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Introduction Previous work
. . X R cHo RNHNH_-HCI aorborc
Phthalazinones are important structural units ofst array L " or RNHNH,

of naturally occurring and active molecules suchAaslasting’ Br
PARP-1 inhibito and PDE-4 inhibitof. Many phthalazinone-  (a) Pd(OAc),/L, Cox(CO)g, CO; (b) PdiL, CO; (c) PA(OAC)IL, MO(CO)e MW

based polymefs exhibit interesting properties for extensive
_RNHNH, _ (:C[(

applications. Furthermore, such type of heterosydee also COOMe COOMe
valuable intermediates in organic synthésisTherefore, R'{I —PdlL RT\
development of new methods for synthesis of phitiataes and gr (HCHON ZCHo
new phthalazinone derivatives is of broad interest.

This work

Since the first work by Heck and co-workers in 1874,
palladium-catalyzed aminocarbonylation has becorpeveerful C[CHO TsCl C[ ErNFL-',\',\‘:,ﬁ:ZC'
tool for the construction of the amide moiety ingamic
synthesis. In 2012, Beller and co-workers reported the syrishes R ors
of phthalazinone derivatives via Pd-catalyzed
cycloaminocarbonylation af-halobenzaldehydes and hydrazinesScheme 1. Comparison of metal-catalyzed cycloamino-
using CO as a carbonyl souf@eMore recently, the synthetic carbonylations for synthesis of phthalazinones.

routes to phthalazinones using Mo_(@@)and Co(CO)™ as the 2-Formylaryl tosylates are lower toxic and cheapemtthe
carbonyl source were also describegtheme 1, eq. (1)). In ¢orresponding-halobenzaldehydes, replacement of aryl halides
2015, Deng and co-workers developed the palladiuaiyz@d it aryl tosylates would make chemical processes emor
carbonylative coupling reaction @halomethyl benzoates and nvironmental tolerance by reducing the productibrhalide-
aryl hydrazines using paraformaldehyde as the msbugrce via  containing waste¥. Inspired by our previous work on the
methyl2-formylbenzoate intermediateSchemel, eq. (2)). palladium-catalyzed cycloaminocarbonylation of Ziawmethyl
and 2-alkylcarbamoylaryl tosylates with CO,we become
interested in the synthesis of functionalized platiaones from
2-formylaryl tosylates that are readily prepared nfro
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salicylaldehydes. Herein, we report our results ore th 18 Pd(TFA)} (5) DBU (1.2) trace
development of a practical process for the multigonent

carbonylative synthesis of phthalazinones fréaformylaryl 19 PA(TFA) (5) dppp (10) DBU (1.2) 29
tosylates, hydrazines and CO as well as its appitain 20 Pd(TFA), (5) dppp (10) DBU (1.2) a1

synthesis of Hydralazine.
Results and discussion

We initiated our research on the model reaction 2ef
formylaryl tosylate {a), phenylhydrazine 2a) and CO under
different reaction conditions (Table 1). We firstglected to
employ Pd(OAc) as the catalyst. Screening several differen
phosphine ligands such as 1,3-bis(diphenylphosppiopane

& Conditions: 2-formylaryl tosylate (2 mmol), PhNHNH (2 mmol),
anhydrous MgS®(2 mmol), CO (1.0 MPa), catalyst, ligand, base;CN,
140 °C, 21 h."Isolated yield. DMSO as solvent? Toluene as solvent.
Without the use of anhydrous Mg$®anhydrous MgSQ@was replaced by
4 A molecular sieves (240 mg).

With the optimum reaction conditions in hand, we
subsequently explored the scope of the reactiomatous 2-

tformylaryl tosylates and hydrazines. As shown in €aB)

hydrazines bearing various electron-rich or -defiti aryl

(dppp), 4,5-bis(diphenylphosphino)-9,9-dimethylteerte substituents at the nitro .

