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Alkene Carboboration Enabled by Synergistic Catalysis
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Abstract: A synergistic Pd/Cu system for the coupling of
alkenes, (Bpin), (pin=pinacolate), and aryl/vinyl bromides
is disclosed. This method allows for the catalytic genera-
tion of secondary Csp>~Cu nucleophiles in situ and subse-
quent Pd-catalyzed cross-coupling.

Palladium-catalyzed cross-coupling reactions have emerged as
an indispensable method for chemical synthesis." The majority
of these methods rely on the pregeneration, and often isola-
tion, of the nucleophile component (Scheme 1). Synthesis of
the requisite nucleophile can often require tedious reaction se-
quences. Thus, catalytic generation of nucleophiles from
simple components and direct cross-coupling would represent
an attractive strategy for chemical synthesis.>*! Herein, we de-
scribe a synergistic Pd/Cu catalytic system that allows in situ
generation of Cu-based nucleophiles from simple alkenes and
diboron reagents followed by Pd-catalyzed cross-coupling
(Scheme 1).% As will be outlined below, this strategy offers
several advantages over traditional cross-coupling methods.
Our approach towards generating nucleophiles in situ was
inspired by the pioneering work of Sadighi and co-workers,
who demonstrated that Csp*~Cu complexes could be generat-
ed by migratory insertion of NHC—Cu-Bpin (pin=pinacolate)
complexes across alkenes.®” Subsequent studies by numerous
groups, including ours,”® have developed catalytic variants that
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intercept the in situ generated Csp®> or Csp’—~Cu complexes
with various electrophiles (most commonly a proton) to turn-
over the catalyst.”'¥ Cross-coupling of in situ generated Csp®-
or Csp>-Cu-complexes with carbon-based electrophiles to for-
mally constitute a carboboration process™ is significantly
more difficult.®'¥ These reactions are largely limited to cases
involving in situ generated Csp>~Cu complexes or allyl-Cu
complexes.®® The only examples describing capture of
Csp®~Cu complexes utilize alkyl halides as the electrophilic
component [13e-fhK

We became interested in the cross-coupling of in situ gener-
ated Csp’- or Csp>~Cu complexes with aryl halides, because
these processes would give rise to important and versatile
motifs for chemical synthesis (see below, for examples). Based
on these efforts, we recently reported a method for Cu-cata-
lyzed carboboration of alkynes and allenes.”” This method en-
tails addition of a Cu-Bpin complex across an alkyne or allene
and direct capture of the resulting Csp>~Cu complex or allyl-
Cu-complex, respectively, with aryl iodides. However, efforts to
extend this methodology to the coupling of simple alkenes
have been met with significant challenges. This is primarily
due to the slow reaction between the generated Csp®-Cu
complex and the aryl halide. To circumvent this challenge, we
devised a form of synergistic catalysis that merges the Cu-cata-
lyzed migratory insertion of Cu-Bpin complexes across alkenes
with Pd-catalyzed cross-coupling reactions of aryl halides
(Scheme 1).4>19

Generally, we envisioned the catalytic cycle illustrated in
Scheme 2 would proceed as follows: The Csp*~Cu complex I
would be generated by reaction of a Cu-Bpin complex (ll)
with an alkene. Subsequent reaction with an [PdL,ArX] com-
plex (VI) (generated by oxidative addition of [Pd’L,] (V) to an
ArX) will provide a new Csp>~Pd complex IV, as well as regen-
erate the starting Cu complex I. Reductive elimination of Pd
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Scheme 2. Mechanistic idea to enable carboboration with synergistic
catalysis.
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complex IV would provide the product and regenerate Pd°L,
(V).

