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A new method has been developed for the Pd-catalyzed direct carbonylation of indoles with phe-
nylacetylenes. The process involved the initial iodination of the indole to afford the corresponding
3-iodo-indole, which was subsequently carbonylated with a variety of different alkynes using Pd(0)
to yield the indole-3-alkynones. In contrast to the traditional Pd-catalyzed oxidative carbonylation
strategy, which involves the Pd(II)-mediated activation of the aromatic C-H bonds, the aromatic C-
H bonds in the current process were activated by iodine oxidation, eliminating the problems associ-

Keywords:

Carbonylation ated with the reduction of Pd(II) to Pd(0) under the CO atmosphere. Following an extensive screen-
Carbon monoxide ing process, Pd(0Ac)z/Cul was identified as the most efficient catalyst system for the reaction in the
Palladium presence of a base and iodine as an oxidant under mild conditions (0.2 MPa CO, 90 °C). The reaction

provided the desired products in moderate to excellent isolated yields (up to 94%) and good toler-
ance to a variety of different functional groups. The structure of a representative alkynone product
(3he) was unambiguously verified by X-ray single crystal structure analysis. Furthermore, the car-
bonylation products underwent a three-component reaction with sodium azide and benzyl bromide
to give the corresponding 1,2,3-triazole analogues in the absence of any catalyst, thus expanding the
synthetic application of the current methodology.
© 2013, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.
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1. Introduction alkynone derivatives involves the transition-metal catalyzed

Sonogashira carbonylation reaction between an aryl halide and

(Hetero)aryl alkynones are powerful building blocks in or-
ganic synthesis where they have been used in the preparation
of a wide range of natural products and bioactive heterocycles
[1]. Aryl alkynone derivatives have traditionally been synthe-
sized via the Sonogashira coupling of aryl acid chlorides with
alkynes (Scheme 1, Path 1) [2]. Unfortunately, however, the
aryl acid chlorides required for this approach can be unstable
and poorly tolerated under the reaction conditions (e.g., in-
dole-3-acid chloride), leading to limitations in the scope of this
transformation. Another facile protocol for the synthesis of

an alkyne in the presence of carbon monoxide [3-6]. The ad-
vantage of this particular approach is that the starting materi-
als are relatively simple, with aryl iodides and bromides being
used in most cases. In 2011, Wu et al. [7] reported the car-
bonylative Sonogashira coupling of aniline and phenylacetylene
to generate the corresponding alkynone via the in-situ gener-
ated arenediazonium salt, which effectively accelerated the
reaction. Over the past few decades, transition-metal catalyzed
carbonylation reactions involving the functionalization of aryl
C-H bonds have been explored extensively, resulting in the
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Scheme 1. Strategy available for the synthesis of ynones.

successful syntheses of a variety of different aryl acids, esters,
and amides [8-10]. To date, however, the direct synthesis of
aryl alkynones from unactivated arenes has never been re-
ported.

Substituted indoles are the key structural components of a
number of biologically active synthetic compounds and natural
products. For this reason, the functionalization of indole deriv-
atives has attracted considerable levels of attention. Based on
our previous efforts towards the development of novel transi-
tion-metal mediated synthetic methods [11-19], we have suc-
cessfully developed a series of reactions for the direct car-
bonylation of heterocycles [20-24]. Herein, we report the
Pd/Cul-catalyzed direct Sonogashira carbonylation coupling
reaction of indoles and alkynes in the presence of iodine as an
oxidant.

2. Experimental
2.1. General experimental

All of the reagents and free (NH)-indole compounds were
purchased and used as received without further purification. In
contrast, the N-substituted indoles were synthesized according
to procedures from the literature [25-27]. The NMR spectra of
the products were recorded using a Bruker Avance TM spec-
trometer operating at 400 MHz for the 1H NMR spectra and 100
MHz for 13C NMR spectra. CDCl3 was used as an NMR solvent
unless otherwise stated. The compounds were also analyzed by
high resolution mass spectroscopy (HRMS) on a Bruker Dal-
tonics micro TOF-spectrometer. High-performance liquid
chromatography (HPLC) analysis was performed on an Agilent
1260 Infinity with an Agilent ZORBAX Cig column (150 x 4.6
mm) using diphenylacetylene as an internal standard. X-ray
single crystal diffraction measurements were conducted at 296
K on a Bruker APEX II diffractometer using Mo K, radiation (A =
0.71073 nm). The data were corrected for Lorentz and polari-
zation effects with the SMART software suite and for absorp-
tion effects with the SADABS program. The structure was
solved by direct methods using the SHELXS program. Isolated
yields refer to the amounts obtained by column chromatog-
raphy on silica gel (200-300 mesh), using a mixture of ethyl
acetate and petroleum ether as the eluent.

