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ABSTRACT

cat. Pd(OAc), Ar  Ar
_—

2 Ar—B(OH); + R'——R?

DMSO, 0, 4AMS R' R2?

Tetrasubstituted olefins are readily prepared by the Pd-catalyzed cis addition of two aryl groups from an arylboronic acid to opposite ends
of the triple bond of internal alkynes. The synthesis proceeds under very mild reaction conditions and tolerates a wide variety of functional
groups, including alcohol, aldehyde, ester, TMS, and acetal groups.

The expeditious regio- and stereoselective synthesis ofaddition of two aryl groups from an arylboronic acid to
tetrasubstituted olefins has been of interest to organicinternal alkynes under very mild reaction conditions (eq 1).
chemists for yearsThe carbopalladation of alkynes has been
widely applied in the synthesis of highly substituted olefins. 3 ., catPdOAy, AR A
For example, some specific tetrasubstituted olefins have been2 A7 B(OH: + R'—-R
prepared by the intramolecular carbopalladation of internal
alkynes, followed by cross-coupling with organoboron or
organostannane reagefRecently, we reported an efficient We first examined the reaction of phenylboronic acid and
regio- and stereoselective synthesis of tetrasubstituted olefinsl-phenyl-1-butyne in THF in the presence of 5% of Pd(QAc)
by the Pd-catalyzed intermolecular three-component coupling (€d 2). However, only a trace of the desired tetrasubstituted
of an aryl (or vinylic) iodide, an internal alkyne, and an olefin was obtained (entry 1, Table 1). To our delight, using
arylboronic acid: The Rh-5 Ni-, or Pd-catalyzetiadditons =~ DMSO as a cosolvent greatly increased the yield. For
of arylboronic acids to alkynes have been reported to produceexample, in the presence of 5% Pd(OCAt)e tetrasubstituted
highly substituted olefins. Herein, we wish to report the olefin was obtained in a 51% yield when 5 equiv of
synthesis of tetrasubstituted olefins by the Pd-catalyzed phenylboronic acid and 1 equiv of 1-phenyl-1-butyne were
employed in 50:50 DMSO/THF using air as an oxidant at
(1) For recent representative examples, see: (a) Itami, K.; Mineno, M.; room temperature for 48 h (entry 2). The yield was increased
Muraoka, N.; Yoshida, J. Am. Chem. So2004,126, 11778. (b) Liu, X.; to 60 % using only DMSO as the solvent (entry 3). This

Shimizu, M.; Hiyama, TAngew. Chem., Int. E®004,43, 879. (c) Zhu,
N.; Hall, D. G.J. Org. Chem2003,68, 6066. (d) Itami, K.; Kamei, T.;

M
DMSO, 0, 4AMS R! R?

Yoshida, JJ. Am. Chem. So2003 125 14670. (e) Shindo, M.; Matsumoto, (5) (@) Oguma, K.; Miura, M.; Satoh, T.; Nomura, M. Am. Chem.
K.; Mori, S.; Shishido, K.J. Am. Chem. So2002,124, 6840. Soc.2000,122, 10464. (b) Lautens, M.; Roy, A.; Fukuoka, K.; Fagnou,
(2) (a) Tsuiji, J.Palladium Reagents and Catalysis: New Perspesti K.; Martin-Matute, B.J. Am. Chem. So@001,123, 5358. (c) Hayashi, T.;

