61% yield (68 mg); yellow solid, mp 133—135
°C; '"H NMR (CDCl,;, 600 MHz) § 5.05 (s, 2H), 6.70 (d, J = 17.2 Hz,
1H), 7.13 (d, J = 17.2 Hz, 1H), 7.32—7.48 (m, 8H), 7.61—7.64 (m,
2H); F NMR (CDCl,, 565 MHz) 6 —161.9 (dd, ] = 20.8, 13.8 Hz),
—154.2 (t, J = 20.8 Hz), —142.4 (dd, J = 21.5, 7.8 Hz); *C NMR
(CDCl;, 150 MHz) & 46.8, 111.1-111.3 (m), 117.2—117.3 (m),
121.0, 121.2—121.4 (m), 126.3, 126.7, 127.3, 128.9, 129.1, 128.1,
135.6, 136.8—137.2 (m), 138.4, 143.7—144.0 (m), 145.4—145.6 (m),
155.2; HRMS (ESI) caled for C,,H,;FNO, (M + H)" 444.1023,
found 444.1020.

Compound 3ap: 80% overall yield (73 mg) for 3ap and 3ap’ (3ap/
3ap’ 5/1); yellow oil; "H NMR (CDCl,;, 600 MHz) § 3.57 (s, 2H),
4.76 (s, 2H), 5.03 (s, 1H), 5.50 (s, 1H), 7.15—7.38 (m, 13H), 7.41 (d,
J = 7.6 Hz, 2H); C NMR (CDCl;, 151 MHz) § 29.0, 45.5, 113.9,
120.0, 124.8, 125.6, 127.0, 127.7, 127.9, 128.0, 128.3, 128.6, 128.8,
128.8, 136.1, 136.3, 139.4, 141.9, 1554; HRMS (EI) caled for
CysH,,NO, (M + H)* 368.1651, found 368.1648.

Compound 3aq: 46% yield (38 mg); yellow oil; '"H NMR (CDCL,,
400 MHz) § 1.49—1.58 (m, 2H), 1.71—1.82 (m, 2H), 1.96—2.12 (m,
2H), 3.65 (br, 1H), 4.89—5.05 (m, 2H), 5.49 (d, J = 10.0 Hz, 1H),
5.81—5.92 (m, 1H), 7.24—7.48 (m, 8H), 7.49 (d, ] = 7.2 Hz, 2H); *C
NMR (CDCl,, 100 MHz) § 22.2, 24.3, 27.7, 32.7, 46.0, 126.0, 126.5,
126.7, 126.8, 127.6, 128.0, 128.1, 128.4, 128.7, 130.0, 135.1, 136.5,
155.8; HRMS (ESI) calcd for C,,H,,NO, (M + H)* 332.1651, found
332.1649.

Compound 3ar: 58% overall yield (57 mg) for 3ar and 3ar’ (3ar/
3ar’ 7/3) after hydrogenation catalyzed by 10 mol % of Pd/C;
colorless oil; 'TH NMR (CDCl,;, 600 MHz) & 0.88—1.27 (m, 20H),
2.80—2.93 (m, 1H), 4.96 (s, 2H), 7.51-7.25 (m, 10H); *C NMR
(CDCl, 150 MHz) 6 14.1, 19.7, 22.6, 27.8, 29.1, 29.2, 29.3, 29.9, 31.8,
34.7,46.3, 124.7, 126.5, 126.9, 127.5, 127.8, 128.3, 128.5, 128.8, 129.0,
134.8, 156.1; HRMS (ESI) calcd for C,sH3,NO, (M + H)* 392.2590,
found 392.2583.

Compound 3ba: 48% yield (47 mg); white solid, mp 74—76 °C;
'"H NMR (CDCl,;, 400 MHz) 6 0.94 (t, ] = 7.4 Hz, 3H), 1.31-1.42
(m, 2H), 1.58—1.66 (m, 2H), 4.14 (t, ] = 6.8 Hz, 2H), 5.03 (s, 2H),
6.14 (d, ] = 164 Hz, 1H), 7.12—7.18 (m, 2H), 7.25—7.43 (m, 6H),
7.53—=7.58 (m, 2H); "YF NMR (CDCl,;, 565 MHz) § —109.3; *C
NMR (CDCl,, 100 MHz) § 13.7, 19.1, 30.5, 46.7, 64.8, 116.3 (d, ] =
22.0 Hz), 119.6, 120.6, 123.0 (d, ] = 3.5 Hz), 126.6, 127.8, 128.1, 129.0
(d, J = 8.4 Hz), 129.1, 135.3, 140.4, 154.8, 163.3 (d, ] = 250.2 Hz),
165.9; HRMS (ESI) calcd for C,3H,,FNO, (M + H)* 396.1611, found
396.1608.

