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Development of Novel Nickel- and Palladium-catalyzed Cycloaddition
Reactions which Proceed with High Atom Economy
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In this review we report our development and applications of the highly selective cycloaddition reactions of unsatu-
rated hydrocarbons such as conjugated enynes, electron-deficient allenes, and electron-deficient methylenecyclopro-
panes in the presence of nickel and palladium catalysts. Homocoupling reactions as well as co-cyclization reactions pro-
ceed with high atom economy, which is an attractive feature of these reactions. The efficient synthesis of 4-7 membered

carbocycles was achieved.
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Table 1. Palladium-Catalyzed homo-Benzannulation of 2-
Substituted Enynes
R 2 mol% R
Pd(PPhs)4
2 A _—
4 toluene
1 60°C,1h 2
R
Entry Enyne R Yield of 2 (%)

1 1a n-C6H13 77
2 1b? CH; 70
3 1c (CH;),CH (OH) (CHy), 81
4 1d CH;CO (CHy), 82

a) Compound 1b (2 mmol) reacted in the presence of 1mol% Pd
catalyst.
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R = -(CHy)p- n = 7-14
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S

R
high dilution

up to 71%

Chart 3.
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Table 2. Palladium-Catalyzed #omo-Benzannulation of Electron-Deficient Enynes
R3
3 2 mol% 1 2
R Pd(PPhy), M R(R%
2 A/Rz - -
=
R1 toluene
3 R
R
3 R2 4
Temp Time Yield of
1 2 3
Entry Enyne R R R CC) (h) 4 (%)
1 3a COOEt H H rt 2 88
2 3b H COOEt H 80 2 43
3 3c CONMe, H H 45 4 62
4 3d COOEt H n-C¢Hy; 80 2 73
5 3e H COOEt n-C¢Hy; 80 3 38
6 3f CN H n-CsHy; 80 1.5 84
7 3g H CN n-CsHy, 80 5 53
-Cetliz n-CgHis n-CgHyz
_ 2 mol%
Z Pd(PPhs), //\,
+ AN ! —_—
toluene oz
° Z
Z 30°C [i// '\ COOEt
] COOEt 75%
COOEt
(1.5 equiv, slow addition)
Chart 4.
O
Ph4,\ cat. PA(O) //él o
0" 0
= x 90%
Chart 5.
A
//
o o cat Pd(©) RNCI(PPhs)s
= TnBu 81% 2. (CHg)oS 78%
[ n-Bu 96%
Chart 6.
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separation of the catalyst
in the fluorous phase
+

isolation of 10 in heptane

recovery of mixing and initiating
the catalyst the reaction
(coaling) (heating at 65 °C)

1 mol% szdba3'CHC|3

4 mol% <”-CaF13‘®>‘P
3
2 27N

COOn-CgH,; heptane - hexafluoropropene trimer
(fluorous biphasic system)

Coon'CsH17
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9
71-81% (up to 6 cycles)
Chart 7.
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Reproduced with permission from
Organometallics 2000, 19, 3740-3743.
Copyright 2000 Am. Chem. Soc.
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2 mol%

n- C6F13 n- C6F13

"C6F13 30% n-CgFg 33%

Chart 13.

® Iﬁl

- 51

Chart 14.

n-Cef'1a Pd(PPhs),

Z

Z toluene, rt, 5.5 h

21a
cat. Ni
2 ONF
5 mol% n-CgF13
n-CgF13 Ni(PPhg),
pZ
Z toluene, rt, 20 min
21a n-CeFiz  22a 89%
(23a...not isolated)
Chart 15.

