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ABSTRACT: A strategy for the catalytic diarylation of
alkenes is presented. The method involves the migratory
insertion of alkenes into an Ar—Cu complex to generate a
new C(sp®>)—Cu complex, which subsequently undergoes
reaction with an aryl iodide to constitute a vicinal
diarylation of an alkene. The method provides access to
benzofuran- and indoline-containing products. Further-
more, highly diastereoselective examples are presented,
allowing access to complex, stereochemically rich
structures from simple alkene starting materials.

C ross-coupling reactions of C(sp’) nucleophiles have
emerged as an important method for chemical synthesis."
The majority of these processes utilize pregenerated and often
isolated nucleophiles (Scheme 1A). An alternative approach

Scheme 1. Complementary Approaches toward Cross-
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involves catalytic generation of a C(sp®) nucleophile by
migratory insertion of an alkene followed by cross-coupling,
according to the general reaction illustrated in Scheme 1B. A key
feature of this method is that the C(sp*) nucleophile is a catalytic
intermediate. This strategy offers several advantages over traditional
methods because readily available alkenes are used as the direct
chemical input and both positions of the m bond are functionalized.
Thus, simple starting materials can be readily converted to
significantly more complex structures in a single step.

Known methods for the general cross-coupling strategy
outlined in Scheme 1B are relatively rare.”> Cong and Fu’
recently described a Ni-catalyzed vicinal dicarbofunctionalization
of alkenes. For these reactions, a C(sp®)—Ni complex was
proposed to be generated by carbometalation of an Ar—Ni
complex across a tethered alkene, which was followed by cross-
coupling with an alkyl halide. Within the last several years, Cu-
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catalyzed variants of this type of cross-coug)ling have emerged in
reports from our lab* as well as others.” Ito, Sawamura, and
Yoshida have demonstrated that C(sp®)—Cu complexes,
generated as catalytic intermediates through migratory insertion
of alkenes into Cu—Bpin complexes, can be trapped with alkyl
halides.>* " We have developed two methods that allow for the
cross-coupling of in situ-generated nucleophilic C(sp®>)—Cu
complexes with aryl halides (Scheme 2A). Both of these methods

Scheme 2. Approaches toward Cu-Catalyzed Migratory
Insertion/Cross-Coupling with Aryl Halides
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rely on the generation of the C(sp*)—Cu complex by a migratory
insertion of 7 bonds into Cu—Bpin complexes to ultimately
constitute carboboration reactions. For reactions that involve
allenes, the generated allyl—Cu complex can be directly trapped
with an aryl halide.* Carboboration of alkenes proved to be
more challenging and required the use of a Pd catalyst to facilitate
the reaction with the aryl halide.”® It should be noted that
concurrent with our studies regarding the carboboration of
alkenes, Semba and Nakao reported a related method.*

To further extend the scope of migratory insertion/cross-
coupling cascades, we sought to develop a method that could
generate the C(sp®)—Cu intermediate through carbometalation
of a Cu—Ar complex across an alkene (Scheme 2B). After capture
of the resulting C(sp®)—Cu complex with an aryl halide, this
process would constitute a vicinal diarylation of an alkene.®
Diarylation reactions of alkenes are highly sought because rapid

Received: September 2, 2014
Published: October 10, 2014

dx.doi.org/10.1021/ja509056j | J. Am. Chem. Soc. 2014, 136, 14730—14733


pubs.acs.org/JACS

Journal of the American Chemical Society

Communication

molecular complexity can be generated from simple compo-
nents. Consequently, several methods have been introduced.” In
all cases, the substrates must be designed to prevent, suppress, or
in some cases take advantage of f-hydride elimination pathways.
One of the benefits of the method outlined herein is that f-
hydride elimination pathways are limited because C(sp*)—Cu
complexes are generated.®

To begin our studies, we examined the cyclization of borane 1
(easily prepared in two steps) because (1) the reaction would
prov1de an eflicient synthesis of benzofuran-containing struc-
tures” and (2) the carbometalation of Cu—Ar across an alkene
would be facilitated. This type of process is not known for
Cu(I)—Ar complexes. Initial optimization studies revealed that
reactions run in the absence of ligand or with monodentate
ligands led to the formation of the direct cross-coupling product
3 (Table 1, entries 1 and 2). Further evaluation of ligands led to

