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Over the past 40 years, transition-metal-catalyzed cross-coupling
reactions have revolutionized chemical syntheses. This transforma-
tion, mainly involving R'X as an electrophile and R®M as a
nucleophile, has maintained a robust momentum of development
in all possible avenues, such as substrate scope, transmetalating
reagents, catalysts, oxidants, etc. Recently, remarkable efforts to
realize cross-coupling in an environmentally and economically
benign manner have been made.' > Oxidative coupling of R'H
with R®M, which avoids the use of halides or halide equivalents,
possesses practical advantages for applications and has attracted
much attention.*°

Challenges in this coupling manner still remain. One is that few
examples of oxidative C(sp)—C(sp”) bond formation have been
reported, and extensive studies have mainly focused on the construction
of C(spz)—C(spz),5’10_33 C(spz)—C(sp3),34_39 C(sp3)—C(sp3),36'40_42
and carbon—heteroatom®*~*° bonds. Another problem is related to
the stoichiometric oxidants employed in this reaction. While typical
terminal oxidants used in oxidative transformations include Cu, Ag,
Mo, organic iodide, persulfate, and benzoquinone complexes, etc.,
direct utilization of the more practical molecular oxygen or air as
oxidants remains a continuing challenge.' 330!

Recently, part of our research interest involves bond formation
between two different nucleophiles (eq 1). Baran and DeMartino®?
investigated oxidative coupling between two different enolate
anions, while Knochel and co-workers® reported copper-mediated
oxidative coupling between alkynyllithium and arylmagnesium
reagents; very recently, Cahiez and co-workers described oxidative
cross-coupling between two different Grignard reagents** and
organozinc reagents.>* Using desyl chloride as the oxidant, we
successfully developed oxidative cross-coupling reactions of or-
ganozinc reagents with organostannanes®* and organoindium re-
agents.>”
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Oxygenation of Pd° could directly generate aPd™(O,) complex.'>>¢ 8
In addition, because of the weak acidity of C—H bonds of terminal
alkynes, we envisioned that terminal alkynes could serve as
nucleophiles in oxidative coupling reactions. Therefore, we decided
to investigate the performance of terminal alkynes and alkylzinc
reagents as two nucleophiles to undergo transmetalation with the
Pd" complex generated in the presence of O, and uncover new
reactivities and selectivities under palladium-catalyzed aerobic
conditions (eq 2). It is worth mentioning that for C(sp)—C(sp>)
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Table 1. Palladium-Catalyzed Aerobic Oxidative Cross-Coupling
Reactions of 1a with 2a®

_ cat, [O] — .
Ph—= Ph—=—=—nBu+ Ph—=——=——Fh
1a nBuZnCl 2a 1a 4
24h, 1t , Ph>= P oBU . _//_nBu
nBu — Ph
5 [5a 5b 5c]
yield (%)°

entry catalyst equiv of 2a gas (vv) 3a 4 5 1a(%)°

1 Pd(OAc), 3 air? 286 9 6 -
2 Pd(OAc), 3 COfair (1:10) 57 7 10 -

3 Pd(MeCN),Cl, 3 air? 30 8 6 @ —

4 Pd(MeCN),Cl, 3 COfair (1:10) 56 5 12 -

5 Pd(PPh 3),Cl, 3 air? 9 49 5 -

6  Pd(dba), 3 air? 27 7 7 -

7  Pd(dba), 2 COfair (1:10) 65 0 10 -

8  Pd(dba), 4 COfair (1:10) 62 0 16 -

9  Pd(dba), 3 COfair (1:1) 59 7 2 18
10 Pd(dba), 3 CO/air (1:5) 60 6 2 17
11 Pd(dba), 3 COfair (1:100 91 0 4 -
12 Pd(dba), 3 CO/air =120 82 0 6 -
13 Pd(dba), 3 Ar¢ 5 0 <1 79
14 Pd(dba), 3 o 515 3 -

“ Reaction conditions: All of the reactions were performed with la
(0.5 mmol), 2a, Pd catalyst (5 mol %), and THF (2 mL) at room
temperature for 24 h under the gas mixture at 1 atm pressure; CO and
air were mixed by volume ratio. ” Determined by GC. © Remaining 1a
determined by GC. 1 atm air. “ 1 atm Ar.” 1 atm O,.

bond-forming reactions by either oxidative coupling or tranditional
coupling, very few examples have been reported in the literature.> ¢!
Herein, we communicate our progress on the Pd-catalyzed aerobic
oxidative cross-coupling between terminal alkynes and alkylzinc
reagents using air as the oxidant.