dx.doi.org/10.1021/jo4018793 | J. Org. Chem. 2013, 78, 10894—10901



The Journal of Organic Chemistry

Compound 3ca: 70% yield (72 mg); yellow oil; 'H NMR (CDCI,,
600 MHz) 5 0.94 (t, ] = 7.2 Hz, 3H), 1.33—1.42 (m, 2H), 1.58—1.66
(m, 2H), 4.15 (t, ] = 6.6 Hz, 2H), 5.02 (s, 2H), 6.15 (d, J = 16.2 Hg,
1H), 7.25—7.34 (m, 3H), 7.35—7.44 (m, SH), 7.49—7.52 (m, 2H); 13C
NMR (CDCl,, 151 MHz) § 13.6, 19.1, 30.5, 46.7, 64.9, 120.1, 121.2,
125.3, 126.6, 127.7, 128.0, 128.1, 129.1, 129.3, 135.3, 135.7, 139.9,
154.7, 165.8; HRMS (ESI) calcd for C,3H,,CINO, (M + H)*
412.1316, found 412.1315.

Compound 3da: 64% yield (73 mg); white solid, mp 82—84 °C;
'"H NMR (CDCl,, 400 MHz) & 0.94 (t, ] = 7.4 Hz, 3H), 1.32—1.42
(m, 2H), 1.59—1.67 (m, 2H), 4.15 (t, ] = 6.6 Hz, 2H), 5.02 (s, 2H),
6.16 (d, ] = 16.4 Hz, 1H), 7.27—7.46 (m, 8H), 7.56—7.60 (m, 2H);
3C NMR (CDCl;, 100 MHz) § 13.7, 19.1, 30.5, 46.7, 64.9, 120.1,
121.3, 124.0, 125.7, 126.6, 127.7, 1282, 128.2, 129.1, 132.3, 135.2,
140.0, 154.7, 165.8; HRMS (ESI) calcd for C,3H,;,BrNO, (M + H)*
456.0810, found 456.0807.

Compound 3ea: 55% yield (63 mg); white solid, mp 80—82 °C; 'H
NMR (CDCl,, 400 MHz) & 0.94 (t, ] = 7.4 Hz, 3H), 1.35—1.45 (m,
2H), 1.61—-1.70 (m, 2H), 4.15 (t, ] = 6.6 Hz, 2H), 5.02 (s, 2H), 6.17
(d, ] = 16.4 Hz, 1H), 7.27—7.45 (m, 7H), 7.48—7.58 (m, 2H), 7.74—
7.76 (m, 1H); C NMR (CDCl,;, 100 MHz) § 13.7, 19.1, 30.5, 46.7,
64.9, 120.6, 121.8, 123.1, 125.3, 126.6, 127.5, 1282, 128.7, 129.1,
129.6, 130.5, 132.5, 135.2, 139.2, 154.6, 165.7; HRMS (ESI) calcd for
C,;H,,BrNO, (M + H)* 456.0810, found 456.0806.

Compound 3fa: 72% yield (70 mg); yellow oil; "H NMR (CDCl,,
400 MHz) 5 0.94 (t, ] = 7.4 Hz, 3H), 1.32—1.42 (m, 2H), 1.58—1.66
(m, 2H), 2.40 (s, 3H), 4.14 (t, ] = 6.6 Hz, 2H), 5.04 (s, 2H), 6.13 (d, J
= 16.4 Hz, 1H), 7.24—7.31 (m, SH), 7.32—7.45 (m, 2H), 7.47-7.53
(m, 3H); *C NMR (CDCl;, 100 MHz) § 13.6, 19.0, 21.4, 30.5, 46.6,
64.7, 119.2, 119.7, 123.9, 126.5, 126.9, 128.0, 1282, 129.0, 129.7,
135.5, 140.1, 141.8, 154.9, 166.1; HRMS (ESI) calcd for C,,H,(NO,
(M + H)* 392.1862, found 392.1859.

