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Scheme 1.
Cyclizations

Transition metal-catalyzedis-addition specific coupling reac- Transition Metal-Catalyzed Alkylative Alkynal

tions between alkynes, carbonyls, and organometallic redgénts

serve as a powerful one-step method to prepare synthetically useful A AZM S R2BX; 6

allylic alcohols? Particularly interesting are intramolecular versions j/\g» (8,20, 20) | /= (KON, Al N .
of this process using less nucleophilic organometallicentaining X o catNiorfn \—\\O cat. PO0F PRy Q :f
B, Zn, and Zr, which transforms simple precursbiato complex, 2 Cis Addition . Tassddiont o

cyclic allylic alcohols2 that containexctetrasubstituted olefin

groups (Scheme 2y Despite their desirability in terms of  7aple 1. Pd(PPhs)s-Catalyzed Aryl-, Alkenyl-, and Alkylative

diversity-oriented synthesis;atalysts that promote the correspond- Cyclizations of 1a—h
ing t_ransaddltlori3 process leading to geometrically related cyclic ™ 150q AZBOHL6AM N P Ph
allylic alcohols4 or cycloalkenols3 have not been reported. Below,  ( Yy—= or2eq. A%BRo6N-0  { Y { /—§
we describe newly discovergdlladium/monophosphifeatalyzed S X R S X . TsN
trans-selective alkylative, arylative, and alkenylative cyclization \<o 2’:;'\/‘;51‘;’223)4 o Y
reactions of alkynaldl with organoboron reagents, in which 1 ' 3 7
alkélne sgbstltuenlt_s aﬂdl_pholspfr:lnle Ilggnds goveorj1 the ratios of thea: XNTs, Y=CHy, R'ZH  d: X=NBoc, Y=CHy, R'=H g X=Y=CHy, R'=H
ende andexocyclic allylic alcohol pro uct;:{ an ).__ b: X=NTs, Y=CHp, R'=Me e: X=C(COsEt)5, Y=CHa, R'=H _h: X, Y=CgH, R'=H
Thl_s effort_ bggan by_developln_g reaction conditions for the .y _\rs voch, R'=Ph t. X=CMey, Y=CHy, R1=H
arylative cyclization reaction of terminal alkynaldehydela Upon

heating at 65°C in the presence of an excess of phenylboronic _emy" 1 6 3 time (n)  yield (%)
acid @A) and a catalytic amount of Pd(P#h la undergoes 1 la CeHs 6A 3aA 6 17 (8p
phenylative cyclization to afford a single cyclized prod@eA° g ia gﬁ gx g ég (E?’
along with7, the product of hydroarylatioH. The yield of3aA is 1 12 6A 32A 6 92( y
dramatically affected by solvent, with reaction in MeOH leading 5 la  p-MeO-CgH,6B 3aB 35 85
to exclusive formation of3aA (Table 1, entries 43 vs 4). 6 la p-Me—CgH4 6C 3aC 35 86
Importantly, no reaction takes place in the absence of the palladium 7 la  o-Me—GCeHs6D 3abD 3.5 79
catalyst 8 la m-Me—CgH4 6E 3aE 3.5 85
) . . . . . 9 la p-Cl—CgH4 6F 3aF 6 88
Arylboronic acids with electron-donating (entries-8) or 10 la  pFsC—CeHa6G 3aG 6 80
-withdrawing (entries 912) groups serve as nucleophiles in this 11 la p-OHC—CgH, 6H 3aH 12 73
process, which leads to formation of cyclized prodiBa8—I in 12 la  p-NC—CeHy 6l 3al 18 75
high yields. Generally, electron-rich boronic acids require shorter 13 la  3-thiophenes] saJ 12 89
tion ti d aive hiah ields than their elect deficient 14 la 2-thiophenesK 3aK 24 96
reaction times and give higher yields than their electron-deficient ;5 1a  transpropenylsL  3al 6 20
counterparts. These cyclization reactions also occur with heteroaryl- 16 la cis-propenyl6M 3aM 6 83
boronic acid6J—K (entries 13 and 14). Retention of stereochem- 17 la EtsB 6N 3aN 9 100
istry attends reactions dfawith alkenylboronic acid§L—M that 133 ig (é;tyl-Q-BBN 60 ggg 38 2173
afford 2,.4-d|en-1-ol§aL—M. (gntrlgs 15 and 16). Tr!alkylboranes >0 1c 6A 3CA 18 97
possessing-hydrogens participate in this process without undergo- 1 1d 6A 3dA 12 81
ing competitiveS-hydride elimination (entries 17 and 18). 22 le 6A 3eA 6 68
Arylative cyclization reactions of alkynonés—c require higher gic if %/:\ ifAA %‘21 (8)0
. . . . g g
temperatures and longer times but provide tertiary allylic alcohols 25 1h 6C 3hC 24 6

3b—cA in excellent yields (Table 1, entries 19 and 20). While

alkynals1d—f and1h, containing Boc-protected nitrogen, tertiary aReactions in CECI, (entry 1), toluene (entry 2), THF (entry 3), and
carbon, and aryl tethers, also undergo efficient cyclization reactions MeOH (entries 425). ® Hydrophenylated produdtis also obtained in the

(entries 2123, 25), the conformationally more flexible methylene-  Yi€lds shown in parenthesesReaction at 80C.

tethered substratbkg does not cyclize under these conditions (entry

24). The 3:4 ratios depend on both steric and electronic requirements
Arylative cyclization reactions of the internal alkyne containing Of substituents Ron the alkyne carbon. Large primary alkyl groups

aldehydesli—k were also explored (Table 2, entries-3). Pd- lower the reaction rate and lead to preferences for formatidh of