Tﬁm#Lﬁbt/ﬁﬂmé%ﬂWEE,%%mb
EIRIZTHESND Z EMNpMho7- (entries 1, 3
and 4). F7z, D7) AOT A2 21d 513 22d
M2T% DWHETIHESND Z ENnh o7z (entry
5). TO—F, 2lef DXOBBEBTRZEOLT A
y%%ﬂ&bfﬁbt&% ES SN RN /A n 4
B EERENY), EIRMIZES &Lif%f&fﬁﬁﬁ_
97805, Ni(PPhy), 2fillt & L THWEHEIZ
&mim%ﬁ@%m@ Wmeizn, itpummu
ERWEGEEITE 23e (HDHWNIZ23) DXLDRANX
/'E‘/E?’?ﬁﬁ‘ﬁ‘Iiﬁﬁ%& L CTfF 547 (entries 6
—9). E 7 ObEMNERT B D IIXE TSI
EOGENMBAETH O, Z w7 )V EE Fich
52-7IVFINLT A IZBNTIE 2 BIER A
REITHETET, Haxat ) I —DREMDER
TLHZENSMo = (entry 10). 51w A )L
fRIEEE FICBIT 2 - X=7 )4 a7 IV F VT >
1>, kU 1- “/7/1‘/{ CDRIZIT DN T H g
WNEIToREN, ZOEAIE I BILKE (TIVF
@3%%&5)#%%% THEFTL, NEUHER
NEond I ENHBIL 2 (Chart 16) .2

BT 7Ok 22 WERT O KISHEBEICDNWT
HEMIL /= (Chart 17). —w /A /53 70XRI DT
ETIINF DD 3 BMIRITBNTH A AEE
INTVUDHBEKRTHD, ARIBIZBNTHET
26 (HBEWIE2T) DX T ITAIIVNAE
RT52bDEEZEND. —BRMITIEZDOLS Iad
MARICH LTSS 1 pTORENKIET S
M, REIRIZBNWTIE Z oF KNS =y 7L (0)
MBICHCHEEL, > 074 DT 8k 28 ik
R AH5bDEEZLND. BTN EESI NS
FERELTE, EBEFRZE V0TS &2y
)V (0) FE & DRI 7 M EAERIC L D B IRRE
MEEAT DI ENET NS, S SITEES
MiEfT 952 &2k, tyﬁmﬁSzzﬁ\iEE@“é
HbDEEZLGND. 1I-)N=7 )V A7 I)VFI T
A DORIBIZHENTE, T2y ro7oN
SH DI UINEDZ )L (0) BEAKR D& ST B
IS DHEFTIEL, 26 (HDHWNIE2T) DX DR
RICH U TSI BT 1 > O AT
DTN L FGERNERT DD EELENS.

4. Z T IMEFETICHTI2EFRZERE
7LD 2EERE

HEET A D DORISITB N TR S BRI RN
BHEINZZ M6, bhbiud BB SR E
FETFITBNT, ORI RIEKEDRINIBNT
HREMDEHRERDPER S ND O TIEZRW) 2)
EEZ, TohkiMEeEDLIEEL T

IV EE RICBIT 57 L > ORIRIZDWN
Tl Pasto 5K D FEMICHFT 1T 5 (Chart
18) 2930 Y )L FIL T L > DRINZBNWTIT—RIZH



No. 10 777

Table 3. Palladium and Nickel-Catalyzed Cyclodimerization of Electron Deﬁcient Enynes
R2 10 mol% " R?
R Ni(0) or Pd(0) R
P
R4 7 R! toluene, rt R4
21a, 3a R?
22af 23a-f
Time Yield of Yield of
1 2 4 a)
Entry Enyne R R R Catalyst (h) 22 (%) 23 (%)

1 21a H n-CgFi3 H Ni (PPh;) 42 0.33 88 0

2 21a H n-CgFi3 H Pd (PPh;), 5.5 33 30

3 21b H PhCF, H Ni (PPh;) 4 0.33 55 0

4 21c H n-CsH,,CF, H Ni (PPh;) 4 0.839 52 0

5 21d F n-CoHyo H Ni (PPh;) 4 20 27 0

6 21e H CN n-C6H13 Ni (PPh3) 4 —d —a —a&

7 21e H CN n-CgHi; Pd (PPh;) ¢ 16 29 39

8 21f H COOMe n-CgHi3 Ni (PPh;) 4 —d —d —d

9 21f H COOMe n-C¢Hy; Pd (PPhj) 2 50 0 68
10 3b H I’l-C6Hl3 H Ni (PPh3) 4 —d) —d —d

a) Ni(PPhs), was prepared in situ by the reaction of Ni(cod), and PPh;. b) The reaction was carried out in the presence of 5 mol% of the catalyst. ¢) A solu-
tion of 21¢ was added dropwise to a solution of the catalyst for 30 min and stirred for 20 min at 0°C. d) A complex mixture was formed immediately. e) The reac-
tion was carried out in the presence of 2 mol% of the catalyst. f) The reaction was carried out at 30°C.