Compound 3ga: 70% yield (76 mg); yellow solid, mp 110—112
°C; 'H NMR (CDCl;, 600 MHz) 6 0.94 (t, ] = 7.4 Hz, 3H), 1.34 (s,
9H), 1.36—1.44 (m, 2H), 1.62—1.68 (m, 2H), 4.14 (t, ] = 6.6 Hz, 2H),
5.05 (s, 2H), 6.12 (d, ] = 16.4 Hz, 1H), 7.29—7.35 (m, 3H), 7.38—7.41
(m, 2H), 7.49—7.56 (m, SH); *C NMR (CDCl,;, 150 MHz) § 13.7,
19.1, 30.5, 31.1, 34.8, 46.7, 64.7, 119.4, 119.7, 123.9, 125.9, 126.5,
126.8, 128.0, 128.3, 129.0, 135.5, 141.9, 153.2, 155.0, 166.1; HRMS
(ESI) caled for Cp,H;,NO, (M + H)* 434.2331, found 434.2327.

Compound 3ha: 76% yield (77 mg); yellow oil; '"H NMR (CDCl,,
400 MHz) 6 0.93 (t, ] = 7.4 Hz, 3H), 1.31-1.43 (m, 2H), 1.57—1.67
(m, 2H), 3.85 (s, 3H), 4.13 (t, ] = 6.6 Hz, 2H), 5.03 (s, 2H), 6.10 (d, J
= 16.4 Hz, 1H), 6.97 (d, ] = 8.8 Hz, 2H), 7.27—7.40 (m, SH), 7.44 (d,
J = 16.4 Hz, 1H), 7.49—7.53 (m, 2H); *C NMR (CDCl,, 100 MHz) §
13.6, 19.1, 30.5, 46.6, 55.3, 64.6, 114.5, 118.6, 119.2, 119.2, 126.6,
128.0, 128.3, 128.7, 129.0, 135.5, 141.9, 155.0, 160.8, 166.2; HRMS
(ESI) caled for C,H,NOg (M + H)* 408.1811, found 408.1809.

Compound 3ia: 65% yield (69 mg); yellow solid, mp 94—96 °C;
'"H NMR (CDCl,, 400 MHz) & 0.95 (t, ] = 7.4 Hz, 3H), 1.34—1.44
(m, 2H), 1.59—-1.68 (m, 2H), 4.16 (t, ] = 6.6 Hz, 2H), 5.07 (s, 2H),
6.20 (d, ] = 16.4 Hz, 1H), 7.30—7.43 (m, SH), 7.52—7.59 (m, 3H),
7.65—7.68 (m, 1H), 7.84—791 (m, 3H), 8.07 (s, 1H); 3C NMR
(CDCl,, 100 MHz) § 13.7, 19.1, 30.5, 46.7, 64.8, 120.1, 120.7, 123.5,
124.1, 126.6, 127.0, 127.0, 127.4, 127.7, 128.1, 128.1, 128.5, 128.8,
129.1, 132.9, 133.4, 135.4, 141.3, 154.9, 166.0; HRMS (ESI) calcd for
C,H,iNO, (M + H)* 428.1862, found 428.1858.

Compound 3ja: 46% yield (48 mg); yellow oil; "H NMR (CDCL,,
600 MHz) & 0.88 (t, ] = 7.0 Hz, 3H), 0.94 (t, ] = 7.4 Hz, 3H), 1.17—
1.41 (m, 12H), 1.59—1.68 (m, 4H), 2.59 (t, ] = 7.4 Hz, 2H), 4.13 (t, ]
= 6.6 Hz, 2H), 4.92 (s, 2H), 5.96 (d, ] = 162 Hz, 1H), 7.17 (d, ] =
16.2 Hz, 1H), 7.22—7.26 (m, 2H), 7.28—7.32 (m, 1H), 7.33—7.38 (m,
2H); *C NMR (CDCl,, 150 MHz) § 13.7, 14.0, 19.1, 22.6, 25.5, 27.2,
28.9,29.0,29.1, 30.5, 31.7, 46.2, 64.7, 118.3, 119.6, 126.7, 127.6, 128.0,
129.0, 135.5, 144.4, 155.2, 166.2; HRMS (ESI) calcd for C,H3NO,
(M + H)* 414.2644, found 414.2642.