The approach outlined in Scheme 1 is particularly attractive,
because: 1) simple alkenes are used as the chemical input;
2) both positions of the alkene are functionalized, thus allow-
ing two new bonds to be generated in a single operation;
3) due to the presence of the Bpin substituent, further func-
tionalization is possible; and 4) this process would allow the
cross-coupling of secondary Csp® nucleophiles, a recognized
challenge in the cross-coupling field.!'«7'®

We initiated our studies by examining the carboboration of
styrenes, aryl bromides, and (Bpin),. Our choice to begin our
studies herein was largely motivated by two factors: 1) the mi-
gratory insertion of Cu-Bpin complexes across styrenes is well
established;®*'? and 2) this method would provide efficient
and, perhaps more importantly, modular access to the 1,1-dia-
rylalkane motif." Numerous biologically relevant molecules
contain this structural pattern; two pertinent examples are il-
lustrated in Figure 1 (1-2).2%
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Figure 1. Representative 1,1-diarylalkanes.

After evaluation of numerous reaction parameters, we iden-
tified that 1,1-diarylalkane 4 could be generated in >98%
yield (GC) by treatment of styrene (3), PhBr, and (Bpin), in the
presence of 5 mol% SIMesCuCl and 1 mol% Pd-2-dicyclohexyl-
phosphino-2',4',6'-triisopropylbiphenyl  (XPhos)  precatalyst
(Table 1, entry 1).?" Several points regarding our optimized re-
action conditions are noteworthy: 1) the reaction operates well
under mild conditions (22°C) and short reaction time (6 h);
and 2) use of phosphine-based Cu complexes provided 4 in
low yield (Table 1, entries 2 and 3). Previous reports have de-
tailed that phosphine Cu-Bpin complexes undergo slower mi-
gratory insertion than NHC—Cu-Bpin complexes;"* and
3) Sterically hindered NHC—Cu complexes IPrCuCl and SIPrCuCl
are less efficient than SIMesCuCl (Table 1, entries 5 and 6) likely
due to slower rates of migratory insertion and transmetalation.
IMesCuCl performs with a similar level of efficiency to that of
SIMesCuCl. 4) Other Pd complexes gave 4, albeit in reduced
yield (Table 1, entries 8 and 9). The use of Pd—PCy, pre-catalyst
led to the formation of a regioisomeric product.”? Use of the
Pd—XPhos pre-catalyst (as opposed to in situ generated com-
plexes) is not necessary and was only employed for simplicity.
5) Reactions with Phl work in moderate yield (62%);* howev-
er, use of PhCl did not lead to formation of the desired prod-
uct (Table 1, entries 10-11). 6) Both the Cu and Pd complexes
are necessary for this process (Table 1, entries 12 and 13).

Chem. Eur. J. 2014, 20, 12032-12036 www.chemeurj.org

12033

CHEMISTRY

A European Journal

Communication
Table 1. Alkene carboboration: effect of changing reaction parameters.”
B eI
/\ mol 7 - 0S precatalys Boin
P 3\ PhBr (1.1 equiv) Ph)>/ P
(Bpin), (1.5 equiv)
NaOt-Bu (1.5 equiv)
toluene, 22 °C, 6 h
Entry Change from optimized conditions Yield [%]"
1 none >98
2 Cy;P CuCl instead of SIMesCuCl n
3 tBu,P CuCl instead of SIMesCuCl 39
4 IMesCuCl instead of SIMesCuCl >98
5 SIPrCuCl instead of SIMesCuCl 10
6 IPrCuCl instead of SIMesCuCl 73
7 ICyCuCl instead of SIMesCuCl <5
8 Pd—PCy; precatalyst instead of Pd-XPhos precatalyst 629
9 Pd—PtBu; precatalyst instead of Pd-XPhos precatalyst 91
10 PhCl instead of PhBr <2
n Phl instead of PhBr 68
12 no Pd-XPhos precatalyst <2
13 no SIMesCucl <2
XPhos = (Saturated)
O R = Mes: SIMes
NH, CyaP RN \R R=26PCeHy SIPr
Pd-XPhos P iPr \]/ (Unsaturated)
O ‘OMs O CuCl R =Mes: IMes
R = 2,6/PrCqH3: IPr
Pd-XPhos precatalyst ~ iPr R =Cy: ICy
[a] See the Supporting Information for experimental details. [b] Yield de-
termined by GC analysis with a calibrated internal standard (dodecane).
[c] Regioisomeric product was formed in 23% yield, see the Supporting
Information for details.