R1
R2 10 mol% Ni(cad), R? .
3 R! 40 mol% PPhy R
z e R
toluene, rt
025-35h
24
RZ
24a: R1 = n- C6F13 R2 = n'CeH13 R1 25

24b: R' = CN, R? = n-CgHq4

25a: R' = n- C6F13 RZ2= p- CGH13 (88%)

25b: R'=CN, R%2 = n-CgHq1 (79%)
Chart 16.
Rf Rf
2 /\
Z
[\ll
X
Rf Rf
/T
22 or l\\ll
R¢ \,
\ 27

Ry Rt

R¢= perfluoroalkyl group

R¢

Chart 17.
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10 mol% Ni( PPh3 3
—=""

+ oligomers

Chart 18.
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SITETTHIBEENETTT 2 H D EEZ 55 (path

Table 4. Nickel-Catalyzed [2+2] Cycloaddition of Electron-
Deficient Allenes

10 mol% Ni(cod), ~ =WVC
40 mol% PPh
:.:/EWG °
tol , temp.
29 oluene, temp 30
EWG
Temp Time Yield of
Entry Allene EWG ¢C) ) 30 (%)
1 29a n-C¢F 3 rt 0.5 79
29b C¢F's rt 0.5 81
3 29¢ COOEt —10——15 0.5 71
49  29d CON (Me)Ph 0 3 66
5 29e COEt —10——15 3» 34
29f COPh —10——15 1.5 36
7 29g SO,Ph rt 1.5 36

a) The reaction was carried out in the presence of Ni(cod), (10 mol%)
and PPh; (20 mol%) . b) A solution of allene was slowly added to a solu-
tion of the Ni catalyst.

PPh,
Ni(cod)s , [ (DPPE)

PPh, [ :i

(X-ray)

32
Chart 19.
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T35, 34)

5. —w /U lMEEETICETSTFIL>707
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F n-CsF11
100 mol% Ni(cod),
Fodh
n-CeF 13 100 mol% ligand
—
toluene, -10 --15 °C
29 30 min 33
F n-C5F11
ligand yield (%)
DPPP 38
2,2"-dipyridy! 35
Fl ) nceF o,
= 2)
Ni
- Ni{ligand)F
N ) 24 (ligand)F
L F F n-C5F12 |
or
— F —
)”'CsFm
Ni
) 35
F'g)CsFz
Chart 20.
EWG
“(PPh3)2Ni(0)"
30 PhgP 29
EWG 30
WG = PhsP PhaP.
EWG Ni---
PhsP M
EWG
EWG l
EWG . EWG «
' EWG X,
/ ! PhSP\Ni/ \XEWG
PhsP—Ni 38 PhaP | . Ph.P"  ~—EWG
Ni 3 =
EWG Ph3P 37
EWG
th b PhsP path a 29 T
a -
P s PhyP.
Ni
PhsP
36 EWG

Chart 21.
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L, Ni(cod),-PPh; O FIZHIT 5 KISITDNT
Wit Z2iTo/2E 25, 40—43 O XD R 2 &1
MAERKRT 2 Z E&2HS5 ML 7 (Table 5) 42 £7z,
L&Y 39 ORIGHIIMOAFL > 7o 7o)X
K0bEWI EERLE BIAK, TIVFEILVENE
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TolGB T EIEMRIEEY % 5 X /= (Chart
23) 4243 KR D HEE S 2 Chart 24 1IT/R U
o, TV E 39 D RT B EITKD,
46 DEOIBRZ I ORI E INERT 5.
Iz a7ae )l AFIV—T 7 Z)VERADD Vit
19252 &LICkD, 6BRZv T IH A7) 4170