DN - gen atom were approprigisteates for
(Xantphos), 1,3-bis(diphenylphosphino)ferrocene {pd,3- . : -
bis(diphenylphosphino)ethane (dppe) and 1’3_th|s methodology, and the corresponding substituted

bis(diphenylphosphino)butane (dppbljable 1, entries 1-5), it
was found that dppp gave the best result with 43&¥6l yirable 1,
entry 1). Then, other Pd catalysts were examinEable 1,
entries 7-8). Pd(TFA) showed a higher catalytic activity
compared to Pd(OAg) Among the bases tested, DBU gave the
most promising resultsT@ble 1, entries 9-11). Other solvents,

phthalazinones were obtained in satisfactory yidl@able 2,
entries 1-13). The position of substituents on lieazene ring
arylhydrazines slightly influenced the cyclizationp-
Fluorophenylhydrazine gave a higher yield thanoitsand m-
analogues Table 2, entries 2-4). It is well-known that C-Cl
bonds are generally more reactive than C-O bondmeétal-
mediated transformations of carbon-heteroatom bonis

such as DMSO and toluene, were less effeciiable 1, entries
12-13). No significant improvement on the yield aqumeel when
the larger amount of Pd(TFAloading was usedl@ble 1, entry
14). Using smaller amount of dppp, Pd(TEAYy anhydrous
MgSQ, led to a decrease of yield3able 1, entries 15-19).
Replacing anhydrous MgS@ith 4 A molecular sieves resulted
in a significant drop of yieldT able 1, entry 20).

oxidative/reductive mechanisth. Significantly, phthalazinones
bearing chlorine substituent in aryl ring were affutained in
62 % and 60 % yieldsT@ble 2, entries 5-6).

The effect of the substituents on the arene ring-fofrmylaryl
tosylates is also examined. In general, the presehsubstituent
such ast-methyl, 5-NEt,, 5-MeO, 4-MeO, or4-F on the benzene
ring of 2-formylaryl tosylates has a slightly negative impaa
the catalytic reaction, leading to the formationtio¢ desirable
products in relatively lower yieldsT@ble 2, entries 14-23).
Surprisingly, replacement of hydrazines with hydiaryine
hydrochloride gave no desired carbonylative prodinstead 2-
hydroxybenzonitrile was obtained in 50% yielBiable 2, entry
24). Significantly, NHNHBoc reacted with2-formylphenyl

Table 1. Catalyst, Ligand, Base, and Solvent Effécts

CHO X
©: +  PhNHNH,
OTs

2a 3a ©

[Pd], Ligand, CO
e, Heand, ML

N
Base, Solvent N

“Ph

1a

Entry Catalyst (amount, Ligand (amount, Base Yield tosylate and CO, giving the deprotected phthalag2ii}-one
mol%) mol%) (amount, eq)  (%)° (3y) in 68% yield Table 2, entry 25).
1 Pd(OAc) (5) dppp (10) KCO;(1.2) 43 Table 2. Cycloaminocarbonylation of 2-aminomethylaryl
2 Pd(OAc) (5) Xantphos (10) ¥CO;(1.2) trace tosylates, hydrazines and co
3 Pd(OAc) (5) dppf(10) K,COs(1.2) 15 y @CHO R, zggF(% r$150 Fl/ool) ,%c)o o y
4 Pd(OAc) (5) dppe (10) KCO;(1.2) 8 A oTs or RNHNH,.HCI DBU, CHsCN ! N‘R
(¢]
5 Pd(OAC) (5) dppb (10) KCOs(12)  trace ! 2 3
6 Pd(OAc) (3) dppp (15) KCO:(1.2) 46 Entry Substrate Product \((;/e ')S
(1)
7 Pd(TFA) (5) dppp (10) KCO5(1.2) 65 oo
=N
8 Pd(PhCN)CI; (5) dppp (10) KCO5(1.2) 46 1 @[ @;NO 70
OTs