To investigate the Pd-catalyzed C(sp)—C(sp®) oxidative coupling
with O,, phenylacetylene (1a) and nBuZnCl (2a) were selected as
the typical coupling pair (Table 1). Under a dry air or oxygen
atmosphere, almost all attempts led to polymerization of the alkyne,
while 3a was produced in low yields (entries 1, 3, 6, and 14). In
comparison with other Pd complexes, Pd(PPh3),Cl,, which has a
stronger electron-donor ligand, gave 9% target product along with
49% diyne and 5% alkenes (entry 5). Surprisingly, when carbon
monoxide was mixed with the dry air in a 1:10 volume ratio at
room temperature, the GC yield of C(sp)—C(sp?) alkylation product
was dramatically increased from 27% (entry 6) to 91% (entry 11)
and exhibited satisfactory selectivity. When Pd(OAc), was em-
ployed as the catalyst precursor, a 28% yield of the oxidative cross-
coupling product 3a was obtained (entry 1), while the yield
improved to 57% (entry 2) in the presence of CO gas. The same
phenomenon was observed using Pd(MeCN),Cl, as the catalyst
precursor (entries 3 and 4). Varying the gas-volume ratio and the

J. AM. CHEM. SOC. 2010, 732, 4101-4103 = 4101




COMMUNICATIONS

Table 2. Scope of Palladium-Catalyzed Aerobic Oxidative
Cross-Coupling Reactions®

Pd(dba),

RI—=— + RZ%nX =—R?
air, CO
2 24h, RT 3

Entry 1 2 Yield” (%)
1¢ R' = m-MeO-CgH,4 MeZnCl2b 71
2¢ R = p-Ph-CgH, 2b 73
3¢ R' = 1-Naphthyl 2b 84
4 R' = 0-MeO-CgH, nBuznCl 2a 86
5 R' = m-MeO-CgH,4 2a 84
6 R'! = p-MeO-CgHs 2a 81
7 R' = p-Cl-CgH, 2a 80
8 R = p-Br-CgHy 2a 83
9 R' = p-Ph-CgH, 2a 77
10 R' = 1-Naphthy! 2a 80
11 R' = 2-Naphthyl 2a 76
12 R'=TES 2a 78
13 O—: 2a 75
14 R' = nCsH1q 2a 82
15 R; = CgHs nCgHyaZnCl 2¢ 88
16 R' = 1-Naphthy! 2c 89
17 R" = nCsHiy 2¢ 81
18 R'=tBu 2¢ 74
19 R'=CgHs nCgH7ZnBr 2d 91
20 R' = nCsH1q 2d 86
21 R' = p-Ph-CgHy /BuZnBr 2e 93
22 R' = 1-Naphthyl 2e 90
23 R'=CgHs PhCH,CH,ZnBr 2f 79
24 R'= nCsgH4q o 2f 75
25 Ry = C5H5 E@MZHBFZQ 93
26 R!=nCsHqy 29 85

“ Reaction conditions: all of the reactions were carried out with 1 (0.5
mmol), organozinc reagent 2 (1.5 mmol), and Pd(dba), (5 mol %) for
24 h under the gas mixture at 1 atm pressure. The CO/air volume ratio
was 1:10, unless otherwise noted. ® Isolated yields. © COfair = 1:20
(vv)

amount of organozinc reagent both resulted in lower yields of 3a
(entries 7—10 and 12).