Compound 3ka: 55% yield (47 mg); yellow oil; '"H NMR (CDCL,,
400 MHz) 6 0.82—1.12 (m, 6H), 1.34—1.44 (m, 4H), 1.59—1.68 (m,
4H), 3.84 (t, ] = 7.6 Hz, 2H), 4.22 (t, ] = 6.6 Hz, 2H), 6.26 (d, ] = 16.4
Hz, 1H), 7.25-7.49 (m, 3H), 7.52—7.61 (m, 3H); *C NMR (CDCl,,

100 MHz) § 13.6, 13.7, 19.1, 19.7, 30.6, 31.1, 43.0, 64.9, 119.1, 119.5,
126.9, 127.1, 128.6, 129.0, 129.6, 141.7, 154.5, 166.3; HRMS (ESI)
caled for C,0H,(NO, (M + H)" 344.1862, found 344.1860.

Compound 3la: 40% yield (37 mg); yellow solid, mp 80—82 °C;
'"H NMR (CDCl,, 600 MHz) § 0.97 (t, ] = 7.4 Hz, 3H), 1.24—1.46
(m, 5H), 1.66—1.73 (m, 3H), 1.83—1.94 (m, 4H), 2.21-2.23 (m, 2H),
3.77-3.84 (m, 1H), 4.22 (t, ] = 6.6 Hz, 2H), 6.18 (d, ] = 16.4 Hz, 1H),
7.36—7.45 (m, 3H), 7.51 (d, ] = 16.4 Hz, 1H), 7.53-7.56 (m, 2H);
BC NMR (CDCl,, 150 MHz) § 13.7, 19.1, 24.8, 25.8, 29.7, 30.6, 55.1,
65.0, 119.6, 121.9, 126.7, 127.1, 128.9, 129.0, 129.3, 139.8, 153.4,
166.0; HRMS (ESI) calcd for C,,H,sNO, (M + H)* 370.2018, found
370.2015.

Compound 3ma: 61% yield (61 mg); yellow oil; 'H NMR (CDCL,,
600 MHz) & 0.80 (t, ] = 7.4 Hz, 3H), 1.01-1.07 (m, 2H), 1.24—1.32
(m, 2H), 3.99 (q, ] = 7.4 Hz, 2H), 5.08 (s, 2H), 7.22 (s, 1H), 7.24—
7.30 (m, 2H), 7.34—7.45 (m, 9H); *C NMR (CDCl,, 150 MHz) §
13.6, 189, 30.1, 46.4, 652, 110.3, 112.1, 127.2, 127.4, 127.8, 128.2,
128.4, 128.5, 129.1, 129.9, 134.3, 138.6, 141.0, 144.3, 154.6, 168.1;
HRMS (ESI) calcd for C,sH,;NNaO, (M + Na)* 424.1525, found
424.1520.

Compound 4a. This compound was prepared from 3aa according
to the method described in the literature*” in 63% yield: white solid,
mp 100—102 °C; 'H NMR (CDCl,, 600 MHz) & 1.01 (t, J = 7.4 He,
3H), 1.44—1.53 (m, 2H), 1.75—1.81 (m, 2H), 4.37 (t, ] = 6.6 Hz, 2H),
5.13 (s, 2H), 7.31-7.42 (m, 5H), 7.54—7.57 (m, 1H), 7.59-7.62 (m,
1H), 7.81 (s, 1H), 8.10 (d, J = 8.2 Hz, 1H), 8.96 (d, ] = 8.8 Hz, 1H);
BC NMR (CDCl;, 150 MHz) § 13.8, 19.4, 30.7, 46.5, 65.2, 113.4,
119.5, 119.7, 123.7, 125.3, 126.7, 126.8, 127.4, 127.7, 128.5, 128.8,
129.1, 134.5, 140.3, 154.8, 166.6; HRMS (ESI) calcd for C,3H,,NO,
(M + H)* 376.1549, found 376.1545.

Crystal data for 4a: C,3H,NO, (375.41), triclinic, space group, P1,
a=9.4027(6) A, b =10.4191(6) A, c = 10.7784(6) A, U = 951.30(10)
A3, 7 =2, T = 296(2) K, absorption coefficient 0.086 mm™", 15375
reflections collected, 4325 independent reflections (R(int) = 0.0326),
refinement by full-matrix least squares on F?, 4325/0/253 data/
restraints/parameters, goodness of fit on F? = 1.029, final R indices (I
> 206(I)) R1 = 0.0444 and wR2 = 0.1077, R indices (all data) R1 =
0.0781 and wR2 = 0.1264, largest difference peak and hole 0.154 and
—0.227 e A7 Crystallographic data of 4a have been deposited with
the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-956155.