9 PA(TFA) (5) dppp (10) CEOi(12)  trace 1a %20
10 PA(TFA} (5) dppp (10) N#ZOs(1.2) 58 C[CHO @;ﬂ

2 75¢
11 PA(TFA) (5) dppp (10) DBY1.2) 70 12 OT8 3b 0 OF
12 Pd(TFA}, (5) dppp (10) DBU (1.2) 54 CHO SN
1 PA(TFA) (5) dppp (10) DBU(1.2)  trace 3 CEOT : ;NO/F 60°

1a=° 3¢ 0
14 Pd(TFA) (10) dppp (10) DBU (1.2) 71
CHO X N F

15 PA(TFA) (5) dpp(5)  pBUL2) 60 . C[OT Q\?N@ o5
16 Pd(TFA}(3) dopp(5)  DBU(L2) 48 1a= 340
17 dppp (10) DBU (1.2) trace
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50°
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67°

60°

68°

50

50

47°¢
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41

44°
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21

CHO \E
OTs 3u O E 38
1d
\©:CHO MeO \N
OTs
1e
C
OTs
1f

T
3v O \©
F \N
RO
25°¢
3w O oM

e

MeO
MeO
22
F

L
23 T

CHO CN
24 CEOT @[ oH 50¢¢
1a s 3x
N
CHO N 68 o
25 NH
OTs
1a 3y O

&Conditions:2-formylaryl tosylate (2 mmol), hydrazine derivati{ mmol),
Pd(TFA) (5 mol%), dppp (10 mol%), DBU (1.2 eq), anhydrddgSO, (2
mmol), CHCN (30 ml), CO (1.0 MPa), 146C, 21 h.® Isolated yield.c
Hydrazine hydrochloride derivative (2 mmol), 80 base (2.2 eqy.K,COs
(2.2 eq) ¢ H,NOHIHICI (1 eq). " H;NNHBoc (1 eq).

Hydralazine 4) is an important antihypertensive ag&ft.
Recently, many new pharmacological properties afréiazine
derivatives, such as inhibiting malaria parasitd afasmodium
falciparumt® ~ recovering  ischemic  hepatitf§ and
antituberculou§® are also discovered. Currently, hydralazine and
their derivatives are primarily prepared from plbzan-1(2H)-
one By).”***Several methods to synthesize phthalazin-1(2H)-one
using 2-formylbenzoic aciff, isobenzofuran-1(3H)-ont
phthalazin& or 2-(2-bromoethyl)isoindoline-1,3-dioné as the
raw materials have been reported in the literatutéaving
successfully developed a new route to phthalazt}pone, we
finally turned our attention to the application tbfs method to
synthesis of Hydralazine, which is easily functidred.
Treatment o8y with POC} followed by reacting with hydrazine
hydrate at refluxing temperature and sequentiahcfieg with
15% hydrochloric acid allowed the isolation of hydene in
65% yield Scheme 2).

N
CcHO co SN 1,POCl;, 30min E
_1,POCl3, 30min _
BocNHNH, NH 5 NHoNH,.H,0 el
OTs o reflux, 2h HN.

NH
3y 3, 15% HCl(aq) 4 2

Scheme 2. Synthesis of Hydralazine (antihypertensive agent)

Based on our results and other previously repontetk on
carbonylative cyclizations of2-bromobenzaldehyde or aryl
sulfonate®!®8 a3 possible mechanism for synthesis 3fis
proposed inScheme 3. The condensation of aldehyde with
hydrazine gives the imine intermediate. Then, oxidative
addition of the in situ generated Pspecies withA leads to the
formation of the key aryl palladium compl& which undergoes
the CO insertion into a Pd-C bond to afford the booynplexC.
The intramolecular substitution of OTs ligand by tazinate
would give intermediateD. Finally, the reductive elimination
forms the cycloaminocarbonylation product and regates the
active P4 species for the next catalytic cycle. Consisterthwi
this suggestion, ésco(g) labeling reaction gave the desirable
[**C]-2-Phenylphthalazin-1(2H)-on&4*) in complete selectivity.
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Scheme 3. Proposed mechanism for the formation of substitute