for the 21st Century; John Wiley & Sons: New York, 2004. Kigndbook Inoue, K.; Taniguchi, N.; Ogasawara, M. Am. Chem. SoQ001, 123,
of Organopalladium Chemistry for Organic Synthesiggishi, E., Ed.; John 9918. (d) Lautens, M.; Yoshida, MDrg. Lett.2002,4, 123.
Wiley & Sons: New York, 2002. (6) Shirakawa, E.; Takahashi, G.; Tsuchimoto, T.; KawakamCNem.
(3) () Grigg, R.; Sridharan, \Pure Appl. Chem1998,70, 1047. (b) Commun2001, 2688.
Grigg, R.; Sridharan, VJ. Organomet. Chenl999,576, 65. (c) Poli, G.; (7) (a) Satoh, T.; Ogino, S.; Miura, M.; Nomura, Mngew. Chem., Int.
Giambastiani, G.; Heumann, Aetrahedron2000,56, 5959. (d) Fretwell, Ed.2004,43, 5063. (b) Oh, C.; Jung H.; Kim, K.; Kim, MAngew. Chem.,
P.; Grigg, R.; Sansano, J. M.; Sridharan, V.; Sukirthalingam, S.; Wilson, Int. Ed.2003,42, 805. (c) Oh, C.; Ryu, Bull. Korean Chem. SoQ003,
D.; Redpath, JTetrahedron2000,56, 7525. 24, 1563. For an example involving the formation of a highly substituted
(4) (a) Zhou, C.; Emrich, D. E.; Larock, R. ©rg. Lett.2003,5, 1579. cyclopentadiene, see: (d) Du, X.; Suguro, M.; Hirabayashi, K.; Mori A.
(b) Zhang, X.; Larock, R. COrg. Lett.2003,5, 2993. Org. Lett.2001,3, 3313.
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Table 1. Optimization Studies

QB(OH)Q . Q _ cat. Pd O_Q + 2
— DMSO / THF
. : ! g

4A time yield biphenyl

entry DMSO/THF oxidant MS (h) (%)b (mmol)*
1 0/100 air no 48  trace trace
2 50/50 air no 48 51 0.15
3 100/0 air no 48 60 (55) 0.25
4 100/0 Oz no 24 65 (59) 0.32
5 100/0 Oz yes 24 80(73) 0.33
62 100/0 02 yes 24 42 0.35
7 100/0 no¢ yes 24 25 0.10
8 100/0 Oz yes 24 30 0.12
9 100/0 (o) yes 24  trace trace

aUnless otherwise indicated, the reaction was run employing 1.25 mmol
of phenylboronic acid and 0.25 mmol of 1-phenyl-1-butyne in the presence
of 5 mol % of Pd(OAc) in 2 mL of solvent.? GC yields based on the
limiting reagent (alkyne); yields of products obtained by column chroma-
tography are reported in parentheseSC yield.9 1 equiv of KOAc was
employede The reaction was run under,N 5 mol % of Pd(dba)was
used.95 mol % of PdC} was used.

Pd(OAc)DMSO system has proven to be quite useful in
aerobic oxidation reactiorfsPresumably the presence of
DMSO facilitates the reoxidation of Pd(0) to Pd(ll) by air,
thus completing the catalytic cycle (see the latter mechanistic
discussion). The reaction proceeds faster usinga®©the
oxidant, and a 65% vyield is obtained in 24 h (entry 4).
Adding 4 A molecular sieves (4 A MS, 0.2 g for the 0.25
mmol reaction scale) to the reaction system further increase
the yield. Thus, an 80% yield of tetrasubstituted olefin has
been obtained in DMSO in the presendeld MS atroom
temperature (entry 5). The role of the molecular sieves is

not clear. Possibly the presence of molecular sieves facilitates
heterogeneous Pd catalysis on the molecular sieve sirface,
or the molecular sieves absorb the water in the system, which
facilitates the catalytic cycle (see Scheme 1). The presence
of base suppresses the formation of the tetrasubstituted olefin,

Only a 42% yield was obtained when 1 equiv of KOAc was
employed as a base (entry 6). Without the oxidant, the
reaction is sluggish. Only a 25% vyield of the tetrasubstituted
olefin is obtained when the reaction is run under(shtry

7). Itis noteworthy that trisubstituted olefins are not observed

in our process, despite the fact that trisubstituted olefins have

been reported as the major products in the RNi;,® or
Pd-catalyzetl addition of arylboronic acids to internal

alkynes. Interestingly, the Pd source is critical for the success

of this chemistry. Pd(OAg)is superior to any other Pd
catalyst so far tested. Only a 30% yield of the desired product