2.2. General procedure for Pd-catalyzed carbonylation of
indoles with alkynes

Indole (0.5 mmol), phenylacetylene (1.0 mmol), 1> (1.2
mmol), K2CO3 (1.5 mmol), Cul (3 mol%), Pd(OAc)z (5 mol%),
and DMF (3.0 ml) were added sequentially to a 100 ml stainless
steel autoclave. The autoclave was then closed and purged
three times with CO before being pressurized with 0.2 MPa of
CO gas. The reactor was then immersed in an oil bath preheat-
ed at 90 °C for 24 h. The mixture was then cooled to ambient
temperature and the excess CO discharged from the system.
The reaction mixture was then purified by flash chromatog-
raphy using silica gel to afford the desired product.

3. Results and discussion
3.1. Optimization conditions

The direct carbonylation of N-methylindole (1a, 0.5 mmol)
with phenylacetylene (2a, 1.0 mmol) was used as a model reac-
tion for the optimization of the reaction conditions, as shown in
Table 1. The reaction was conducted in the presence of the
classical carbonylation catalyst derived from Pd(OAc)2 and the
bidentate 1,1’-bis(diphenylphosphino)ferrocene (dppf) ligand
together with Iz (oxidant) and K2COs (base). Pleasingly, the
desired indole-3-alkynone product (3aa) was obtained when
the reaction was conducted with heating at 110 °C for 24 h
(Table 1, entry 1). Surprisingly, the use of Pd(OAc)zalone pro-
vided a higher level of catalytic activity (73% yield) under the
same reaction conditions (Table 1, entry 2). Given that Cul is
well known to react with alkynes to generate the correspond-
ing copper acetylide intermediates in situ, it was assumed for
the current work that the addition of Cul could promote the
reaction. In practice, the yield of 3aa was increased to 82%
(Table 1, entry 3) following the introduction of a catalytic
amount of Cul (3 mol%). Pleasingly, further experimentation
revealed that the reaction provided a higher yield of the prod-

Table 1
Screening of reaction conditions.
O,
H CO (0.2 MPa), —Ph
| \‘ \ + ph=— catalyst, I,, base . S
Z~N solvent N
la ! 2a 3aa '
Entry Catalyst Base Solvent T/°C Yield? (%)
1 Pd(OAc)z/dppf K2CO3 DMF 110 49
2 Pd(0Ac): K2CO3 DMF 110 73
3 Pd(OAc)z/Cul K2CO3 DMF 110 82
4 Pd(0Ac)z/Cul K2CO3 DMF 90 90 (85)
5 Pd(0Ac)z/Cul KOH DMF 90 <5
6 Pd(0Ac)2/Cul Cs:C0;  DMF 90 64
7 Pd(0Ac)z/Cul DBU DMF 90 0
8 Pd(0Ac)z/Cul K:CO3  toluene 90 13
9 Pd(OAc)z/Cul K2COs  dioxane 90 <5
10 Pd(0Ac)z/Cul K2CO3 THF 90 48
11b Pd(0Ac)z/Cul K2CO3 DMF 90 <5
12¢ — K2CO3 DMF 90 0