Various terminal alkynes were then tested for this aerobic
oxidative cross-coupling under the optimized conditions; the results
are summarized in Table 2. In all cases, only trace amounts of
carbonyl and dialkyl compounds were detected by GC—MS, and
no diynes were found. When 2a was employed, terminal alkynes
with various substitutents such as aryl (entries 4—9), naphthyl
(entries 10 and 11), olefin (entry 13), alkyl (entry 14), and
triethylsilyl (TES) (entry 12) all gave the desired products with
good to excellent isolated yields. In addition, both electron-
withdrawing (Cl, Br) and electron-donating (OMe) substituents as
well as ortho, meta, and para substitution showed little influence
on this reaction (entries 4—8). When methylzinc chloride (2e),
which has no -H, was employed, reducing the CO/air volume ratio
from 1:10 to 1:20 gave yields of 71—84% (entries 1—3). Relative
to nBuZnCl, reactions using (n-C¢H,3)ZnBr and (n-CgH,7)ZnBr gave
slightly improved yields of 81—91% (entries 15—20), and the
employment of iBuZnCl gave excellent yields (entries 21 and 22).
Other organozinc reagents containing a functional group on R* were
also well-tolerated, including phenyl (entries 23 and 24) and ester
(entries 25 and 26).
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Table 3. Aerobic Oxidative Cross-Coupling Reactions of Alkynes
Pd(dba), 5 mol%
CO:air =1:10 (viv)

with Cyclopentylzinc Bromide
R—= G
3 equiv 24h, rt

R—= =+ E>~ZnBr
O = Q=0 =C

72% 70% 86%

When secondary alkylzinc reagents such as cyclopentylzinc
bromide were employed as the nucleophile, the reactions could also
produce the desired oxidative coupling products in 66—72% yield
(Table 3).

From Table 1, it is clear that CO plays a critical role in terms
of the chemical yield and selectivity. CO usually acts as a
m-acidic ligand to coordinate with transition metals. Thus, we
examined the role of dibenzylideneacetone (DBA), another well-
known s-acidic ligand, in this reaction, and the same influence
on both chemical yield and selectivity was observed (see the
Supporting Information for details). As m-acidic ligands, DBA-
type ligands are known to faciliate reductive elimination in
transition-metal-mediated reactions.®>”®* Yamamoto and co-
workers®® have also demonstrated that CO at atmospheric
pressure can act as a ms-acidic ligand to induce reductive
elimination. In this oxidative coupling reaction, we speculated
that CO acts as a s-acidic ligand to promote the C(sp)—C(sp?)
reductive elimination.

To shed further light on the selectivity of this oxidative cross-
coupling to form C(sp)—C(sp?) bonds versus homocoupling to form
C(sp)—C(sp) and C(sp*)—C(sp’) bonds, the reaction of alkynylzinc
reagent 1b and 2d was investigated under the standard conditions
(eq 3). Only 9% homocoupled diyne 4 was found by GC, and 87%
cross-coupled product 3b was obtained. This selectivity is fairly
good but lower than in the reaction of 2d with 1a (3b/4 = 98:2).
Furthermore, the reaction of 1a with 2d was monitored via in situ
FTIR (Figure 1A), and the kinetic behaviors of the homocouplings
of 1b and 2d were also studied (Figure 1B,C, respectively). It is
clear that the C(sp®)—C(sp®) homocoupling of 2d is very slow. Only
2% hexadecane was determined by GC after 24 h. The global
reaction rate for oxidative C(sp)—C(sp?) cross-coupling was higher
than that for C(sp)—C(sp) oxidative homocoupling.

Ph—=—2nCl Ph—==—nCgHq;
1b Pd(dba), 5 mol% 3b 87%(GOC)
* T + 3
nCgH7ZnBr CO:Z';:;Z_:O(V:V) Ph———=——Ph
2d ' 4 9% (GC)

Although different reaction rates for C(sp)—C(sp?) and C(sp)—C(sp)
coupling were observed, the excellent selectivity of the reaction of
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Figure 1. Kinetic profiles for (A) oxidative cross-coupling of 1a with 2d,

(B) oxidative homocoupling of 1b, and (C) oxidative homocoupling of 2d.
See the Supporting Information for details.
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Figure 2. (A) 3D FTIR spectrum (803—780 cm ") for the reaction of 1a
with 2d. (B) Kinetic profile (ConcIRT vs time) of the new component,
which was assigned as the alkynylzinc reagent2b.

