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We have developed palladium (0) /monophosphine-catalyzed trans-selective arylative, alkenylative, alkylative, and
alkynylative cyclization reactions of alkyne-aldehydes and -ketones with organoboron reagents. These reactions afford
six-membered allylic alcohols with endo tri- or tetra-substituted olefin groups and/or five-membered counterparts with
exo olefin groups. The ratios of these products are dramatically affected by alkyne substituents as well as the phosphine
ligand. The remarkable trans selectivity of the process results from the novel reaction mechanism involving ‘anti-Wack-
er’-type oxidative addition. Although the cyclization reactions are influenced by the length of the tether between the
alkyne and carbonyl group, they can be applied to a multi-component synthesis of biologically important indenes bear-
ing three substituent groups at 1, 2, 3-positions from available o-ethynylbenzaldehyde derivatives. A two-component
coupling reaction in methanol provides 1H-indenols, while a three-component reaction involving secondary aliphatic
amines as the third component in DMF affords 1H-indenamines. This method allows combinatorial preparation of un-
symmetrically substituted 1H-indenes that cannot be prepared via previous synthetic routes. The same catalytic system
can also transform allene-carbonyl compounds into 3-cyclohexenols and -cyclopentenols with alkyl, aryl, alkenyl,
alkynyl, and boryl groups at C-3. Microwave irradiation efficiently increases not only the reaction rate but also the
product yield by suppressing formation of hydroarylation byproducts. Cyclization of optically active 1,3-disubstituted
allene-aldehyde reveals that the reaction proceeds through not carbopalladation but ‘anti-Wacker’-type oxidative addi-
tion.

Key words——palladium (0) ; organoboron reagents; trans-selective alkylative cyclization; alkyne-aldehyde; allene-alde-
hyde; ‘anti-Wacker’-type oxidative addition
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N OH ——— 4
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M=y IV EFH L=, 7IVF>, 7IVFER
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_0

cat. Pd?

Scheme 1. Direct Cross-coupling Reaction between Allylic Alcohols and Organoboronic Acids & Three-component Coupling Reac-

tion between Alkynes, Aldehydes, and Organoboronic Acids
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Scheme 2. Cis-selective Ni%-catalyzed Alkylative Cyclization of Alkyne-aldehyde 1 with Organometallics 2



No. 9

1261

W, REMICZ LWy & )L il B O Bt $ A 38
ICROBEAWFIEICRDZBDEEZ. £2, N
T D0 L& Z oy )V i & T, VIRV E
EOMEERNERS ZENTHEINZED, O
VEARERMEOERICOERERDS, RGHIEICET
THZEELE BEOEZTDOH, HHICkoTH
W T OB TFERA L LMo 2 AfilE s
RO HS OMAGDEICES, WAoo TF—
va hke ERLTIVF-TILTER1IDY
AMDILF > FARRVMLEAKIE (Scheme
T MEEIN, HHELZLRENRHS. Ll
M5, HNHIUT 0 li/NT 2D Al Z F W55
1%, (ECROEBBSEMIETCIIRZTILDOTER
Mol b T D ABRENFEL, YUILTI)Ia—)
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WEEEIZIRE RO7 U —)LODEIRIE & U Tt
119%. SEERELS, BTHGEEKROET R

R‘l

R2
R2-B(OH), 5 /—%}_

X Rh!

cat. Rh! L\
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HRZ2ETLZ7Y—)LbRO g AFOo7 U —)LR
O g, 7IVrZ)bRo s @geRER &L TR
L, @IETHET S 6 ARy VI TYI)IVa—)zh
ATz, BKFEEELENITZIFIVETHREHN
TBRITIE, BKEREEZEDS CEBR<LEDTIVF
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NEHHEN, T—TINEBECAFL VikFETF—

Table 1. Pd(PPh;) ,catalyzed Arylative, Alkylative, and
Alkynylative Cyclizations of 1a
R

S Nucleophile i\
TsN — > TsN

\_\ 2 mol % Pd(PPhj)4
P MeOH, 65 °C OH

7aA: R =Ph
7aB: R = Et
7aC: R =CCPh

1a

Entry  Nucleophile  Product Time(h) Yield(%)