Reaction conditions: 1a (0.5 mmol), 2a (1.0 mmol), I (1.2 mmol), base
(1.5 mmol), Cul (3 mol %) and catalyst (5 mol %) in solvent (3.0 ml)
under CO (0.2 MPa) for 24 h. 2 Determined by HPLC analysis and based
on 1a, isolated yield in parentheses.  Base (1.0 mmol). ¢ Without
Pd(OAc): or L.
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uct when it was conducted at a lower temperature (Table 1,
entry 4). This increase in the yield was attributed predomi-
nantly to a reduction in the rate of a competing side reaction
involving the coupling of the phenylacetylenes. Different bases
were also investigated and K2COs was found to be the most
effective base for the current transformation. Some stronger
inorganic bases such as KOH and Cs2C0Os3 and the organic base
1,8-diazabicycloundec-7-ene (DBU) all failed to provide satis-
factory results (Table 1, entries 5-7). Of the solvents screened
for the transformation, N,N-dimethylformamide (DMF) pro-
vided the best results. The use of tetrahydrofuran (THF) led
only to a moderate yield of the product, whereas only a trace of
the target product was detected when the reaction was con-
ducted in dioxane (Table 1, entries 8-10). Further experimen-
tation concerning the base revealed that a reduced charge of
the base (1.0 mmol) had a severe adverse impact on the reac-
tion yield (Table 1, entry 11). Control experiments to evaluate
the roles of the Pd catalyst and the iodine oxidant revealed that
both reagents were critical to the success of the transformation
(Table 1, entry 12). Taken together, these results indicated that
the optimized reaction conditions required the reaction of 1a
(0.5 mmol), 2a (1.0 mmol), Pd(OAc)2 (5 mol%), Cul (3 mol%),
K2CO0s (1.5 mmol), and Iz (1.2 mmol) in DMF under 0.2 MPa of
CO at 90 °C for 24 h.

3.2.  Substrate scope of indole derivatives

With the optimized conditions in hand, we proceeded to ex-
plore the substrate scope of the carbonylation reaction using a
variety of different indoles with phenylacetylene as shown in
Scheme 2. The carbonylation of indoles bearing a variety of
different N-protecting groups proceeded smoothly, to give the
desired indole-3-alkynones (3aa-3ea) in moderate to good
yields. Unfortunately, however, none of the desired product
(3fa) was observed when the indole was N-substituted with a
strong electron-withdrawing group such as a Tosyl (Ts) group,

suggesting that the presence of the Ts group rendered the in-
dole ring highly electron-deficient and retarded the rate of the
desired reaction.

The influence of different substituent groups on the benzene
ring of N-methylindole was then examined (3ga-3qa). Indoles
bearing methyl groups underwent the reaction with moderate
yields (65%-85%), with 5- and 7-methyl-N-methylindole (3ha
and 3ja) showing higher levels of reactivity than the 4- and
6-substituted N-methylindoles (3ga and 3ia). Similarly, when a
methoxy group was present at the 5-position of the indole
(3ga), a slight improvement in the yield was obtained relative
to the corresponding indole bearing a methoxy group at the
6-position (3la). In general, indoles bearing elec-
tron-withdrawing groups on the benzene ring such as an ester,
bromide, chloride, and fluoride (3ma-3qa) showed better lev-
els of reactivity than those bearing electron-donating groups
(3ga-3la), regardless of the position of the substituent. It is
noteworthy that indoles bearing halide substituents (3na-3qa)
were well tolerated under the optimized reaction conditions,
and could therefore provide a useful handle for the further
functionalization of the products. The reactivities of a variety of
different substituted N-allylindoles were also tested (3ra-3va),
with reasonable yields being obtained in all cases. When
N-benzylindoles bearing an electron-donating group were em-
ployed as the substrate, yields in excess of 90% were achieved
(3wa and 3xa). In contrast, the use of an N-benzylindole bear-
ing a bromide at the 5-position gave no reaction at all (3ya).

3.3.  Substrate scope of alkynes

In addition to evaluating the substrate scope of the trans-
formation with a range of substituted indoles, the effects of
different substituents on the phenylacetylene derivatives were
also investigated, as shown in Scheme 3. N-Methylindole re-
acted smoothly with a variety of different p-substituted phe-
nylacetylenes under the optimized reaction conditions to give

o)
H CO (0.2 MPa), Pd(OAC),/Cul, — ph
N K,COsg, |
R Ny + ph 2 - ol N
= N DMF, 90 °C N
R kl
1 2a 3
(0] 0 (0]
— Ph —Ph —Ph — Ph — ph
N N N AN
A\ R N\ R;ﬁ/ A\ R A\ RI A\
N N N N
\ \ \
R Allyl Bn

3aa: R = Me; 85%
3ba: R = Allyl; 86%
3ca: R =Bn; 84%
3da: R = Ph; 86%
3ea: R =p-Tolyl; 77%
3fa:R=Ts;nur.