phthalazinones

In summary, we have developed an efficient and tiegsa
method for preparation of phthalazinone derivativesthe Pd-
catalyzed cycloaminocarbonylation &-formylaryl tosylates,
hydrazines and CO. The easy synthesig-fifrmylaryl tosylates
from cheap salicylaldehyde and their low toxicitykas them an
attractive and practical alternative to commonlyediso-
halobenzaldehyde as counterparts in aminocarbdorylat
protocols. Further investigations on the synthapplications of
this method are underway in our lab.

Experimental Section

General procedure for the Pd-catalyzed
cycloaminocarbonylation of 2-formylaryl tosylate, hydrazine
and CO.

2-Formylaryl tosylate (2 mmol), hydrazine (2 mmol),
Pd(TFA) (5 mol%), dppp (10 mol%), DBU (2.4 mmol),
anhydrous MgS®(2 mmol) and CKECN (30 ml) were charged in
a 200 ml-autoclave. The autoclave was flushed u€iGgthree
times. The mixture was pressurized with CO to 1.0 Mirwl

Tetrahedron

Yellow solid; mp 159.9C; '"H NMR (CDCk, 400 MHz): 5
8.48 (d,J = 8.3 Hz, 1H), 8.28 (s, 1H), 7.80-7.90 (m, 2H), 7.d6 (
J=7.6 Hz, 1H), 7.46-7.52 (m, 1H), 6.97-7.04 (m, 2K} NMR
(CDCl;, 100 MHz): 8 162.5 (dd,Jor = 250, 10.7 Hz), 158.9,
157.5 (ddJer = 253, 12.5 Hz), 139.1, 133.8, 132.2, 129.7J,
=10.0 Hz), 129.5, 127.8, 127.0, 126.3, 125.8J)(,= 3.6 Hz),
114.7 (dd,Jer = 22.2, 3.5 Hz) 104.8 (ddcr = 26.2, 23.7 Hz).
HRMS (ESI) Calcd for GHoF,N,O [M+H]": 259.0683; Found:
259.0679.

6-Methyl-2-phenylphthalazin-1(2H)-on&r)

Brown oil; '"H NMR (CDCl;, 400 MHZz):5 8.39 (d,J = 8.1 Hz,
1H), 8.23 (s, 1H), 7.40-7.66 (m, 6H), 7.36-7.42 (m, 1&5%7 (s,
3H). 3¢ NMR (CDCE, 100 MHz):8 159.3, 144.5, 141.8, 138.5,
133.5, 129.6, 128.7, 127.7, 127.1, 126.1, 125.8§.7,221.9.

RMS (ESI) Calcd for GH;aN,O [M+H]™: 237.1028; Found:
37.1033.

2-(4-Methoxyphenyl)-6-methylphthalazin-1(2H)-or@o)

Brown oil; *H NMR (CDCL, 400 MHz):5 8.37 (d,J = 8.2 Hz,
1H), 8.20 (s, 1H), 7.61 (dd} = 8.2, 1.1Hz, 1H), 7.51-7.56 (m,
2H), 7.51 (s, 1H), 6.97-7.00 (m, 2H), 3.84 (s, 3H)62S, 3H).
¥C NMR (CDCL, 100 MHz):5 159.4, 158.8, 144.3, 138.3, 135.0,
133.4, 129.7, 127.1, 126.9, 126.2, 125.8, 113.95,531.8.
HRMS (ESI) Calcd for GHN,O, [M+H]": 267.1134; Found:
267.1146.