(PPhy), does not promote these processes. A ligand screening effort(entries 1, 2, and 4), while electron-withdrawing aryl substituents

revealed that palladium ligated with the maer&lonating tricyclo- at this position facilitate cyclization and again favor formation of

hexylphosphine effectively catalyzes cyclization reactions of these 3 (entry 3). These results contrast to those coming from the Pd-

substrates to yield mixtures @fans-addition products3 and 4.10 (PPh)s-catalyzed reactions of alkynalka and 1h with terminal
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Table 2. Pd,dbas/PCys-Catalyzed Arylative Alkynal Cyclizations

-

N 1.5 eq. R%-B(OH) N R 2

( Y—=-r" 6A-C Oy .
o X SoX Negt o+ o Y— 7R
ey 2 mol% Pddbag o X
o) OH

16 mol% PCyg OH
1 MeOH, 80 °C 3 4
X=NTs, Y=CHy for a:i-k
X, Y=CgH, for h
entry 1 Rt product time (h) yield (%) 34
12 1i Me iA 2 90 61:39
22 1j Bu JA 8 66 83:17
3P 1k p-Me—CgHa kB 1 97 93:7
42 la H aA 0.2 78 32:68
5¢ 1h H hC 0.5 41 4 only®

aBA is the nucleophileb 6B is the nucleophileS 6C is the nucleophile.
dThe ratio is determined from isolated yieldsThe ratio is determined by
IH NMR analysis.

Scheme 2. Possible Mechanism for the Arylative Alkynal
Cyclization Process

Pd(PPhgl, | | Pd(O)Ln |
[ path A () path B

¥

L=PPhg, A'=Har ,—=—R'
xj_ﬁf’—“ by P P ) ( #R!
— L=PCys 0t L=P X

o 7 R'=Ar, large alkyl B 1 A=H, small alkyl z
"o (B Y=Ly, 20 a (B Y=PdL 20
9a: Y=PdOMea, Z2=0H 2 MeOH B ABIOH): 9b: Y=PdOMs, Z=0OH
10a: Y=PdAr, Z=0H S 3 ¢ -Pd(0)L, b (mh:\‘:PdAr, z=0H 54
alkyne groups, which yieldaA and4hC predominantly (Table 2,
entries 4 and 5).

A plausible mechanism for the alkylative cyclization reactions
of alkynals (Scheme 2) starts with a novel intramolecular electro-
philic addition of the carbonyl group to the alkyne, promoted by
nucleophilic addition of the electron-rich palladium/phosphine
complex to the adjacent alkyne carbon (i.e., anti-Wacker-type
oxidative addition}® The cyclic cationic alkenylpalladium(ll)
intermediates8a or 8b, generated in this manner, then undergo
solvolysis to form (methoxo)palladium(ll) complex8s or 9b,
which upon transmetalation with organoboronic acids produce
dioorganopalladium complexd®aor 10b.14 Reductive elimination
then gives3 or 4 and the Pd(0) complex.

This mechanism can be used to explain the regiochemical
preferences34 ratio) associated with the cyclization reactions. For
example, ther-donating character of the ligand coordinated to Pd-
(0) should control whether oxidative addition occurs at the terminal
or internal alkyne carbon. Addition of the lowerdonating PPh
coordinated, less nucleophilic Pd(0) to the internal alkyne carbon
of 1 (Path A) would require activation of the alkyne by overlap of
its t-system with the carbonyt*-orbital (transition statd 1). This
corresponds to Markovnikov-type selectivity. It is expected that
electron-donating alkyl substituents at the terminal alkyne position
would hinder nucleophilic addition of this Pd(0) complex. In
contrast, the mores-donating PCy ligated Pd(0) should be
sufficiently nucleophilic to undergo unassisted addition to the less
hindered alkyne carbon (Paths A and B). Here, electron-withdrawing
aryl groups at the terminal carbon or within the tether would guide
nucleophilic attack of the Pd(0) complex to the opposite alkyne
position.

The existence of alkenylpalladium(ll) intermedia&s10ain
this pathway is evidenced by the domino cyclization reaction of
diynal 12 (eq 1). Treatment af2 with triethylborane in the presence
of Pd(0)/PCy for 16 h leads to formation of tricyclic 2,4-dien-1-
ol 14 (63%) as a single isomer in an anti-Wacker-type oxidative
addition—carbopalladation process.

Y

AN Bu, \ Et__Bu
3eq. EtsB X-Pd \ |
— -_ — 1)
TsN 3mol% Pdydbag | TsN \ TsN ‘O
\_\\ 24 mol% PCys
% MeOH, 80 °C, 16 h o o

12 13 14 63%

This study has uncovered the first exampledrahsselective,
alkylative, arylative, and alkenylative cyclization reactions of
alkynals and alkynones. The functional group compatibility, avail-
ability, stability, and nontoxicity of the organoboronic reagents and
the fact that no additives are needed make the process highly
practical. The proposed mechanism, involving oxidative addition
without oxametallacycle formation, is different from that for the
corresponding nickel-catalyzed reaction. Finally, cyclic allylic
alcohol products generated in these reactions should be useful
intermediates in carbo- and heterocycle synthesis since they contain
a rich array of preparatively important functional groups. Studies
probing the detailed mechanism and expanding the scope of the
cyclization process are underway.

Supporting Information Available: Experimental procedures and
compound characterization data (PDF). This material is available free
of charge via the Internet at http://pubs.acs.org.
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