3ga: R = 4-Me; 70%
3ha: R =5-Me; 85%
3ia: R = 6-Me; 65%
3ja: R =7-Me; 81%
3ka: R = 5-OMe; 49%
3la: R = 6-OMe; 38%

3ma: R =5-COOMe; 86%
3na: R =5-Br; 80%

30a: R = 6-Br; 88%

3pa: R = 6-Cl; 90%

3ga: R = 6-F; 88%

3ra: R =5-COOME; 65%
3sa: R = 5-Br; 78%

3ta: R =5-Me; 62%

3ua: R =6-Me; 70%
3va: R =7-Me; 87%

3wa: R =5-Me; 90%
3xa: R = 6-Me; 88%
3ya: R =5-Br; n.r

Scheme 2. Direct Sonogashira carbonylation reactions of different indoles with phenylacetylene. Reaction conditions: 1 (0.5 mmol), 2a (1.0 mmol), I
(1.2 mmol), K2€CO3 (1.5 mmol), Cul (3 mol%) and Pd(OAc)z (5 mol%) in DMF (3.0 ml) under CO (0.2 MPa) at 90 °C for 24 h. The isolated yield has also

been provided.
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CO (0.2 MPa)
H Pd(OAC),/Cul
L N R-L KyCOg, I
R _ N\ /T R
N DMF, 90 °C
1 2
0 _
— R 3aa: R =H; 85% —
3ab: R = Me; 78% — N\
N\ 3ac: R = Et; 83% N
3ad: R =t-Bu; 75%
N\ 3ae: R = F; 89%
3af: R = OMe; 92% 3ah: 80%

3hb: R = Me; 80%
3hd: R =t-Bu; 85%
3he: R =F; 86%

3sh: R = Me; 90%
3sd: R = t-Bu; 92%
3sf: R = OMe; 94%
3se: R=F; 63%

Scheme 3. Direct Sonogashira carbonylation reactions of N-methyl indole with different aryl alkynes. Reaction conditions: 1 (0.5 mmol), 2 (1.0 mmol)
Iz (1.2 mmol), K2CO3 (1.5 mmol), Cul (3 mol%) and Pd(OAc)z (5 mol%) in DMF (3.0 ml) under CO (0.2 MPa) at 90 °C for 24 h. The isolated yields have

also been provided.

the desired products in yields of 75%-92% (3aa-3af), indi-
cating that the electronic properties of the substituents at the
p-position had a limited effect on the outcome of the reaction.
Interestingly, 2-ethynylpyridine was well tolerated under the
reaction conditions to give the desired product (3ah) in good
yield with none of the Pd-pyridine coordination species being
observed. 1,5-Dimethylindole also reacted well with the phe-
nylacetylene derivatives, and the structure of a representative
product was clearly confirmed by X-ray single crystal diffrac-
tion analysis (Scheme 4. 3he, CCDC number: 885832). An elec-
tron-effect was only observed when the Sonogashira carbonyl-
ative  coupling reaction was carried out using
5-bromo-1-methylindole and a variety of different substituted
phenylacetylenes (3sb-3se). In this series, the presence of an
electron-donating group (e.g, methyl, t-butyl or methoxy
group) at the p-position (3sb-3sf) of 2 effectively facilitated
the carbonylation reaction, whereas the presence of an elec-
tron-withdrawing group (e.g., F) had an adverse impact on the
reaction.

3.4. Triazole synthesis
The preparation and properties of 1,2,3-triazole derivatives

have been extensively studied because they can act as versatile
building blocks in organic chemistry as well as functional mate-

Scheme 4. X-ray crystal structure of 3he.

rial in a variety of other areas of scientific interest. In 2010, Li
et al. [28] developed an efficient one-pot three-component
method for the synthesis of 2,4,5-substituted triazoles that did
not require the presence of a catalyst [28]. Inspired by this
work, we envisaged that indole-3-alkynone (3) could be used in
a one-pot transformation to give the corresponding triazole
analogue (4) under similar reaction conditions. As shown in
Scheme 5, the desired product 4a was obtained in 90% yield
following the reaction of 3aa with benzyl bromide and sodium
azide in DMSO for 4 h at room temperature. Based on the suc-
cess of this reaction, we proceeded to investigate the substrate
scope of the reaction. When 3 had a methyl group at the R!
position, the nature of the substituent at the R2 position did not
affect the reaction with products 4b and 4c being formed suc-
cessfully with similar yields (87% and 86%). When halides