19 PhB (OH), 7aA 6 92
20 Et;B 7aB 9 100
3¢9 PhCCH-Cul 7aC 6 92

a) Reaction with 1.5 equiv. of nucleophile. b)) Reaction with 2.0 equiv. of
nucleophile. ¢) Reaction with 8 mol% of Cul.

cis addition

Scheme 3. Cis-selective Rh!-catalyzed Arylative Cyclization of 1 with Arylboronic Acid 5

R2 R?
5 N ZR!
1 —_— X R' and/or X trans addition !
(o]
OH

cat. Pd%-PR;

7

H

Scheme 4. Trans-selective Pd%-catalyzed Alkylative Cyclization of 1 with 5
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Table 2. Pd°PCy;-catalyzed Arylative Cyclizations of 1a—d

R2 Rz
/——=—R! 1.5 equiv s N 2RI
TsN TsN R' + TsN

\_\ 2 mol % Pdydbas

\ 16 mol % P(c-Hex); OH OH

1 MeOH, 80 °C 7 8

Entry 1 R! Time (h) Yield (%) 7 : 89

19 1b Me 2 90 61 : 39
20 1c Bu 8 66 83 :17
30 1d  p-Me-C4H, 1 97 93:7
40 1a H 0.2 78 32 : 68

a) The ratio is based on isolated yields. ») PhB(OH), is the nucleophile. ¢) p-

MeO-C¢H,B (OH), is the nucleophile.

RZ

a
I
MeOH

OH
10

R’ R2
T O
()=
2 equiv R3,NH
DMF NR,
9 1

R"= Aryl, Alkenyl, and Alkynyl

@ 1.5 equiv 5, 5 mol % Pd%-PCy,, 80 °C

Scheme 5. Pd%PCy;-catalyzed Alkylative Cyclizations of 4-Alkynal 9
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WS ZEAERKRT S (Scheme 7, path A). 7 ILF 2K
WD T IVFINEDEAIX, TIVF D EOEBTEE
Zm LEE 5 ERRHC, BRICOBROSARRESE 2 Hhn
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SARBEENINTL B2, L ONREED DN
RELICRET S, 7Y —)LHIZ, INT D L
DRI LD —RNCAE L 57 =4 > 2 HIRE

5 CGH4-p-Me H2 (1 atm) 5 C6H4-p-Me
‘ 5 15 mol % Rh(PPh3)sClI O 5
. N\ toluene, rt, 6 h .
OH 89% OH
10a 10b

Scheme 6.

Y
L=PPhs, R'=H
X \ Rl ————
orL =PCy;
z R'= Ar, large alkyl

a(12aY=Pd'L, Z=0
12b: Y =PdR?L,, Z=0H > 7

Scheme 7.

PdOL,,

path A ( ) path B
/——=—R!

&_Q(

\
o1

Preparation of 2-Alkyl-1H-indenol 10b via Chemoselective Hydrogenation of 10a

Y
Z R
X

z

L = PCy;
R' = H, small alkyl

a RZ-B(OH)Z a 13a:Y = Pd+|_n, Z=0
®-PdoL,

13b: Y =PdR?L,,,Z=0H > 8

Plausible Reaction Mechanism
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FATKHU AU EZBRRIEEGY 15 sk
(Scheme 8). % ZDFERIZ, /XT D Lfilit & F
7V FE-T7IT b ROBLKIE &R TH %
Dy, o )Ll & B SR A WG L1

FAEDEIRTETH 0,3 INT D7 Al D 5 HE-i%
%:E#A«@n%%%m%ﬁﬁﬁﬂﬁfgiﬁA
DZENITHRTEWEDIZ, B moskn=
wwﬁmmam%@x&7ﬁ4 AIG A7 L A X4
LIzl EZRBLTVWS,