Compound 4b: 58% yield; white solid, mp 122—124 °C; '"H NMR
(CDCl,, 400 MHz) § 5.11 (s, 2H), 7.06 (s, 1H), 7.27—7.50 (m, 11H),
7.57 (t, ] = 7.6 Hz, 1H), 7.82 (d, ] = 8.6 Hz, 1H), 8.11 (d, ] = 8.4 Hz,
1H); *C NMR (CDCl;, 100 MHz) § 46.2, 110.0, 119.4, 119.6, 124.9,
126.1, 127.0, 1272, 127.5, 127.6, 1282, 128.3, 128.4, 129.0, 130.2,
134.9, 136.5, 137.4, 140.0, 155.3; HRMS (ESI) calcd for C,,H;{NO,
(M + H)* 352.1338, found 352.1333.

B ASSOCIATED CONTENT

© Supporting Information

Text, figures, tables, and CIF files giving spectroscopic data of
products 3 and 4, details of the KIE experiment, and
crystallographic data for 3aa and 4a. This material is available
free of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION
Corresponding Author
*E-mail for G.Z.: gangguo@zjnu.cn.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the Natural Science Foundation of
Zhejiang Province (Grants LR12B02001 and LY12B02002),
the National Natural Science Foundation of China (Grant
21172199), the Department of Health of Zhejiang Province

dx.doi.org/10.1021/jo4018793 | J. Org. Chem. 2013, 78, 10894—10901


http://pubs.acs.org
mailto:gangguo@zjnu.cn

The Journal of Organic Chemistry

(Grant 2013KYB238), and the Program for Changjiang
Scholars and Innovative Research Team in Chinese Universities
(Grant IRT0980).

B REFERENCES

(1) Hashimoto, N.; Ishizuka, T.; Kunieda, T. Tetrahedron Lett. 1994,
35, 721.

(2) D’Andrea, S. V.; Freeman, J. P.; Szmuszkovicz, J. J. Org. Chem.
1990, SS, 4356.

(3) Nomura, I; Mukai, C. Org. Lett. 2002, 4, 4301.

(4) Fearnley, S. P.; Thongsornkleeb, C. J. Org. Chem. 2010, 75, 933.

(5) Yuasa, Y.; Ando, J.; Shibuya, S. J. Chem. Soc., Perkin Trans. 1 1996,
46S.

(6) Butora, G.; Hudlicky, T.; Fearnley, S. P.; Gum, A. G.; Stabile, M.
R.; Abboud, K. Tetrahedron Lett. 1996, 37, 8155.

(7) Choshi, T.; Fujimoto, H.; Sugino, E.; Hibino, S. Heterocycles
1996, 43, 1847.

(8) Shono, T.; Matsumura, Y.; Kanazawa, T. Tetrahedron Lett. 1983,
24, 4577.

(9) Bala, S.; Saini, M.; Kamboj, S. Int. J. ChemTech Res. 2011, 3, 1102.

(10) Lenz, G. R; Costanza, C. J. Org. Chem. 1988, $3, 1176.

(11) Aichaoui, H; Poupaert, J. H,; Lesieur, D.; Henichart, J.-P.
Tetrahedron 1991, 47, 6649.

(12) Hamad, M. O.; Kiptoo, P. K.; Stinchcomb, A. L.; Crooks, P. A.
Bioorg. Med. Chem. 2006, 14, 7051.

(13) Makino, K.; Okamoto, N.; Hara, O.; Hamada, Y. Tetrahedron:
Asymmetry 2001, 12, 1757.

(14) Marques, C. A,; Selva, M.; Tundo, P.; Montanari, F. J. Org.
Chem. 1993, 58, 5765.

(15) Yamashita, M.; Lee, S.-H.; Koch, G.; Zimmermann, J.; Clapham,
B.; Janda, K. D. Tetrahedron Lett. 2008, 46, 5495.

(16) Hashmi, A. S. K; Salathé, R.; Frey, W. Synlett 2007, 1763.

(17) Istrate, F. M.; Buzas, A. K; Jurberg, 1. D.; Odabachian, Y,;
Gagosz, F. Org. Lett. 2008, 10, 925.

(18) Jiang, H.; Zhao, J.; Wang, A. Synthesis 2008, 763.

(19) Chai, D. I; Hoffmeister, L.; Lautens, M. Org. Lett. 2011, 13, 106.