(8) (a) Stahl, S. SAngew. Chem., Int. E@004 43, 3400 and references
therein. (b) Andappan, M. M. S.; Nilsson, P.; Larhed, Ghem. Commun.
2004, 2, 218. (c) Steinhoff, B. A.; Fix, S. R.; Stahl, S. . Am. Chem.
Soc.2002 124, 766. (d) Peterson, K. P.; Larock, R. £.0rg. Chem1998
63, 3185. (e) Larock, R. C.; Hightower, T. R. Org. Chem.1993, 58,
5298.

(9) For a review covering the use of molecular sieves in organic synthesis,
see: De Vos, D. E.; Dams, M.; Sels, B. F.; Jacobs, FCiAem. Re12002,

102, 3615.
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Scheme 1

Pd Ar—B(OH
H,0 + O; =— H,0, (OF:
L,Pd(OAG),
AcO—B(OH),
2 HOAG PA(O)L,
L +
Ar—B(OH
L Ar-Pc:i—OAc ArTBOH:E  p—ar
pacd L
0 R'———R?
02/{ R hz
PA(O)L =~
Otz A’ Pd(OAC)L,
R>1=<R2/& Ar—B(OH),
R' R?
Ar Ar > <
a’ Pot
T ‘e AcO-B(OH), L= DMSO

was obtained using B@lba} instead of Pd(OAg)(entry 8),
and only a trace of the desired product is obtained when
PdCL is used as the catalyst (entry 9). Similar observations
have been made in other Pd(ll)-catalyzed aerobic oxidation
reactions run in DMSQ@.Thus, the optimal, very simple,
“baseless” procedure described in entry 5 has been employed
for the synthesis of a wide variety of tetrasubstituted olefins.
As indicated in Table 2, this approach to tetrasubstituted
olefins is quite versatile. The reactiontolylboronic acid
and 1-phenyl-1-butyne provides a yield slightly higher than
that of phenylboronic acid (compare entries 1 and 2). Using
p-tolylboronic acid, a wide variety of internal alkynes has
been screened (entries 8)- Diphenylacetylene works quite
well, although the reaction needs to be run at’80(entry

S3). Aldehyde-, alcohol-, ester-, and TMS-containing alkynes

have also been successfully employed without protection,
and the chemistry provides the desired tetrasubstituted olefins
in good yields (entries 47). Unfortunately, electron-rich
dialkylacetylenes, such as 4-octyne, have been unsuccessful
in producing the desired tetrasubstituted olefins in good yield.
higher yield of the desired product is obtained with the
introduction of an electron-withdrawing nitro group into the

A

aromatic ring of 1-phenyl-1-butyne, which is consistent with
our previous work on the synthesis of tetrasubstituted
olefins? Thus, an excellent 90% yield is obtained when 1-(4-
nitrophenyl)-1-butyne is allowed to react wipktolylboronic

acid (entry 8). The reaction involvesis-addition to the
alkyne of two aryl groups from the arylboronic acid. The
structure of producB has been determined by investigating
its NOESY H-H interactions (see Supporting Information).
Using 1-(4-nitrophenyl)-1-butyne as the alkyne, a wide
variety of arylboronic acids have been successfully employed
in this process in good yields (entries-92). For example,

an 88% vyield of the desired product is obtained when
p-methoxyphenylboronic acid is used (entry 9). Electron-
rich acetal-containing arylboronic acids work quite well in
this chemistry (entries 10 and 11). However, electron-poor
3,5-difluorophenylboronic acid gave a significantly lower
yield of tetrasubstituted olefin (entry 12). Because the mild
“baseless” reaction conditions tolerate many functional
groups, including aldehyde, ketone, alcohol, ester, acetal, and
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Table 2. Synthesis of Tetrasubstituted Olefins (e§ 1)