RZ

4a: 90% 4b: R =F; 87%
4¢: R = 1-Bu: 86%

4d:R=F:75%
4e: R = OMe: 91%

Scheme 5. One-pot synthesis of triazole analogues. Reaction conditions
3 (0.25 mmol), NaN3 (0.5 mmol) and benzyl bromide (0.5 mmol) in
DMSO (3.0 ml) at 25 °C for 4 h. The isolated yields have also been pro-
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were present at the R! and R? positions, the product 4d was
formed in a lower yield (75%). In contrast, a higher yield was
observed when R! was the bromide and R? was a methoxy
group (4e).

The structures and purities of all of the products were con-
firmed by NMR and HRMS analyses. The data for two repre-
sentative examples have been listed below.

3he. 'H NMR (400 MHz, CDCl3) § 8.34 (m, 1H), 7.86 (s, 1H),
7.59-7.53 (m, 2H), 7.26 (m, 3H), 7.02 (m, 2H), 3.80 (s, 3H).13C
NMR (101 MHz, CDCls) § 171.0 (C=0), 164.8, 162.3, 138.9,
137.8, 134.9, 134.8, 125.8, 123.9, 123.1, 122.5, 118.4, 117.0,
116.9, 116.2, 116.0, 109.9, 87.8, 86.6, 33.8. HRMS (ESI) Calcd
for C1sH13FNO:[M+H]*, 278.0976; Found: 278.0966.

4a.'H NMR (400 MHz, CDCl3) 6 8.43 (m, 1H), 7.88 (s, 1H),
7.33-7.22 (m, 13H), 5.59 (s, 2H), 3.68 (s, 3H).13C NMR (101
MHz, CDCls) 6 181.0, 148.7, 144.0, 139.4, 137.4, 134.9, 130.2,
128.9, 128.8, 128.8, 128.6, 128.3, 128.2, 127.3, 123.6, 122.9,
1229, 115.8, 109.6, 59.1, 33.6. HRMS (ESI) Calcd for
C25H20N4NaO:[M+Na]*, 415.1529; Found: 415.1532.

3.5.  Mechanistic consideration

The active species in a Pd-catalyzed oxidative carbonylation
of a C-H bond is Pd(II), which is converted to the inactive
Pd(0) species under the CO atmosphere, leading to a reduction
in the rate of the reaction. To overcome this limitation, an al-
ternative strategy was proposed where the aryl C-H bond
would be initially oxidized instead of the catalyst to regioselec-
tively afford a functionalized intermediate that could partici-
pate in the Pd(0)-catalyzed carbonylation to yield the desired
carbonyl compound. In practice, iodine was used as the oxidant
in accordance with related studies. The mechanism of the cur-
rent carbonylation coupling was envisaged to proceed as de-
picted below (Scheme 6). The indole, N-methylindole (1a) in
this example, is originally oxidized to 3-iodo-1-methylindole
(A), which could be detected by GC/MS analysis. The reactive
Pd(0) species generated from the CO reduction of Pd(II) would

0] ____Ph la |\
® 1/ oo J A
3aa \
0 Pd—1
Pd
A\
AN
e ) I N B
N\ Ph
A Cul ° Pd—I
Ph——
2a \Kfu AN CcOo
D Ph ¢

Scheme 6. Proposed reaction mechanism.

then initiate the oxidative addition to afford intermediate B.
Subsequent insertion of CO would yield the Pd(II) acyl inter-
mediate C that would undergo transmetalation with D to gen-
erate E. Finally, the target product 3aa would be released fol-
lowing the reductive elimination, and Pd(0) would be simulta-
neously regenerated to start a new catalytic cycle.