HWT, AEfifEaz7IVlFone7L2&L0,
ZOHINKRZIALEMDERL - oy TV 2T K%
fro2&ICL7z (Table 3).9 2N X TIIZDERIL
RISt SN Tnhh> k4,5~ -7 )5k
K18a %z, 7N F>-7I Tk REMAEDKIGSRE
UhNBERO7 ) —=)bRaoiBeETrhoF A (MU T
TZIIVERAT 1 2) NT DU LAMBEERETR, X%
J = VIR 65°CITThNEL - <) I LS
AL, 3fEH -2 v aAFt/ —)L 19aD & &
HIZk RO 7 U —)U{Ek 20aD330 L < B4 L /-

. 1
R 1.2 equiv 5 R
. ~F RS 5 mol % Pd%-PCy, g A R2 < i
cis addition
3
Mo 1,4-dioxane or MeOH COR
14 80 °C, 30 min H 15
palladacycle-forming reductive
oxidative addition elimination
1 1
R R R2
Z~Rd? transmetalation with § ~~Pd
(0] - X
__ followed by protonation COR?
R3
16 i 17
Scheme 8. Cis-selective Pdf-catalyzed Arylative Cyclization of 14
Table 3. Pd(PPh;) 4-catalyzed Arylative and Borative Cyclizations of 18a

R2
><i\.: 2 mol % Pd(PPh3

19aD: R? = 06H4 -p-Me 2030 21aD
19aE: R? = BPin
Entry 59 Product Temp (°C) Time (min) Yield (%)
1 p-Me-C¢H, B (OH) ,5D 19aD 65 60 54(24)0
2 5D 19aD 80 60 69 (10)»
3 5D 19aD 80, uW 10 86 (trace) ?
4 (BPin),95E 19aE 80, uW 10 85

@) Reaction with 1.5 equiv. of 5D or 2 equiv. of 5E. b) 20aD is also obtained in the yields shown in parenthesis.

¢) Pin=pinacolato.
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PdoLn

Pd°Ln, MeOH
80 °C, uW, 10 min

‘anti-Wacker'-type
oxidative addition

18b transmetallation
(<98% ee) with ArB(OH),

X Ar
Xy~ Y
L reductive A

OH elimination OH
22a: X = Pd*L, 19bF

22b: X = PdArL, 74%, 92% ee

Ar = C6H4—p-OMe

L = PPhy

Scheme 9. Arylative Cyclization of Optically Active 18b and Plausible Reaction Mechanism

(Entry 1). JUNGMO ik ORER, KINREzZ
80°C &L, M7 OlHF TRInEITD &, TOD
BIAEZMA S ZENTE (Entries 1, 2 vs. 3). 72
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ERE-oTHROCEIATINOEASARTH >~
(Entry 4). BiEAFZ2HT 27 L > 18b & ik
BEl, BRILKI9F O 2 LDV FZRET S
ZET, AIVARDIIVEEEE RO BN L > K
o rFEmicH LB ENT 2/ mL TS Z
EBHHSMITL (Scheme 9). Z DFEHRIZ, AKX
WM TIVF-7IVTe ROBRIL - w7V TR
I &R, 7 2T Wacker BUES(LAYATINIC & 0 HE
TLTWBZEEZRBLTWS, £z, THF—0H
EN—REEOWEEIZB W TH FERRICERIL RN
fiLeraR>T /) —=)VEb5 250, HEN-RE
EWRBIZBWTIE, YL NHEID sp? k% E TR
ERIED T LS 7Ry ) =)V 252550
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TX2HO T RMholz. TOMER, Mz FEEE
INT P LA-SEGPHOS IT£ 25 Z LT & D -
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DI O FABIRWSERIE - T1y 7TV 2T RIEND
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X7z, AR TRRAEENT D0 Ll ILFREH
Ko TRILRIGDETT L TW S ek & AETE
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Te AR AL LSRR B ICHERS L CTHE K L /2
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FEITICTE N L CIHW - BB, mAKE, @ik
FU, NS, saARE TEL, R A
BHNOR#OEEZRL T, £z, HAZEMRE
RETFHIE (B) KOG 19 A (2006 £ AHEA
At a TEA RIS E ), 55 16 1] (2003
FE) AERERE Ta2EF UYL 73
A DU R - R REE] ORI LES
EFLH L BT R
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