1a with 2b (Table 1, entry 11; no diyne 4 was detected) cannot be
rationalized. It is very interesting that from the 3D IR spectrum
(Figure 2A), we noted an intermediate (typical absorbance at 790
cm~ !, which probably corresponds to in-plane aromatic ring
bending) that not only increased slowly at first but also faded away.
The kinetic profile of the intermediate concentration (ConcIRT)
versus time (Figure 2B) clearly showed this transformation. By
comparison with an authentic sample, we identified this intermediate
as alkynylzinc reagent 1b.

The cause for the excellent selectivity of this cross-coupling
reaction of terminal alkynes with alkylzinc reagents can now be
rationalized in terms of two factors: (1) a higher kinetic rate for
C(sp)—C(sp?) cross-coupling than for C(sp)—C(sp) homocoupling
and (2) a low concentration of alkynylzinc reagents generated in
situ from the reaction of alkylzinc reagents with terminal alkynes.

In conclusion, we have demonstrated an operationally simple
and efficient method for the construction C(sp)—C(sp>) bonds from
terminal alkynes and alkylzinc reagents via Pd-catalyzed oxidative
coupling. Air can serve as the sole oxidant in this oxidative coupling
reaction, and CO was found to be critical in terms of enhancing
the chemical yield and selectivity. Although DBA (DBA/Pd = 20:
1) also has a similar effect on the yield and selectivity, it is not
desirable because it needs to be removed by column chromatog-
raphy after the reaction. To the best of our knowledge, this is the
first example of Pd-catalyzed aerobic oxidative C(sp)—C(sp?)
coupling employing terminal alkynes as one nucleophile and
alkylzinc reagents as the other nucleophile. Further studies focused
on extending the scope and gaining more detailed information on
the exact mechanism are currently ongoing in this laboratory and
will be reported in due course.

Acknowledgment. This work was supported by the National
Natural Science Foundation of China (20702040, 20832003,
20972118).

Supporting Information Available: Experimental details and
spectral data for all compounds. This material is available free of charge
via the Internet at http://pubs.acs.org.

References

(1) Piera, J.; Bickvall, J.-E. Angew. Chem., Int. Ed. 2008, 47, 3506.
(2) Stahl, S. S. Angew. Chem., Int. Ed. 2004, 43, 3400.
(3) Sigman, M. S.; Schultz, M. J. Org. Biomol. Chem. 2004, 2, 2551.
(4) lia, C.; Kitamura, T.; Fujiwara, Y. Acc. Chem. Res. 2001, 34, 633.
(5) Alberico, D.; Scott, M. E.; Lautens, M. Chem. Rev. 2007, 107, 174.
(6) Lersch, M.; Tilset, M. Chem. Rev. 2005, 105, 2471.
(7) Shilov, A. E.; Shul’pin, G. B. Chem. Rev. 1997, 97, 2879.
(8) Labinger, J. A.; Bercaw, J. E. Nature 2002, 417, 507.
(9) Godula, K.; Sames, D. Science 2006, 312, 67.

(10) Stuart, D. R.; Fagnou, K. Science 2007, 316, 1172.

(11) Dohi, T.; Ito, M.; Morimoto, K.; Wata, M.; Kita, Y. Angew. Chem., Int.
Ed. 2008, 47, 1301.

(12) Luo, Z.; Liu, Q.; Gong, L.; Cui, X.; Mi, A.; Jiang, Y. Angew. Chem., Int.
Ed. 2002, 41, 4532.

(13) Liegault, B.; Lee, D.; Huestis, M. P.; Stuart, D. R.; Fagnou, K. J. Org.
Chem. 2008, 73, 5022.

(14) Yamada, T.; Sakaguchi, S.; Ishii, Y. J. Org. Chem. 2005, 70, 5471.