2-(4-Fluorophenyl)-6-methylphthalazin-1(2H)-or#p]

White solid; mp 177.0C; 'H NMR (CDCk, 400 MHz): 8
8.38 (d,J = 8.2 Hz, 1H), 8.21 (s, 1H), 7.62-7.66 (m, 3H), 7.53 (
1H), 7.14-7.20 (m, 2H), 2.57 (s, 3H1)3.C NMR (CDCE, 100
MHz): 6 161.6 (d,Jcr = 245 Hz), 159.2, 144.6, 138.5, 137.9,
133.5, 129.6, 127.5 (dg =8.5 Hz), 127.2, 126.2, 125.9, 1155
(d, ‘]CF = 23 HZ), 21.9. HRMS (ES') Calcd f0r1§E|12FN20
[M+H]": 255.0934; Found: 255.0947.

7-(Diethylamino)-2-phenylphthalazin-1(2H)-oneégj

Brown solid; mp 148.7C; 'H NMR (CDCk, 400 MHz): 8
8.09 (s, 1H), 7.64 — 7.68 (m, 2H), 7.55-7.57 (m, ZH}4-7.48
(m, 2H), 7.33-7.38 (m, 1H), 7.12 (dd= 8.9, 2.7 Hz, 1H), 3.51

stirred at 140C for 21 h. Then, the mixture was cooled to room(q J = 7.1 Hz, 4H), 1.24 (t) = 7.1 Hz, 6H).13C NMR (CDCL,

temperature and the excess CO was vented. Solveremased
under reduced pressure and the crude residue wigeguy
column chromatography on silica gel with petroleutmeeethyl
acetate as the eluent to afford the desired product

[**C]-2-Phenylphthalazin-1(2H)-on&&*)

Brown solid; mp 100.8C; '"H NMR (CDClk, 400 MHz): 5
8.48-8.55 (m, 1H), 8.30 (s, 1H), 7.78-7.89 (m, 2Hy57(d,J =
7.7 Hz, 1H), 7.64-7.67 (m, 2H), 7.47-7.52 (m, 2H), 7731 (m,
1H). *C NMR (CDCE, 100 MHz):5 159.2 t°C-enriched), 141.8,
138.5 (d,J = 6.1 Hz), 133.5, 131.9 (d,= 3.4 Hz), 129.5, 128.8,
128.2, 127.8, 127.2, 126.1 (@~ 2.4 Hz), 125.7. HRMS (ESI)
Calcd for G5 °CHy;N,O [M+H]": 224.0905; Found: 224.0898.

2-(3-Fluorophenyl)phthalazin-1(2H)-on8d)

White solid; mp 104.°C; 'H NMR (CDClk, 400 MHz): &
8.49 (d,J = 7.6 Hz, 1H), 8.28 (s, 1H), 7.76-7.93 (m, 2H), 7.d4 (
J=8.1Hz, 1H), 7.41-7.53 (m, 3H), 7.08 (&= 8.3, 2.4 Hz, 1H).
*C NMR (CDCL, 100 MHz):8 162.4 (d Jcr = 244 Hz), 159.0,
143.0 (d,Jcr = 9.9 Hz), 138.7, 133.6, 132.1, 129.7 J&; = 8.8
Hz), 129.3, 128.3, 127.2, 126.2, 121.1J¢,= 2.9 Hz), 114.5 (d,
Jer = 20.0 Hz), 113.2 (d]cr = 24.7 Hz). HRMS (ESI) Calcd for
C1H10FN,O [M+H]": 241.0777; Found: 241.0775.

2-(2,4-Difluorophenyl)phthalazin-1(2H)-on&d)

100 MHz): 8 159.6, 150.4, 142.5, 138.5, 130.3, 128.6, 128.0,
127.3, 125.9, 118.6, 117.6, 105.6, 44.7, 12.4. HRES) Calcd
for CigH,oN3O [M+H]™: 294.1606; Found: 294.1628.