Table 1. Optimization of the Cu-Catalyzed Diarylation
Reaction®

X mol % CuBr Ph
Bpin X mol % ligand Ph
+
©:0/\/ 1 e?qji(\}/ulilvag;-lsu 0 ©:O/\/
1 toluene, temp, 12 h 2 3
entry X ligand temp (°C)  yield of 2 (%)® 2:3¢
1 S none 120 12 0.2:1
2 s PCy, 120 16 022:1
3 S Xantphos 120 26 1.9:1
4 S dppe 120 38 2.0:1
S S dppp 120 43 1.5:1
6 S dppBz 120 34 3.8:1
7 1 dppBz 120 47 43:1
8 1 dppBz 140 52 5.8:1
9 1 dppBz-CF, 140 71 42:1
10 1 dppBz-Me 140 74 (72) 7.4:1
11 1 dppBz-t-Bu 140 49 9.8:1
12 0 none 120 <2 N/A
13 5 dppBz 120 <2 N/A
Me_ Me
PAr, Ar = Ph: dppBz
Ar = 3,5-(CF)sCeHg dppBz-CFs
O o O ©:PAr2 Ar = 3,5-(Me),CgHz: dppBz-Me
PPh, PPh, Ar = 3,5-(t-Bu),CgHz: dppBz-t-Bu
Xantphos

“See the Supporting Information (SI) for experimental details.
“Determined by 'H NMR analysis (400 MHz) with an internal
standard. The value in parentheses is the yield of the isolated product.
“Determined by 'H NMR analysis (400 MHz). ¥NaO#-Bu was not
used

the discovery that the use of bidentate ligands provided
benzofuran 2 as the major isomer (entries 3—6). From these
studies, 1,2-bis(diphenylphosphino)benzene (dppBz) was iden-
tified to be optimal because the product ratio (2:3) was the most
favorable (entry 6). Increasing the temperature and reducing the
catalyst loading from 5 to 1 mol % led to increases in the yield and
the 2:3 ratio (entries 6—8). The increase in yield with a decrease
in catalyst loading is unusual and is likely due to minimization of
dimerization or bimolecular catalyst decomposition. On the basis
of these assumptions, sterically larger catalysts were evaluated.
These studies led to the identification of an optimal ligand,
dppBz-Me, with which the desired product was generated in 74%
yield (entry 10). Use of the even larger ligand dppBz-t-Bu led to
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an increase in the 2:3 ratio but a decrease in the yield of 2 (entry
11). Finally, we note that using less PhI (3 vs S equiv) led to a
decrease in the yield (59%) with a concomitant increase in the
2:3 ratio (19:1). However, the excess aryl iodide could be
recovered in nearly quantitative yield at the end of the reaction.

With an optimized set of conditions in hand, we initially
explored the scope of this method with respect to the aryl iodide
(Scheme 3). A variety of electron-deficient, electron-rich, and

Scheme 3. Substrate Scope®
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“See the SI for experimental details. Ylelds of isolated products
(averages of two experiments) are shown. 3.0 equiv of Arl was used.
1.5 equiv of Arl was used.

heteroaryl iodides underwent the reaction in good yields (see
products 4—7). Notably, sterically hindered aryl iodides
underwent the reaction to provide 8 and 9 in 72% and 73%
yield, respectively. Electron-deficient and electron-rich substrates
also functioned well under these reaction conditions (see
products 10 and 11, respectively). We also investigated the
effect of the nature of the tether on the efficiency of the reaction.
A substrate bearing an N linkage rather than an O linkage
underwent reaction to provide 12 in 60% yield. Attempts to form
carbocycles or six-membered rings were unsuccessful, as we
observed only the products of direct cross-coupling. Finally, the
moderate yields observed in some cases are Frlmarﬂy due to
increased amounts of direct cross-coupling.'”

The formation of quaternary carbons was also tolerated with
this method. Thus, treatment of 13 with S mol % dppBz-Me—
CuBr, Phl, and NaO#-Bu at 120 °C provided benzofuran 14 in
78% yield (Scheme 4). We also discovered that the use of PCy;—
CuCl led to formation of the direct cross-coupling product 15
(80% vyield).*'* Thus, differential reactivity was achieved
through simple ligand selection and modest changes in the
reaction conditions.

Diastereoselective variants of these reactions were also
investigated. Substrate 16 bearing an additional methyl
substituent in the tether underwent highly stereoselective
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Scheme 4. Catalyst-Controlled Cross-Coupling
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reaction (>20:1 dr) to provide 17 in 50% vyield (eq 1). The
reaction likely proceeded through the pre-transition-state
assembly shown in eq 1, where the migratory insertion occurred
from the less hindered face of the alkene.