39 DIRF—IRFE o FETITHR L Ty 7 IVEEADEE
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(pathb). T SITEICHIBEENETT 5 LITX
D, BREERMTHS 5 BERILAY 40 CLUI 41)
MERTSHEEZOGNS. £z, BHICX>TIES
51T 47 QEAL RN ETT U 72 D B IR TuRI B DY
A, 42 (XX 43) NAERT S EED H 5
(path ¢). EBTRZEDOAFL > 707 O)N>T
H239ORIERTINFUF 2 ra7a)Nrix
EXUEWEEBELTIE, 39 DEAMAENTILF
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Zorl, HEZVIINT DT LAMBEOEE FICH
FARAFL > oaTaN ETIVEY, TV

AT E2bDEEAZEND (patha), H DN, ED Xy 7Y T RNNEE < DEINH ST
cat. Ni(0) n-CoHyg Npia(;:d%:q::;l% |
3 o a complex mixture
2 — ] X + - . fdi
A £ toluene 1.0 M of dimers
44 50 °C
Chart 22. Chart 23.

Table 5. Nickel-Catalyzed Cyclodimerization of Ethyl Cyclopropylideneacetate 39

10 mol% Ni(cod),

COOE 20 mol% ligand
2
toluene 1.0 M
rt
39
EtOOC COOEt COOEt
EtOOC + +
EtOOC
COOEt
COOEt COOEt
40 41 42 43
Yield (%)
Entry Ligand Time (h)
40 41 42 43
1 PPh, 2 52 28 — —
2 PPh, 19 0 74 — —
30 P (o0-tol) 5 0.25 8 32 20 9
4 — 42 2 6 21 2

a) The reaction was carried out at 80 °C. b) Yields determined by NMR.
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E

R

40 (41)
pathc

E
E
Ni E
E Ni
Ni
E | 48
E 47
D
E
53

l

E

42 (43)

Ni(0)

39

(E = COOE)

Chart 24.

+ —_——

n-CgHqy cat. Ni(cod),
£ COOEt ™ ppp,

=
EtOOC 120 °C

n-CgHy4

£ + MeOOC—==—S5iMe;

(5.0 equiv)

%)

n-CgHy4

L Cst 1\&

ew0oc’  “cooet E0oc’!  “COOE

87% (57 : 43)

n-CsHyy

Ni(cod), 2 mol%
PR3 2 mol%

80 °C

+ isomers

MeOOC  'SiMes 25%

Chart 25.

W5, —INiE [3+2] BRAEFIMEISOET L,
raRyy Y (raxyTy) BEANESN
L ENAHNTWND (Chart 25) 394D #5513
9 0EWKIE, o= EIcERL, 7
WroReT7IVFoE390raxhy 72T K
JMIZDOWTHRE L2, = v IVt O F1E T 39
ETIT D EDRIBITDOWTHRELZEZ A, [3+
2] BIOBRALAT MBS S IRIZ THEIT T 5 2 &

oz (Chart 26) .92 L LS, 39 &7))
FUOLEORRIIDWTHFLEEZA, TPt
[3+2+42] BOBRLATMRIEA &I THEITT S
ZEMGM TP ALEY 39 EHkARTIRTIVF &
DRI DWTHRE L7z #E 5 % Table 6 IZ/R9.
Sl WEBE R DR Y )V F > 2EEE L TH
WEBRITm WINER, JERMEICT 7 BRIEEY 50 0
HwoNlM, I-F 2 FOREOKmWTIVF > EH
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i g COOEt
COOEt Ni(cod), 10 mol%
2{ COOMe  pph, 20 mol%
+ —
MeOOC toluene 1.0 M [
100 °C, 26 h MeOOC TOOMe
39 (5.0 equiv) 71%
Chart 26.