7-(Diethylamino)-2-(4-methoxyphenyl)phthalazin-1(2H)eo
@n)

Brown oil; "H NMR (CDCk, 400 MHz):8 8.07 (s, 1H), 7.56
(d, J = 8.9 Hz, 4H), 7.11 (dd] = 8.8, 2.6 Hz, 1H), 6.96-7.00 (m,
2H), 3.85 (s, 3H), 3.51 (g} = 7.1 Hz, 4H), 1.24 (t) = 7.1 Hz,
6H). ®C NMR (CDC}, 100 MHz):5 159.7, 158.5, 150.2, 138.4,
135.6, 130.2, 128.0, 127.0, 118.6, 117.5, 113.8,41(5.5, 44.7,
12.3. HRMS (ESI) Calcd for GH,N;O, [M+H]": 324.1712;
Found: 324.1724.

7-(Diethylamino)-2-(4-fluorophenyl)phthalazin-1(2H)-®r3s)

Brown oil; *H NMR (CDCk, 400 MHz):8 8.06 (s, 1H), 7.62-
7.66 (m, 2H), 7.53-7.56 (m, 2H), 7.10-7.16 (m, 3H503(q,J =
7.1 Hz, 4H), 1.23 (tJ = 7.1 Hz, 6H).”*C NMR (CDCk, 100
MHz): § 161.4 (d,Jor = 245 Hz), 159.6, 150.4, 138.6, 138.4 (d,
Jor = 2.8 Hz), 130.1, 128.0, 127.6 (4 = 8.5 Hz), 118.4, 117.6,
115.3 (dJer = 23 Hz), 105.4, 44.6, 12.2. HRMS (ESI) Calcd for
C1sH1oFN5O [M+H]": 312.1512; Found: 312.1519.

2-(4-Fluorophenyl)-7-methoxyphthalazin-1(2H)-or8a1)

Yellow solid; mp 167.9C; '"H NMR (CDCk, 400 MHz): 5
8.21 (s, 1H), 7.86 (s, 1H), 7.62-7.69 (m, 3H), 7.48, (b= 8.2,



2.0 Hz, 1H), 7.15-7.24 (m, 2H), 3.98 (s, 3LC NMR (CDCE,
100 MHz):5 162.7, 161.6 (dJer = 245 Hz), 159.1, 138.2, 130.4,
128.1, 127.5 (dJer =8.7 Hz), 123.7, 123.5, 122.9, 115.5 4¢; =
22.7 Hz), 107.2, 56.0. HRMS (ESI) Calcd forsgi,FN,O,
[M+H] *: 271.0883; Found: 271.0895.

6-Fluoro-2-(4-methoxyphenyl)phthalazin-1(2H)-or8svj

Gray solid; mp 189.1C; *H NMR (CDCl, 400 MHz):5 8.50-
8.54 (m, 1H), 8.22 (s, 1H), 7.47-7.55 (m, 3H), 7.38, (i= 8.1,
2.4 Hz, 1H), 6.96-7.02 (m, 2H), 3.86 (s, 3HC NMR (CDCk,
100 MHz):5 165.5 (d,Jer = 254 Hz), 159.0, 158.6, 137.2, 134.6,
134.4, 131.6 (dJer = 9.4 Hz), 130.7 (dJer = 9.6 Hz), 126.9,
120.5 (d,Jer = 23.3 Hz), 114.0, 111.2 (der = 21.9 Hz), 55.5.
HRMS (ESI) Calcd for GH1,FN,O, [M+H]*: 271.0883; Found:
271.0887.

Hydralazine hydrochloridetf

Pale yellow solid; mp 277.%C (Lit.* 272-274°C); *H NMR
(D,0, 400 MHz):5 8.61 (s, 1H), 8.01-8.09 (m, 2H), 7.94-8.01 (m,
2H). °C NMR (D,0, 100 MHz): 152.4, 144.9, 136.6, 134.7,
128.9, 127.6, 123.5, 118.6. HRMS (ESI) Calcd fgHgI, [M-
ClI]*: 161.0827; Found: 161.0822.

Acknowledgements

We thank the National Natural Science Foundation luh&;
973 program (2015CB856600) and the Research Fundhé&
Doctoral Program of Higher Education of China
(2013007113009) for financial support.