Bpin 1 mol % dppBz-Me-CuBr
> wiMe (1
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Z
Me

50% yield, >20:1 dr
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Diastereoselective reactions were also explored with 1,2-
disubstituted alkenes. Since reactions with 1,2-dialkyl-substituted
alkenes led only to direct cross-coupling, likely because of slow
migratory insertion, styrene-derived substrates were examined
(Scheme S). Treatment of 18 with 1 mol % dppBz-CF;—CuBr,

Scheme S. Diastereoselective Cu-Catalyzed Diarylation®
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“See the SI for experimental details. Yields of isolated products
(averages of two experiments) are shown. Diastereomeric ratios (dr)
were determined by '"H NMR analysis of the unpurified reaction
mixtures. “With 1.5 equiv of 2,6-(Me),CsH,L.

NaOt-Bu, and 4-CIC4H,I in toluene at 140 °C led to the
formation of 19 in 38% yield with 10:1 dr."* Sterically hindered
aryl iodides could also be used to generate 21 with high
diastereoselectivity (>20:1 dr). The formation of the observed
diastereomer is not likely the result of an equilibration of the
putative C(sp*)—Cu complex to a thermodynamic minimum
because the use of the Z isomer of 18 provided the opposite
diastereomer of 19 with 8:1 dr, albeit in low yield (data not
shown).'® The diastereoselectivity in these processes is
intriguing because it is likely the result of syn migratory insertion
followed by stereoretentive cross-coupling with ArI (Scheme ).
To the best of our knowledge, neither of these processes has been
documented with Ar—Cu(I) complexes or C(sp®)—Cu(I)
complexes, respectively. These results also suggest that the
reaction does not proceed via the intermediacy of radical
intermediates, as low diastereoselectivity would be expected.
We carried out studies to provide further evidence for the
proposed mechanism (Scheme 6). Treatment of dppBz—CuCl

Dt
CD30D % 71%D

Scheme 6. Mechanistic Studies”
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Me
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“See the SI for experimental details. Yields were determined by 'H
NMR analysis (400 MHz) of the unpurified reaction mixtures using an
internal standard.

(1.1 equiv) with NaO#-Bu (1.1 equiv) and substrate 13 in toluene
at 22 °C led to the formation of a new complex, tentatively
assigned as 22, within 4 h.'* Treatment of 22 with CD;0OD led to
the rapid formation of deuterated product 23 in 96% yield.
Furthermore, addition of 3 equiv of PhI to 22 and warming to
120 °C provided the diarylated product 14 in 44% yield along
with the direct coupling product 15 in 7% yield. Finally, when the
putative Ar—Cu complex 22 was heated to 110 °C for 90 min, full
conversion to a new complex, tentatively assigned as C(sp®)—Cu
complex 24, was observed. This complex was captured with
CD;OD to provide deuterated product 25 in 64% yield. When
PhI was added to this species and the mixture was heated to 120
°C, the diarylated product 14 was generated in 36% yield. These
data (Scheme 6) are in complete agreement with the outcomes of
the diastereoselective reactions shown in Scheme $ and strongly
suggest that the reaction proceeds through carbometalation of an
Ar—Cu complex across an alkene followed by cross-coupling
with Arl. The mechanism of the reaction of the generated
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C(sp*)—Cu complex 24 with Arl is not clear at this time but will
be the subject of future investigations.

In summary, a method for the catalytic diarylation of alkenes
has been presented. The method provides access to a range of
heterocyclic compounds from simple starting materials.
Furthermore, new reactions of organocopper complexes have
also been described. Future work will focus on expanding the
scope of these processes to enantioselective variants.

B ASSOCIATED CONTENT

© Supporting Information

Experimental procedures, analytical data for all compounds, and
crystallographic data (CIF). This material is available free of
charge via the Internet at http://pubs.acs.org.

H AUTHOR INFORMATION

Corresponding Author
brownmkb@indiana.edu

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Indiana University and the ACS PRF for support of
this work. Dr. Maren Pink (X-ray, IU), Dr. Jonathan A. Karty
(mass spec., IU), Angela M. Hanson (mass spec., IU), and Dr.
Frank Gao (NMR, IU) are acknowledged for their assistance. We
also thank Prof. Jeremy Smith and the Smith Lab (IU) for helpful
discussions and experimental advice. W.Y. acknowledges support
from the Indiana University Chester Davis Fellowship.

B REFERENCES

(1) Jana, R.; Pathak, T. P.; Sigman, M. S. Chem. Rev. 2011, 111, 1417.