(15) Adamo, C.; Amatore, C.; Ciofini, I.; Jutand, A.; Lakmini, H. J. Am. Chem.
Soc. 2006, 128, 6829.

(16) Boele, M. D. K.; van Strijdonck, G. P. F.; de Vries, A. H. M.; Kamer,
P. C. J.; de Vries, J. G.; van Leeuwen, P. W. N. M. J. Am. Chem. Soc.
2002, 724, 1586.

(17) Cai, G.; Fu, Y.; Li, Y.; Wan, X.; Shi, Z. J. Am. Chem. Soc. 2007, 129,

7666.

(18) Hewgley, J. B.; Stahl, S. S.; Kozlowski, M. C. J. Am. Chem. Soc. 2008,
130, 12232.

(19) Hull, K. L.; Lanni, E. L.; Sanford, M. S. J. Am. Chem. Soc. 2006, 128,
14047.

(20) Matsushita, M.; Kamata, K.; Yamaguchi, K.; Mizuno, N. J. Am. Chem.
Soc. 2005, 127, 6632.

(21) Weissman, H.; Song, X.; Milstein, D. J. Am. Chem. Soc. 2001, 123, 337.

(22) Yang, S.; Li, B.; Wan, X.; Shi, Z. J. Am. Chem. Soc. 2007, 129, 6066.

(23) Nagano, T.; Hayashi, T. Org. Lett. 2005, 7, 491.

(24) Cahiez, G.; Duplais, C.; Buendia, J. Angew. Chem., Int. Ed. 2009, 48, 6731.

(25) Cahiez, G.; Moyeux, A.; Buendia, J.; Duplais, C. J. Am. Chem. Soc. 2007,
129, 13788.

(26) Egami, H.; Katsuki, T. J. Am. Chem. Soc. 2009, 131, 6082.

(27) Liu, W.; Lei, A. Tetrahedron Lett. 2008, 49, 610.

(28) Li, B.-J.; Tian, S.-L.; Fang, Z.; Shi, Z.-J. Angew. Chem., Int. Ed. 2008, 47,
1115.

(29) Yang, S.-D.; Sun, C.-L.; Fang, Z.; Li, B.-J.; Li, Y.-Z.; Shi, Z.-J. Angew.
Chem., Int. Ed. 2008, 47, 1473.

(30) Lindh, J.; Enquist, P.-A.; Pilotti, A.; Nilsson, P.; Larhed, M. J. Org. Chem.
2007, 72, 7957.

(31) Tani, M.; Sakaguchi, S.; Ishii, Y. J. Org. Chem. 2004, 69, 1221.

(32) Wang, D.-H.; Mei, T.-S.; Yu, J.-Q. J. Am. Chem. Soc. 2008, 130, 17676.

(33) Dwight, T. A.; Rue, N. R.; Charyk, D.; Josselyn, R.; DeBoef, B. Org. Lett.
2007, 9, 3137.

(34) Cahiez, G.; Foulgoc, L.; Moyeux, A. Angew. Chem., Int. Ed. 2009, 48,
2969.

(35) Shi, B.-F.; Maugel, N.; Zhang, Y.-H.; Yu, J.-Q. Angew. Chem., Int. Ed.
2008, 47, 4882.

(36) Chen, X.; Goodhue, C. E.; Yu, J.-Q. J. Am. Chem. Soc. 2006, 128, 12634.

(37) Chen, X.; Li, J.-J.; Hao, X.-S.; Goodhue, C. E.; Yu, J.-Q. J. Am. Chem.
Soc. 2006, 128, 78.

(38) Giri, R.; Maugel, N.; Li, J.-J.; Wang, D.-H.; Breazzano, S. P.; Saunders,
L. B.; Yu, J.-Q. J. Am. Chem. Soc. 2007, 129, 3510.

(39) Basle, O.; Li, C.-J. Org. Lett. 2008, 10, 3661.

(40) Li, Z.; Cao, L.; Li, C.-J. Angew. Chem., Int. Ed. 2007, 46, 6505.