Refer ences

1. (a) La Force, Expert Rev. Clin. Imm2005, 1, 191-201; (b)
Bernstein, J. ACurr. Med. Res. OpirR007, 23, 2441-2452.

2. (a) Martin, N. M. B.; Smith, G. C. M.; WhitC. R.; Newton, R.
F.; Douglas, D. G.; Eversley, P. J.; Vile, J. WOatdnt
2002036576, 2002; Chem. Abstr. 2002, 136: 355242; (b)
Cockcroft, X.; Dillon, K. J.; Dixon, L.; Drzewieckil.; Kerrigan,
F.; Loh Jr, V. M.; Martin, N. M. B.; Menear, K. ASmith, G. C.
M. Bioorg. Med. Chem. LetR006, 16, 1040-1044; (c) Rewatkar,
P. V,; Kokil, G. R.; Raut, M. KMed. Chem. Reg011, 20, 877-
886.

3. (a) Bamette, M. S.; Bartus, J. O.; Burmam, Ghristensen, S. B.;
Cieslinski, L. B.; Esser, K. M.; Prabhakar, U. Rush, J. A;
Torphy, T. J.Biochem. Pharmacofl996, 51, 949-956; (b) Mey,
M. V. D.; Hatzelman, A.; Laan, I. J. V. D.; Stei®, J.; Thibaut,
U.; Timmerman, H.J. Med. Chem2001, 44, 2511-2522; (c)
Lipworth, B. J.Lancet2005, 365, 167-175.

4.  (a) Yoshida, S.; Hay, A. Slacromoleculed995, 28, 2579-2581;
(b) Cheng, L.; Jian, X. GJ. Appl. Polym. Sci2004, 92, 1516-
1520; (c) Gao, Y.; Robertson, G. P.; Guiver, M. Dian, X,
Mikhailenko, S. D.; Kaliaguine, SSolid State lonic005, 176,
409-415; (d) Wang, J.; Gao, Y.; Hlil, A. R.; Hay,. /.
Macromolecule®008, 41, 298-300.

5. (a) Morgan, D. O.; Ollis, W. D.; Stanfort§, P.Tetrahedron
2000, 56, 5523-5534; (b) Kuznetsov, V. A.; Shubin, K. M,
Petrov, M. L.Russian J. Org. Chen2004, 40, 1702-1704; (c)
Kuznetsov, V. A.; Shubin, K. M.; Schipalkin, A. APetrov, M. L.
Tetrahedron2006, 62, 10018-10030; (d) Moustafa, A. H.; EI-
Sayed, H. A.,; Abd El-Hady, R. A.; Haikal, A. Z.;-Hashash, M.
J. Heterocyclic Chen2016, 53, 789-799.

6. (a) Schoenberg, A.; Bartolet, I.; Heck, RJFOrg. Chem1974,
39, 3318-3326; (b) Schoenberg, A.; Heck, R. F.Org. Chem.
1974, 39, 3327-3331; (c) Schoenberg, A.; Heck, R.JF.Am.
Chem. Socl974, 96, 7761-7764. (d) Dieck, H. A.; Laine, R. M;
Heck, R. FJ. Org. Chem1975, 40, 2819-2822.

7. (a) Barnard, C. F. @rganmetallics 2008, 27, 5402-5422; (b)
Wu, X. -F.; Neumann, H.; Beller, MChem. Soc. Re2011, 40,
4986-5009; (c) Gadge, S. T.; Bhanage, B.R&C Adv2014, 4,
10367-10389; (d) Wang, Q.; Su, Y.; Li, L.; Huang,Ghem. Soc.
Rev.2016, 45, 1257-1272; (e) Gadge, S. T.; Gautam, P.; Bhanage,
B. M. Chem. Rec2016, 16, 835-856.

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

5

(a) Wu, X. -F.; Neumann, H.; Neumann, Sll&, M. Chem.
Eur. J.2012, 18, 8596-8599; (b) Rao, K. P.; Basak, A. K.; Deb, P.
K.; Sharma, S.; Reddy, L. Kletrahedron Lett2013, 54, 3694-
3696; (c) Suresh, A. S.; Baburajan, P.; Ahmed,Tdtrahedron
Lett. 2014, 55, 3482-3485.