4. Conclusions

In conclusion, we have successfully developed an efficient
strategy for the synthesis of indole-3-alkynones via the
Pd(OAc)2z/Cul-catalyzed direct Sonogashira carbonylation of a
variety of different indoles and aryl alkynes. This methodology
showed a wide substrate scope for indoles and alkynes with a
high level of regioselectivity. Furthermore, the alkynone prod-
ucts could be readily transformed to 1,2,3-triazole derivatives
in high yields. Further exploration of the reaction mechanism
and potential synthetic applications of the present method are
under investigation in our laboratory.
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TR TR J52 V7 A2 1) 46 BRI 41 4 J7 25 (path 1)P. £l T BE &1L
SV RANFRE, AN 2 e, BRSO R R A I & e A
(Bl arr P e B 7 S0) S DA %, BELAS T 1% 7 VEFE AL B ik
R P R DATAT B 5 A3 05 B Ak, CO iR
&N R R, 781 % 4 JE A4k, 8 i Sonogashira ik 1L
FER S5 87 2 5 i b A F) 7 — .22 B (path 2)B70L A0
75 R B MR EIR AR TS 5. 20114, Wu )

T8 7 VLIRREON JFURE, 18 A = A S 8 i 3 — AP Al
T HE R (15T 5 3%, 0 R T %S RN ) A v
VT4 R, 0 I A6 5 R K C-H i B B AT BRI S N A
JRARRLHRIR « BR . BERRAL S AR 2 7 Rk
FEETO R, B B AR AT AT T R AL K (%) 55 AL S 4
5 SRR P A AR IR (1475 35 1) 26 e I T v R LA

WIRRAL G 2 AT R,
H & A KGR AT E R 2 A RS L. L 4K,
AU LE SR A TAEM I B aE BRI T — R 512K
I PR S RE 202, A S AR 1 LAPA(OAC), Ay £ 1
TR, BACUl B 77, AR AT, o 25 S B s e
5 IR EFEIRAL A 5| We-3- bR (11201, path 3).
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2. SKEERRSY

2.1, WRE5REUEIHRTRMEHRENR M

2 W8 SCHR [25~27] A FN- BRI Wb & 4. gl e
KO ENEMHAR, KidAlfaik 7], — & A5k 2l 5
99.95%; fit: /i (200~300 H ) Jz e 19 0y [ 7 73 #r 4k 7).
N ) TR AR 100m I s 5 R AR I AN B L g
Wk (1a, 0.5mmol), 7K Z,H(2a, 1.0mmol), Z %4 (5mol%),
FLFUBL(1.2mmol), B ER 4 (1.5mmol), B4 I 4 (3 mol%),
5 77IN,N- — S G fi (DMIF, 3.0ml). B 5 75 % PR 25
T HICOM: S v 5 B # =1k, 78 A0.2MPaff]CO, [
PRIEQ0°C R HiFE24h. [ N5 R i, RERAE 0 A5 2= 1)
5 We-3- KLl (3aa) F- 1 S AH . 1) 40 9 7 28 (e i vy A i
fi¥ (PE): £ 12 £ (EA) = 5:1), 7 ¥ Fl #% i (AvanceTM
400MHz i P2 FEARAX) 5 & 4 #H)5i 1% (Bruker Dalton-
ics micro TOF)E 4.

3. GRS

31 RMFMHMFELK

RUNAR SRS AT T 5] 5 W A0 A P R B e AL,
JONEEE LB S DLN- H RG] B (La) F K 2B (2a) Bk Ak
BN FF 3 05] I -3- 2 7, b il (3a@) R AR S b7, DA 20 FRAR
(PA(OAC),) AL T, LA 1,130 ( — ZE HEJj) — /% 4 (dppf,
5mol%) AL A4, LADMF A 7, 1EK,COs M L I AA7E T,
110°C [ Jvi24h. R N 453 5 R T H br =9 3aa, (H A2 7=
AL A% (T2 50 1). SR, 7EA B RCAR 15 0L R, ik
A 1 S B 1y, 3aal] 7= 26 4 & 73% (52 562). Ak F
0, — W 2R AT 5 B A S TR AL AR OB T A R
ATV 2 8] 44 AT 2 5 HR AL A 0 R AR & TR A AR
T 3E— 2B $ m AL G . [E) 44 & A i A 3mol% i Cul
LSS, 3aalf) e 2 1] 4 45 829%(SL 4 3). BRAK /2 B i i &8
90°C, 1J A 2K/ Bl = IR 2 M) A i, A8 2 PR ) o
BUSCRIE F185% (SLIR4). ASFIBR A 1 T ) s ae 4 3k
B, K F PR 25 5 ) JE LR (4 KOH, CsCOg) FIE ML
JOL 35 R X AN AR, T K,COg A B AR 1 1 I N
BEAT (S5 4~7). 36 0] LUE tH, L DMF 93 751 5SRO e
Uf (SE56 4,8~10); Bl AR T I S EAT (SL464F111),
L Pol A4 71 R BRL 5 AILTE B R AN T 2 (SR 56 12). F Ut
W 1 S B AR 25 1 PA(OAC) N E AT, Culy
B AL 7], KoCO3 MR, 1,484k 77, DMF ¥4 57, COJE /)
0.2 MPa, Jx il FEE90°C, S N (8] 24h. tbisf H bx =4 (1)
=% 85%.