(20) (a) Ly, Z,; Xu, X.; Yang, Z.; Kong, L.; Zhu, G. Tetrahedron Lett.
2012, 53, 3433. For a Cu-catalyzed version, see: (b) Lu, Z.; Yang, Z.;
Cui, W,; Zhu, G. Chem. Lett. 2012, 41, 636.

(21) For selected reviews, see: (a) Chen, X,; Engle, K. M.; Wang, D.-
H,; Yu, J-Q. Angew. Chem,, Int. Ed. 2009, 48, 5094. (b) Satoh, T.;
Miura, M. Chem. Eur. J. 2010, 16, 11212. (c) Le Bras, J.; Muzart, J.
Chem. Rev. 2011, 111, 1170. (d) Yeung, C. S.; Dong, V. M. Cherm. Rev.
2011, 111, 1215. (e) Lyons, T. W.; Sanford, M. S. Chem. Rev. 2010,
110, 1147. (f) Cho, S. H,; Kim, J. Y.; Kwak, J.; Chang, S. Chem. Soc.
Rev. 2011, 40, 5068. (g) McMurray, L.; Hara, F. O,; Gaunt, M. J.
Chem. Soc. Rev. 2011, 40, 188S. (h) Song, G.; Wang, F.; Li, X. W.
Chem. Soc. Rev. 2012, 41, 3651. (i) Li, B.-J.; Shi, Z.-J. Chem. Soc. Rev.
2012, 41, 5588. (j) Kozhushkov, S. L; Ackermann, L. Chem. Sci. 2013,
4, 886.

(22) For selected examples on the Pd-catalyzed olefination with
directing groups, see: (a) Miura, M.; Tsuda, T.; Satoh, T.; Pivsa-Art,
S.; Nomura, M. J. Org. Chem. 1998, 63, 5211. (b) Boele, M. D. K;; van
Strijdonck, G. P. F.; de Vries, A. H. M,; Kamer, P. C. J.; de Vries, J. G,;
van Leeuwen, P. W. N. M. J. Am. Chem. Soc. 2002, 124, 1586.
(c) Zaitsev, V. G.; Daugulis, O. J. Am. Chem. Soc. 2005, 127, 4156.
(d) Cai, G.; Fu, Y.; Li, Y.,; Wan, X.; Shi, Z. J. Am. Chem. Soc. 2007, 129,
7666. (e) Li, J.-J.; Mei, T.-S.; Yu, J.-Q. Angew. Chem., Int. Ed. 2008, 47,
6452. (f) Wang, D.-H.; Engle, K. M.; Shi, B.-F.; Yu, J.-Q. Science 2010,
327, 315. (g) Shi, B.-F.; Zhang, Y.-H,; Lam, J. K;; Wang, D.-H,; Yu, J.-
Q. J. Am. Chem. Soc. 2010, 132, 460. (h) Dai, H.-X; Li, G.; Zhang, X.-
G.; Stepan, A. F; Yu, J-Q. J. Am. Chem. Soc. 2013, 135, 7567.
(i) Stowers, K. J.; Fortner, K. C.; Sanford, M. S. J. Am. Chem. Soc.
2011, 133, 6541. (j) Garcia-Rubia, A.; Urones, B.; Arrayas, R. G;
Carretero, J. C. Angew. Chem.,, Int. Ed. 2011, 50, 10927. (k) Huang, C.;
Chattopadhyay, B.; Gevorgyan, V. J. Am. Chem. Soc. 2011, 133, 12406.
(1) Nishikata, T.; Lipshutz, B. H. Org. Lett. 2010, 12, 1972. (m) Wang,
L; Liu, S; Li, Z,; Yu, Y. Org. Lett. 2011, 13, 6137. (n) Gandeepan, P.;

Cheng, C.-H. J. Am. Chem. Soc. 2012, 134, 5738. (0) Wang, L.; Guo,
W.; Zhang, X.-X; Xia, X.-D.; Xiao, W.-]. Org. Lett. 2012, 14, 740.
(p) Yu, M,; Xie, Y,; Xie, C,; Zhang, Y. Org. Lett. 2012, 14, 2164.
(q) Chidipudi, S. R.; Wieczysty, M. D.; Khan, L; Lam, H. W. Org. Lett.
2013, 15, 570. (r) Meng, X,; Kim, S. Org. Lett. 2013, 15, 1910.
(s) Chan, L. Y.; Kim, S.; Ryu, T.; Lee, P. H. Chem. Commun. 2013, 49,
4682.