Table 6. Nickel-Catalyzed [3+2+2] Cocyclization of Ethyl Cyclopropylideneacetate 39
with Alkynes
COOEt Ni(cod); (10 mol%) COOE
PPh; (20 mol%)
+ 2 R\-——R?
toluene, rt R2 R!
dropwise addition
39 (1 mmol) 49 (5 mmol) of 39 and 49 Rl Rz 50
Entry Alkyne R! R! Yield of 50 (%)
1 49a (CHs;) 5Si H 70
2 49b (CH;3)sC H 89
3 49¢ Ph H 74
4 49d 4-MeOC¢H, H 72
5 49¢ 4-FC6H4 H 59
6 49f HO (CH;),C H 56
79 49g n-C6H13 H -
8 49h n-C;H; n-C;H; 31

a) An inseparable mixture of cycloheptadiene derivatives, together with benzene derivatives, was isolated.
b) To a mixture of Ni catalyst and 49h in toluene was added dropwise a solution of 1 in toluene for 5 h.

COMe Ni(cod), (10 mol%) ~ COMe
PPhs (20 mol%)
+ 2 Ph——=
toluene, rt Ph
51 (1 mmol) 49c¢ (5 mmol)
Ph 52 (65%)
COMe
Ph
isomerization

Ph

53
Chart 27.

WA I REROREAMNE SN Z ENnh
S, AEEMSI O D b EAWESEAEICD
7T BRI IDETT S0, ZOHEEITE520
Eo5hkyrunyy N onES5NTz (Chart
27) (LG 52 IR PICAER L 72 53 Y Bk L
HZERCEVDERLEDBDEEZEZ NS,

AR D SO O NI R T H 243, BllkFa

TIESMOEOBZyr o7 7aXRIPITUNK
IR E L TAERL TS HDEEZTNDS
(Chart 28) (A& 517X ITETIVFE
D 3 mLKIGZEIED & T 2k & IR B W THEE
INTVWHLHEAETHS). D BEIXIZIDOXID 2
FRICHLTHED 1 3 FOTIF NN L, ik
MNCERR B DERT 57, ZORINTED 5
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COOEt
COOEt

o)
N

Ni(0) ~\<§ a0

Chart 28.

FINSTEMWEIR Y IV F > 2Nz & EITi3 s s
N, S4ICRHTHEAFL 07N 39 DN
ISR IRMICHETT2HDEEZ NS, I5HIC
RARINICED 8 BRI H A4 7V 55 D4
AR, v VSRR DR Te i R R 2 % C k& AR Bk
MTH?TEBILEYMSONERT DO EHEHL
TW3, BfFEARGZENA T BRILEYDE KA
EINHALDDH S,

7. fER

ODNOIUIINT DT L, k= 7 )Vl O F1E
TCHEITT DH, »DOEEIRA I RER R ALK 35
DRz BN U 2. AR ZED 2 & > 0T I3E
RENWHINZBDTHo N, REE>HEE
115 T & TR ERALKFE D RIS BT 2 EFRIZ)

HoOEEEZHASNCTT S EFEEC, DR WE
FMISZERRET LB LE. 25 LEHRG

WS EICXD, INETHERREETDH > 7=
ABALEYEE TR, DOMRLISERTEZLHD
EEZEZ TNV,

B AMERTOCHLVTIRE, iR
o FLIlAZER A GRILRZ), B MR
@%i(QMEﬂ%ﬂﬁ% HWRERE Sl (B
ETERT, AR ICE<SE#HWEZLUET. Ei,
%iff%a%%@ibt%%#*%i(%ﬁk%
HEEHE, Bl LI CHESEH WAL X
7. AWK ZEDDICHZ0EHL TWEENWES
SDHAEDH 2, TMFHEWZIZWi L FMIEE
DFH A&, MIEOHLZIIHLUEL TEHNWZLE

9. Eiz, GBREA, HARZNRES, SRR
K%, HAGEHREUH, BANAF A5 X b
U—1a, %ﬁﬂ%&ﬁ%l = FR S SR 5
&, RERYER, SHEEHSRERERTE S O
N J@Li b’CEXa%TEF' L EFEd.
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