3.2. M|k _E A BN B B X 03| Wk 55 R k2 B i B 1K B R
Fili &2 Bz B2 )

1E EIRRAG I SIS T, B 52 T O 1) i
P, G5 R W2, B H 5 T DR SH iz aakn, il bk
A AR K S ST R RS fR P AT AL, 45 R FEIN
iR 3 (Me). M ZE(Allyl). F53E(Bn). ZE3E(Ph)
B HH R (Tolyl) 45 5 WL IO R I, S R 1 77 SR A AE
85%7r 17 (3aa~3ea); {H HIN-XT FHORAATEEL (Ts)ml WA 5
LA, T8 AR I B 7= 40 1 A e (3Fa), b B WS NS 7 5 L
LT ], AR T2 R S AT

B85, %52 1 N- FH =g D (1) 2R3 E AN B i A HX
AL 1 [ R (3ga~3qa), A& I N- I L] Wk (1 4~7 47 |
A 25 BT R (T R ) B, SR 7 A D e v 46 (3ga~
3ja), H.5-m7- HI HEN| W 1) 7 22 (85%, 81%) = 1+ 4- 5l 6- H
BENG| e (17 3 (70%, 6596).  [FIFF:, 5= FF AR S Mo Wk FA) 378 2 s
1 T-6- FH AR LI Wk (3Ka, 3la). 2R IR _E A o LA T T
S P (T R ) 1 | W A0 FH 1% I B2 A4 % (3ma~3qa),
H= 28 m T g e T R P Wk B — PR, &
X % (F, CI, Br) 3| W TE 2 B J5 R 45 21 56 U 1 OR B, ok
R A5 AL I N (30a~3qa). X ALK S P R AL
T N IR TETEAL £ JE T LUE HY, N-475 74 205
Wi o 2 A T i, YR B R R, R34 T A o A5 P #E (3ra~
3va); T N- BE 5| M |- 5 45 HL -k, P 6 T] ik 90%
(3wa~3xa); 1H )y xi 5 A i, A 78 4 AN BB e B (3ya).
3.3. KRBV E FX 05| RER 1Y 5 B A 520

B3R 2 EHUARIE X S B RE . B 2 BAN-
FH L 151 Wk (L) 91 5K 25 5 2 2 B A sk A A R T Jsz 1 1)
520 (3aa~3af), K I TC 8 A& 4 LTI 2 W i 7 HUAR R
AT DAL 212 AT = 1 45 2R (7 3 75%~92%), Ui WK 2k
Xof AT ECA 225 (14 P 2850 5K S I PR T AN O T - R R
CP e R i, 7R % 0] 1484%(3ag); Hi T EORHTAZ,
2- T MEE LE OB IR IS AR B R S
LG, AT LANGR] 3 56 R0 A G R 45 1) H b5 7= (3ah, 7= %
80%). 4 LA 1,5- - HI KL M| WA SIS, S A AR IR 2 b
R 7 A 2 75 0 O (3hb~3he). FATIETGE] T
PR3 e [ AL i, I I X2 B AT SR B S T R
Ak A1 ) 45 K49 (L B 204, CCDC: 885832). Y4, 1F 1-H
HE-5-JRIG| W 55 % Fh R b S LN, A7 AE W S 1R HL 128N,
RIYXoF 57 5 A 4 FEL T 35 11 2K 2 B (3sb~3sf) it R K i T
XAz 7 A6 T LT 25 (3se).
3.4, FAS|MR-3-HRER 4 Ak 3- FR B = mEELIS R 21k &4