Wang, H.; Cai, J.; Huang, H.; Deng, G.G3dg. Lett.2014, 16,
5324-5327.

(a) Munday, R. H.; Martinelli, J. R.; BuchdaS. L.J. Am. Chem.
Soc.2008, 130, 2754-2755; (b) Li, B.-J.; Yu, D.-G.; Sun, C.-L,;
Shi, Z.-J.Chem. Eur. J2011, 17, 1728-1759; (c) Reeves, D. C.;
Rodriguez, S.; Lee, H.; Haddad, N.; Krishnamurthy,;
Senanayake, C. HDrg. Lett.2011, 13, 2495-2497; (d) Ueda, T.;
Konishi, H.; Manabe, KTetrahedron Lett2012, 53, 5171-5175;
(e) Chung, S.; Sach, N.; Choi, C.; Yang, X.; DrqZ8aE.; Singer,
R. A.; Wright, S. W.Org. Lett.2015, 17, 2848-2851; (f) Fu, W.
C.; So, C. M,; Yuen, O. Y.; Lee, I. T. C.; Kwong, ¥. Org. Lett.
2016, 18, 1872-1875.

Liu, B.; Wang, Y.; Liao, B.; Zhang, C.; ZhoX. Tetrahedron
Lett. 2015, 56, 5776-5780.

(a) Nguyen, H. N.; Huang, X.; Buchwald, SJLAm. Chem. Soc.
2003, 125, 11818-11819; (b) Kozhushkov, S. I.; PotukuchiKH.
Ackermann, L.Catal. Sci. TechnoR013, 3, 562-571; (c) Zhang,
Y.; Lavigne, G.; Cesar, \. Org. Chem2015, 80, 7666-7673.

(a) Nelson, D. J. U.S. Patent 2005013728D5; Chem. Abstr.
2005, 143, 78195; (b) Gowtham, S.; C. P. Babu R.; Chiatkavi,
D. M.; Ameya, S.; Trang T. T. C.; Sebastian, A.;aHg, X.; Julian,
E. F.; Andreas, B.; Kanchugarakoppal, S. R.; Raj€shBasappa,
Bioorg. Med. Chem. LetR016, 26, 3300-3306; (c) Ahmed MD,
A.; Luis MD, Q.; Noella MD, B.Am. J. Ther2016, 23, 1094-
1095; (d) Veau, D.; Krykun, S.; Mori, G.; Orena, 8; Pasca, M.
R.; Frongia, C.; Lobjois, V.; Chassaing, S.; Lhériee; Baltas, M.
Chemmedcher2016, 11, 1078-1089.

Zhao, B. -H.; Lin, J. -MChin. J. Org. Chen2011, 31, 1914-1916.
(a) Outerbridge, V. M.; Landge, S. M.; Tamaki, Torok, B.
Synthesig009, 11, 1801-1806; (b) Shi, L.; Hu, L.; Wang, J.; Cao,
X.; Gu, H.Org. Lett.2012, 14, 1876-1879; (c) Wang, Y.; Yang, Z.
-Y.; Wang, Q.; Cai, Q. -K.; Yu, K. -Bl. Organomet. Cher2005,
690, 4557-4563.

(a) Stephan, l.; Tshisuaka, B.; Fetzner, $géns, F.Eur. J.
Biochem 1996, 236 155-162; (b) Sutherland, J. B.; Freeman, J. P.;
Williams, A. J.Appl. Microbiol. Biotechnol1998, 49, 445-449.
Wharton, C. J.; Wrigglesworth, R.Chem. Soc., Perkin Trans.1
1985, 4, 809-813.

Odell, L. R.; Savmarker, J.; Larhed, Metrahedron Lett2008,
49, 6115-6118.