entry Ar R' R’ temp ('C) product yield" (%)
O O roe
1 Et r.t. — 1 73
w O
Et, O
2 ve{ ) Et O rt. O_ ry ’ 80
Me Me
O
3 v () O O 30 %A ) 76
Me Me
OHC Q
4 we—_)— CHO - 50 Q_ 2 ¢ 78
Me Me
HOH,C, Q
5 we—_)— HOCH, - 50 — s 72
‘ :
Me Me
EtO,C, _Q
6 we—_)— EtO,C O 50 ‘\ : ° 77
Me Me
EtO,C ™S
— 7
7 Me_©_ EtO,C ™S 50 M Me 72
NO,
8 Me@— Et OZN_Q_ .t B —Q 8 90
) Q
Me Me
NO,
o
9 MeO—@— Et oZNO— 1.l — s 88
) Q
MeQ OMe
NO,
o &
10 THPO—@— Et OzN_O_ .t — 10 82
2 O
THPO OTHP
NO,
-
11 Oro Et ow—@— L.t By “ 73
O °o o 3
NO,
12 R Et OZN_Q_ 50 F _Q 12 53
C F O Q F

‘n
-

aThe reaction employs 0.0125 mmol of Pd(OAc).25 mmol of arylboronic acid, 0.25 mmol of alkyne, and 0.2fgt MS under an @ balloon in
2 mL of DMSO at the indicated temperature for 24°fThe yields are based on products isolated by column chromatography.

TMS groups, this chemistry should be quite useful in the A possible mechanism for this process is illustrated in
synthesis of highly functionalized tetrasubstituted olefins. Scheme 1. It involves the following key steps: (1) trans-
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metalation of the arylboronic acid by the Pd(OAcatalyst;

(2) cis-carbopalladation of the internal alkyne by the resulting Scheme 2
arylpalladium intermediate to generate a vinylic palladium KR

intermediate; (3) transmetalation with another molecule of = Ar—B(OH),
arylboronic acid; (4) reductive elimination producing the AN L,Pd(0)

tetrasubstituted olefin with simultaneous generation of Pd-

(0); (5) DMSO-promoted formation of a peroxopalladium-

(I) speciesi® and (6) regeneration of the Pd(OAchtalyst

by protonation of the peroxo speci&Regeneration of the R' R L

Pd(Il) catalyst by aerobic oxidation of Pd(0) is critical for Ar P{i—B<OH>2

completion of the catalytic cycle. The unique coordinating A

ability of DMSO could play an important role in facilitating B(OH),

the aerobic oxidation of Pd(0) to Pd(f)°Thus, the presence B(OH),

of DMSO and molecular ©facilitates the reaction. Alter- ROR R—=

natively, the Pd-promoted homocouplifigf two molecules Al PdL,

of boronic acid could occur, which would produce the biaryl Ar—B(OH),  (HO)B

side product observed.

e, PO catayzed pechaniar s 0 R In summary, a nove Po-atalyzed eaction bewvien ar
S S ) . . arylboronic acid and an internal alkyne has been successfully

(1) oxidative addition of the arylboronic acid to Pd(0), which . . . .

generates an arylpalladium(ll) spect@stt (2) carbopalla- developed: A W.Ide variety of tetrasub§t|tuted olel.‘lns.have

dation: (3) transmetalation to produce &B or perhaps a been obtained in gc:od to ex::ellent_ylelds b_y_ this simple

B—0 bond; and (4) reductive elimination that might then process. The mild, bas.eless. reaction conditions tolerate

oceur in a fashion similar to that shown previously in Scheme Many functional groups, including aldehyde, ketone, alcohol,

1. This would produce the tetrasubstituted olefin and €Ster, TMS, and acetal groups. We believe this chemistry

regenerate the Pd(0) catalyst. The mechanism shown inshould be quite useful in the synthesis of highly function-

Scheme 1 would appear to be more favorable since therealized tetrasubstituted olefins.

appears to be no precedent for the formation of suetBB
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