1,2,3- =M H 2 WU AT A B AR
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WEE, AT T AREDAEK R KA. PiER. KM
B, HA S M BB L2 B2 6. 20104, BR
HER A PO 55 bR, B A, 55 3 (Bl e ) s fh )
N IEAL, L DMSO A5, — 8 vk i X 30k B 1 Hh 2
T 2,4,5- =R =M. Bk, FRATTHE I RG] -3 b
il (3) T BE AR 22 K AR AL IRE, AR BSOAH . 1) 3- FF T —
FLIG W (4), W B N5 AR, AT S F = P3aa v IR 244k
AR B — B8 & R BE, 7R 77 DMSOHR, ¥ 3aati & %
B, AR AE S IR T B R, I H bR 4alt i 2 n] ik
90%. HEAT AP BT A I, M| MR 15 A 45 H T2k (4]
(fn H L) 5 (3hd A1 3he), A8 KR IA XA b B JE B HE 5~ 3L
N FEAN R, 3- B I -1,2,3- = IR L NG| W (1 7= S 41 R 14 85%
LA b (4bFi4c); T Hg| Wk PR FI 8 A L [F] IS5 47 140 3% (3se)
), A1 7= 2 0 I BR A (4d, 75%); 45 NG| -3~ i 1) 4 2
IR o e [ (3sT) T, Jso 2 IR U w44 42 919%(4e).

TG 7= 40 F 435 A R 4 55 350 2 3o A i R o 43 R SR
e W IE, FARRME B S BRI .

3he. *H NMR (400 MHz, CDCls) § 8.34 (m, 1H),
7.86 (s, 1H), 7.59-7.53 (m, 2H), 7.26 (m, 3H), 7.02 (m,
2H), 3.80 (s, 3H). *C NMR (101 MHz, CDCls) 6 171.0
(C=0), 164.8, 162.3, 138.9, 137.8, 134.9, 134.8, 125.8,
123.9, 123.1, 1225, 118.4, 117.0, 116.9, 116.2, 116.0,
109.9, 87.8, 86.6, 33.8. HRMS (ESI) calcd for C1gH;5FNO
278.0976 ([M+H]"), found 278.0966.

4a. 'H NMR (400 MHz, CDCls) ¢ 8.43 (m, 1H), 7.88
(s, 1H), 7.33-7.22 (m, 13H), 5.59 (s, 2H), 3.68 (s, 3H).*C
NMR (101 MHz, CDCls) § 181.0, 148.7, 144.0, 139.4,

137.4, 134.9, 130.2, 128.9, 128.8, 128.8, 128.6, 128.3,
128.2, 127.3, 123.6, 122.9, 122.9, 115.8, 109.6, 59.1, 33.6.
HRMS (ESI) calcd for CasHyoN4NaO 415.1529 ([M+Na]"),
found 415.1532.
35. RMNHIE

TE I R IE B C-HE8 B S A SR, m I A
A 0388 H B AR TR A AL ER (R PE D, 38 ST B JR
15 B B AT 25 10 46 S8 ) 4% T S5 702 A D v I 3
PEVIF, TF R R — 5063, (HAECO AT, Pd(11) 5 #i8
Ji AP (0), 1815 51 K ARG I 355 1 P Ak ek 2L, DTG o ARG A4
A PR FRATTR F AL R A (1 SR, BT DAAS B AH B F RE
AL S5 842 1), B FHPA(0) 51 R AL I 72, i 5 i
JR I B A5 2 = ) FIPd(0). AR O A Y STk IE, FRATTiE
PRIICR A R, 151 1) B o I A4, s S ATL 3 w0 2
T (EIF6): WA 2 A T S A B3R (A), 1%
Hh ] A4 W] ASORE 835 - 5T A g . Pd(0) X 3Tt is] D 1)
C-l1g S Ak I Ja , K A CORIHE N AE jlh Al fAC, C 5
LR C S P (D) WI R A e <5 S A FH A P TR E, 7
KA SRR 2] H AR 9 (3aa).

4. ZEip

AR S A0 77, PA/CuXR 4 Ja HE A 71 14 2 BE 0% 1 2
bt A 5] e 55 5 5 o B 1) B R A 15 BRG] -3 Bl 2
WA, &N Z AT R L I TR R
R0, HLA RG] W3- bR 7 4 R 2
77 AR AL O 3- R = MRS SR IR IME 51, BT
L) A RN FH AL