(23) For selected Rh-catalyzed olefination, see: (a) Patureau, F. W.;
Glorius, F. J. Am. Chem. Soc. 2010, 132, 9982. (b) Patureau, F. W.;
Besset, T.; Glorius, F. Angew. Chem., Int. Ed. 2011, 50, 1064. (c) Wang,
F; Song, G.; Li, X. Org. Lett. 2010, 12, 5430. (d) Zhao, P; Niy, R;
Wang, F.; Han, K; Li, X. Org. Lett. 2012, 14, 4166. (e) Tsai, A. S;
Brasse, M.; Bergman, R. G.; Ellman, J. A. Org Lett. 2011, 13, 540.
(f) Gong, T.-J,; Xiao, B,; Liu, Z.-J.; Wan, J.; Xu, J.; Luo, D.-F,; Fu, Y,;
Liu, L. Org Lett. 2011, 13, 323S. (g) Feng, C,; Loh, T.-P. Chem.
Commun. 2011, 47, 10458. (h) Wang, C.; Chen, H.; Wang, Z.; Chen,
J.; Huang, Y. Angew. Chem,, Int. Ed. 2012, S1, 7242. (i) Liu, B.; Fan, Y,;
Gao, Y; Sun, C; Xu, C; Zhy, J. J. Am. Chem. Soc. 2013, 135, 468.
(j) Unoh, Y.; Hashimoto, Y.; Takeda, D.; Hirano, K; Satoh, T.; Miura,
M. Org. Lett. 2013, 15, 3258.

(24) For Ru-catalyzed olefination, see: (a) Ueyama, T.; Mochida, S.;
Fukutani, T.; Hirano, K.; Satoh, T.; Miura, M. Org. Lett. 2011, 13, 706.
(b) Li, B.; Ma, J.; Wang, N.; Feng, H.; Xu, S.; Wang, B. Org. Lett. 2012,
14, 736. (c) Graczyk, K;; Ma, W.; Ackermann, L. Org. Lett. 2012, 14,
4110. (d) Li, J.; Kornhaal, C.; Ackermann, L. Chem. Commun. 2012,
48, 11343.

(25) For Cu-catalyzed olefination, see: (a) Mousseau, J. J.; Bull, J. A,;
Charette, A. B. Angew. Chem,, Int. Ed. 2010, 49, 1115. (b) Zhang, G.;
Ma, Y,; Wang, S.; Zhang, Y.; Wang, R. J. Am. Chem. Soc. 2012, 134,
12334.

(26) For the Fujiwara—Moritani reaction, see: (a) Moritani, L;
Fujiwara, Y. Tetrahedron Lett. 1967, 8, 1119. (b) Fujiwara, Y.;
Moritani, I; Danno, S.; Asano, R.; Teranishi, S. J. Am. Chem. Soc. 1969,
91, 7166. (c) Jia, C.; Kitamura, T.; Fujiwara, Y. Acc. Chem. Res. 2001,
34, 633.

(27) (a) Grimster, N. P.; Gauntlett, C.; Godfrey, C. R. A.; Gaunt, M.
J. Angew. Chem., Int. Ed. 2005, 44, 3125. (b) Garcia-Rubia, A.; Arrayas,
R. G; Carretero, J. C. Angew. Chem,, Int. Ed. 2009, 48, 6511. (c) Chen,
W.-L; Gao, Y.-R; Mao, S,; Zhang, Y.-L.; Wang, Y.-F.; Wang, Y.-Q.
Org. Lett. 2012, 14, 5920. For a direct alkenylation of indoles catalyzed
by organic catalyst, see: (d) Xiang, S.-K.; Zhang, B.; Zhang, L.-H.; Cui,
Y.; Jiao, N. Chem. Commun. 2011, 47, 8097.

(28) (a) Aouf, C.; Thiery, E.; Le Bras, J.; Muzart, J. Org. Lett. 2009,
11, 4096. (b) Shang, Y.; Jie, X.; Zhou, J.; Hu, P.; Huang, S.; Su, W.
Angew. Chem,, Int. Ed. 2013, 52, 1299.

(29) Beck, E. M.; Grimster, N. P.; Hatley, R;; Gaunt, M. J. J. Am.
Chem. Soc. 2006, 128, 2528.

(30) Zhang, Y; Li, Z;; Liu, Z.-Q. Org. Lett. 2012, 14, 226.