(41) Lin, S.; Song, C.-X.; Cai, G.-X.; Wang, W.-H.; Shi, Z.-J. J. Am. Chem.
Soc. 2008, 130, 12901.

(42) Urkalan, K. B.; Sigman, M. S. J. Am. Chem. Soc. 2009, 131, 18042.

(43) Liu, G. S.; Yin, G. Y.; Wu, L. Angew. Chem., Int. Ed. 2008, 47, 4733.

(44) Prokopcova, H.; Kappe, C. O. Angew. Chem., Int. Ed. 2008, 47, 3674.

(45) Chen, X.; Hao, X.-S.; Goodhue, C. E.; Yu, J.-Q. J. Am. Chem. Soc. 2006,
128, 6790.

(46) Gao, Y.; Wang, G.; Chen, L.; Xu, P.; Zhao, Y.; Zhou, Y.; Han, L.-B. J. Am.
Chem. Soc. 2009, 131, 7956.

(47) Hamada, T.; Ye, X.; Stahl, S. S. J. Am. Chem. Soc. 2008, 130, 833.

(48) Wacharasindhu, S.; Bardhan, S.; Wan, Z.-K.; Tabei, K.; Mansour, T. S.
J. Am. Chem. Soc. 2009, 131, 4174.

(49) Rogers, M. M.; Kotov, V.; Chatwichien, J.; Stahl, S. S. Org. Lett. 2007, 9,
4331.

(50) Stahl, S. S. Science 2005, 309, 1824.

(51) Sheldon, R. A.; Arends, I. W. C. E.; ten Brink, G.-J.; Dijksman, A. Acc.
Chem. Res. 2002, 35, 774.

(52) Baran, P. S.; DeMartino, M. P. Angew. Chem., Int. Ed. 2006, 45, 7083.

(53) Dubbaka, S. R.; Kienle, M.; Mayr, H.; Knochel, P. Angew. Chem., Int. Ed.
2007, 46, 9093.

(54) Zhao, Y.; Wang, H.; Hou, X.; Hu, Y.; Lei, A.; Zhang, H.; Zhu, L. J. Am.
Chem. Soc. 2006, 128, 15048.

(55) Jin, L.; Zhao, Y.; Zhu, L.; Zhang, H.; Lei, A. Adv. Synth. Catal. 2009,
351, 630.

(56) Stahl, S. S.; Thorman, J. L.; Nelson, R. C.; Kozee, M. A. J. Am. Chem.
Soc. 2001, 123, 7188.

(57) Popp, B. V.; Stahl, S. S. J. Am. Chem. Soc. 2007, 129, 4410.

(58) Gligorich, K. M.; Sigman, M. S. Angew. Chem., Int. Ed. 2006, 45, 6612.

(59) Eckhardt, M.; Fu, G. C. J. Am. Chem. Soc. 2003, 125, 13642.

(60) Altenhoff, G.; Wuertz, S.; Glorius, F. Tetrahedron Lett. 2006, 47, 2925.

(61) Cahiez, G.; Gager, O.; Buendia, J. Angew. Chem., Int. Ed. 2010, 49, 1278.

(62) Baeuerlein, P. S.; Fairlamb, 1. J. S.; Jarvis, A. G.; Lee, A. F.; Mueller, C.;
Slattery, J. M.; Thatcher, R. J.; Vogt, D.; Whitwood, A. C. Chem. Commun.
2009, 5734.

(63) Fairlamb, 1. J. S. Org. Biomol. Chem. 2008, 6, 3645.

(64) Zhang, H.; Luo, X.; Wongkhan, K.; Duan, H.; Li, Q.; Zhu, L.; Wang, J.;
Batsanov, A. S.; Howard, J. A. K.; Marder, T. B.; Lei, A. Chem.—Eur. J.
2009, 75, 3823.

(65) Izawa, Y.; Shimizu, I.; Yamamoto, A. Bull. Chem. Soc. Jpn. 2004, 77,
2033.

JA100630P

J. AM. CHEM. SOC. = VOL. 132, NO. 12, 2010 4103