(2) The strategy presented herein is related to cross-coupling reactions
in which migratory insertion with an organometallic intermediate
derived from oxidative addition occurs. For selected examples, see:
(a) Grigg, R.; Sansano, J.; Santhakumar, V.; Sridharan, V,;
Thangavelanthum, R.; Thornton-Pett, M.; Wilson, D. Tetrahedron
1997, 53, 11803. (b) Lee, C.-W.; Oh, K. S.; Kim, K. S.; Ahn, K. H. Org.
Lett. 2000, 2, 1213. (c) Oh, C. H,; Sung, H. R;; Park, S.J.; Ahn, K. H. J.
Org. Chem. 2002, 67, 715S. (d) Zeni, G.; Larock, R. C. Chem. Rev. 2006,
106, 4644. (e) Gowrisankar, S.; Lee, H. S.; Lee, K. Y.; Lee, J.-E.; Kim, J.
N. Tetrahedron Lett. 2007, 48, 8619. (f) Jeganmohan, M.; Cheng, C.-H.
Chem. Commun. 2008, 3101. (g) René, O.; Lapointe, D.; Fagnou, K. Org.
Lett. 2009, 11, 4560. (h) Zhang, X.; Larock, R. C. Tetrahedron 2010, 66,
4265. (i) Liao, L.; Jana, R; Urkalan, K. B.; Sigman, M. S. J. Am. Chem.
Soc. 2011, 133, 5784. (j) Seashore-Ludlow, B.; Danielsson, J.; Somfai, P.
Adv. Synth. Catal. 2012, 354, 205. (k) Saini, V.; Sigman, M. S. J. Am.
Chem. Soc. 2012, 134, 11372. (1) McCammant, M. S.; Liao, L.; Sigman,
M. S. J. Am. Chem. Soc. 2013, 135, 4167. (m) Saint, V.; Liao, L.; Wang,
Q.; Jana, R.; Sigman, M. S. Org. Lett. 2013, 1S5, 5008. (n) Wang, D.-C,;
Niu, H.-Y,; Xie, M.-S,; Qu, G.-R;; Wang, H.-X; Guo, H.-M. Org. Lett.
2014, 16, 262. (o) Stokes, B. J; Liao, L.; de Andrade, A. M.; Wang, Q.;
Sigman, M. S. Org. Lett. 2014, 16, 4666.

(3) Cong, H; Fu, G. C. J. Am. Chem. Soc. 2014, 136, 3788.

(4) (a) Zhou, Y.; You, W.; Smith, K. B.; Brown, M. K. Angew. Chem,,
Int. Ed. 2014, 53, 3475. (b) Smith, K. B.; Logan, K. M.; You, W.; Brown,
M. K. Chem.—Eur. J. 2014, 10, 12032.

(5) (a) Ito, H.; Kosaka, Y.; Nonoyama, K.; Sasaki, Y.; Sawamura, M.
Angew. Chem., Int. Ed. 2008, 47, 7424. (b) Ito, H; Toyoda, T.;
Sawamura, M. J. Am. Chem. Soc. 2010, 132, 5990. (c) Zhong, C.; Kunii,
S.; Kosaka, Y.; Sawamura, M.; Ito, H. J. Am. Chem. Soc. 2010, 132, 11440.
(d) Zhang, L.; Cheng, J.; Carry, B.; Hou, Z. J. Am. Chem. Soc. 2012, 134,
14314. (e) Alfaro, R;; Parra, A.; Aleman, J.; Garcia Ruano, J. L.; Tortosa,
M. J. Am. Chem. Soc. 2012, 134, 15165. (f) Yoshida, H.; Kageyuki, L;
Takaki, K. Org. Lett. 2013, 15, 952. (g) Liu, P.; Fukui, Y.; Tian, P.; He, Z.-

14733

T.; Sun, C.-Y.; Wy, N.-Y.; Lin, G.-Q. J. Am. Chem. Soc. 2013, 135, 11700.
(h) Meng, F; Jang, H; Jung, B.; Hoveyda, A. H. Angew. Chem. 2013,
125, 5150; Angew. Chem., Int. Ed. 2013, 52, 5046. (i) Kubota, K;
Yamamoto, E.; Ito, H. J. Am. Chem. Soc. 2013, 135,263S. (j) Kageyuki, L;
Yoshida, H.; Takaki, K. Synthesis 2014, 46, 1924. (k) Semba, K.; Nakao,
Y. J. Am. Chem. Soc. 2014, 136, 7567. (1) Semba, K.; Bessho, N.; Fujihara,
T.; Terao, J.; Tsuji, Y. Angew. Chem., Int. Ed. 2014, 53, 9007. (m) Meng,
F.; Haeffner, F.; Hoveyda, A. H. J. Am. Chem. Soc. 2014, 136, 11304.
(n) Meng, F.; McGrath, K. P.; Hoveyda, A. H. Nature 2014, 513, 367.