(31) Huang, Y.; Song, F.; Wang, Z.; Xi, P.; Wu, N.; Wang, Z,; Lan, J;
You, J. Chem. Commun. 2012, 48, 2864.

(32) (a) Cui, S;; Woijtas, L.; Antilla, J. C. Org. Lett. 2011, 13, 5040.
For the C—H olefination of triazoles, see: (b) Jiang, H.; Feng, Z.;
Wang, A; Liu, X.; Chen, Z. Eur. J. Org. Chem. 2010, 1227. (c) Liu, W.;
Li, Y.; Xu, B;; Kuang, C. Org. Lett. 2013, 15, 2342. For the C—H
olefination of 1,2-azoles, see: (d) Chappell, B.; Dedman, N.; Wheeler,
S. Tetrahedron Lett. 2011, 52, 3223.

(33) Yang, Y,; Gong, H.; Kuang, C. Eur. J. Org. Chem. 2013, 5276.

(34) Kim, D.; Hong, S. Org. Lett. 2011, 13, 4466.

(35) (a) Cho, S. H,; Hwang, S. J.; Chang, S. J. Am. Chem. Soc. 2008,
130, 9254. (b) W, J.; Cui, X;; Chen, L.; Jiang, G.; Wu, Y. J. Am. Chem.
Soc. 2009, 131, 13888.

(36) (a) Yang, Y.; Cheng, K; Zhang, Y. Org. Lett. 2009, 11, S606.
(b) Hu, H; Liu, Y.; Zhong, H.; Zhy, Y.; Wang, C.; Ji, M. Chem. Asian ].
2012, 7, 884.

(37) Ye, M; Gao, G.-L;; Yu, J.-Q. J. Am. Chem. Soc. 2011, 133, 6964.

(38) Cheng, D.; Gallagher, T. Org. Lett. 2009, 11, 2639.

(39) (a) Yokota, T.; Tani, M.; Sakaguchi, S.; Ishii, Y. J. Am. Chem.
Soc. 2003, 125, 1476. (b) Dams, M.; Vos, D. E. D.; Celen, S.; Jacobs, P.
A. Angew. Chem., Int. Ed. 2003, 42, 3512.

dx.doi.org/10.1021/jo4018793 | J. Org. Chem. 2013, 78, 10894—10901



The Journal of Organic Chemistry

(40) Piotrowicz, M.; Zakrzewski, J.; Makal, A.; Bak, J.; Malifiska, M.;
Wozniak, K. J. Organomet. Chem. 2011, 696, 3499.

(41) (a) Zhang, X; Fan, S,; He, C.-Y.; Wan, X,; Min, Q.-Q; Yang, J;
Jiang, Z.-X. J. Am. Chem. Soc. 2010, 132, 4506. (b) Li, Z.; Zhang, Y.;
Liu, Z.-Q. Org. Lett. 2012, 14, 74.

(42) For Pd-catalyzed direct alkenylation of nonaromatic C—H
bonds, see: (a) Yu, Y.-Y.; Niphakis, M. J.; Georg, G. L. Org. Lett. 2011,
13, 5932. (b) Gigant, N.; Gillaizeau, L. Org. Lett. 2012, 14, 3304.
(c) Shao, Y.-L.; Zhang, X.-H.; Han, J.-S.; Zhong, P. Org. Lett. 2012, 14,
5242. (d) Zhang, Y.; Cui, Z; Li, Z,; Liu, Z.-Q. Org. Lett. 2012, 14,
1838.

(43) Lu, Z,; Cui, W,; Xia, S;; Bai, Y;; Luo, F.; Zhu, G. J. Org. Chem.
2012, 77, 9871.

(44) For the preference of unconjugated isomer in Pd-catalyzed C—
H olefination, see: Miyasaka, M.; Hirano, K.; Satoh, T.; Miura, M. J.
Org. Chem. 2010, 75, 5421.

(45) Heck, R. F. Acc. Chem. Res. 1979, 12, 146.

(46) Zhou, H.; Xing, Y.; Yao, J.; Chen, J. Org. Lett. 2010, 12, 3674.

(47) Hakimelahi, G. H.; Boyce, C. B.; Kasmai, H. S. Helv. Chim. Acta
1977, 60, 342.

(48) Goémez-Gallego, M.; Sierra, M. A. Chem. Rev. 2011, 111, 4857.

10901

dx.doi.org/10.1021/jo4018793 | J. Org. Chem. 2013, 78, 10894—10901