(6) Conjugate addition to electron-deficient alkenes and electrophilic
capture of the generated enolates is well-known. For a recent review, see:
Guo, H.-C.; Ma, J.-A. Angew. Chem., Int. Ed. 2006, 45, 354.

(7) For examples of diarylation/vinylation reactions of alkenes, see ref
2a—ce,fik—m,0 and: (a) Urkalan, K. B.; Sigman, M. S. Angew. Chem.,
Int. Ed. 2009, 48, 3146. (b) Trejos, A.; Fardost, A.; Yahiaoui, S.; Larhed,
M. Chem. Commun. 2009, 7587. (c) Werner, E. W.; Urkalan, K. B;
Sigman, M. S. Org. Lett. 2010, 12, 2848. (d) Yahiaoui, S.; Fardost, A.;
Trejos, A.; Larhed, M. J. Org. Chem. 2011, 76, 2433.

(8) Neutral alkyl-Cu(I) complexes are relatively stable toward f-
hydride elimination. For example, see: (a) Miyashita, A.; Yamamoto, T.;
Yamamoto, A. Bull. Chem. Soc. Jpn. 1977, 50, 1109. (b) Goj, L. A.; Blue,
E. D.; Munro-Leighton, C.; Gunnoe, T. B.; Petersen, J. L. Inorg. Chem.
2008, 44, 8647. (c) Laitar, D. S.; Tsui, E. Y.; Sadighi, J. P. Organometallics
2006, 25, 2405. (d) Rucker, R. P.; Whittaker, A. M.; Dang, H.; Lalic, G. J.
Am. Chem. Soc. 2012, 134, 6571.

(9) For other intramolecular catalytic carbometalation approaches for
the synthesis of carbocycles and heterocycles, see ref 2a—d,g and:
(a) Watson, M. P.; Jacobsen, E. N. J. Am. Chem. Soc. 2008, 130, 12594.
(b) Nakao, Y.; Ebata, S.; Yada, A.; Hiyama, T.; Ikawa, M.; Ogoshi, S. J.
Am. Chem. Soc. 2008, 130, 12874. (c) Davis, T. A; Hyster, T. K.; Rovis,
T. Angew. Chem,, Int. Ed. 2013, 52, 14181.

(10) See the Supporting Information for details.

(11) Reaction to generate 2 under the conditions outlined in Scheme 3
on a 1.0 mmol scale (vs a 0.1 mmol scale) occurred in 61% yield.

(12) For other examples of Cu-catalyzed Suzuki—Miyaura-type cross-
coupling, see: (a) Thathagar, M. B.; Beckers, J.; Rothenberg, G. J. Am.
Chem. Soc. 2002, 124, 11858. (b) Thathagar, M. B.; Beckers, J;
Rothenberg, G. Adv. Synth. Catal. 2003, 345, 979. (c) Li, J.-H.; Wang, D.-
P. Eur. J. Org. Chem. 2006, 2063. (d) Li, J.-H; Li, J.-L.; Wang, D.-P.; Pj,
S.-F.; Xie, Y.-X,; Zhang, M.-B.; Hu, X.-C. J. Org. Chem. 2007, 72, 2053.
(e) Li, J.-H,; Li, J.-L.; Xie, Y.-X. Synthesis 2007, 984. (£) Mao, J.; Guo, J.;
Fang, F.; Ji, S.-]. Tetrahedron 2008, 64, 3905. (g) Yang, C.-T.; Zhang, Z.-
Q.; Tajuddin, H.; Wu, C.-C,; Liang, J; Liu, J.-H.; Fu, Y.; Czyzewska, M.;
Steel, P. G.; Marder, T. B.; Liu, L. Angew. Chem,, Int. Ed. 2012, 51, 528.
(h) Gurung, S. K; Thapa, S.; Kafle, A.; Dickie, D. A.; Giri, R. Org. Lett.
2014, 16, 1264.

(13) Using dppBz—CuBr or dppBz-Me—CuBr complexes provided
product 19 in <5% yield. Studies to understand these ligand effects are
ongoing.

(14) Transmetalation of L,CuOt-Bu complexes with ArBpin is known.
For example, see: (a) Ohishi, T.; Nishiura, M.; Hou, Z. Angew. Chem.,,
Int. Ed. 2008, 47, 5792. (b) Whittaker, A. M.; Rucker, R. P.; Lalic, G. Org.
Lett. 2010, 12, 3216.

dx.doi.org/10.1021/ja509056j | J. Am. Chem. Soc. 2014, 136, 14730—14733


http://pubs.acs.org
mailto:brownmkb@indiana.edu