7) Under the optimized set of conditions, <2% of products de-
rived from B-hydride elimination of either the putative Csp’—
Cu complex lll or the Csp®>-Pd complex IV was observed.
8) The primary by-product from these reactions was Ph-Bpin
resulting from cross-coupling of PhBr and (Bpin),. Under the
optimized set of conditions, the formation of this compound
was limited to <5%.

With an optimized set of conditions in hand, we explored
the scope and limitations of this process. Several points re-
garding the range of electrophiles are noteworthy (Scheme 3):
1) Electron-deficient (see products 6-7), electron-rich (see
products 5, 8), and sterically hindered (product 8) aryl bro-
mides undergo reaction in good yield. 2) Reaction with vinyl
bromides led to formation of 11 and 12 in 47 and 66 % vyields,
respectively. These examples are particularly noteworthy, be-
cause there is potential for migratory insertion of SIMesCu-
Bpin across the vinyl bromide. Reactions with less hindered
vinyl bromides (e.g., 1-bromo-1-propene) did not lead to prod-
uct formation, likely because of competitive migratory inser-
tion pathways. 3) Reactions with heterocyclic aryl bromides
also worked well (see products 9-10). These examples are es-
pecially relevant to the preparation of biologically active com-
pounds.”® 4) Due to the mild reaction conditions, transesterifi-
cation of methyl esters with NaOtBu did not occur (7). 5) Ap-
proximately 10% of a product derived from [3-hydride elimina-
tion was observed only in the cases of 2-bromotoluene and 3-
bromothiophene.”? 6) Mesityl bromide did not work in this
process, likely due to severe steric interactions (not shown).

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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5 mol % SIMesCuCl Ph
1 mol % Pd-XPhos precatalyst
Ph” X /I\/Bpin
3 PhBr (1.1 equiv) Ph™
(Bpin), (1.5 equiv)

84% yield
NaOt-Bu (1.5 equiv) °yie
toluene, 22 °C, 6 h
- products with various aryl/vinyl bromides
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Scheme 3. Reactions with aryl/vinyl bromides and styrene. Yields reported as
the average of two experiments. [a] Approximately 10% of products derived
from B-hydride elimination were observed. [b] Yield was determined by

'H NMR analysis with an internal standard.

5 mol % SIMesCuCl Ar
1 mol % Pd-XPhos precatalyst
R/\ )\/Bpin
ArBr (1.1 equiv) R
(Bpin), (1.5 equiv)
NaOt-Bu (1.5 equiv)
toluene, 22 °C, 6 h

Ph Ph Me Ph

Bpin /@)\/Bpi” i A Bpin
g G F
13 6 8
93% yield 90% yield 90% yield
O, Me
Ph
PhMe,Si Bpin 15

©2°! 60% yield

14
84% yield Bpin
PhMe,Si

Scheme 4. Reactions with aryl bromides and alkenes. Yields reported as the
average of two experiments.

The scope of this process has also been extended to other
classes of activated alkenes. As illustrated in Scheme 4, various
substituted styrene derivatives, including the sterically hin-
dered 2-methyl styrene, operated well in this reaction (see
products 6, 8, and 13). Dimethylphenyl vinylsilane is also
a competent substrate (Scheme 4).'*? These products (14 and
15) are notable, because both the silyl and boron units can be
differentially functionalized. Preparation of 15 also represents
that ketones are tolerated under the reaction conditions.””

Reactions with cyclic 1,2-substituted styrene derivatives
were also investigated (Scheme 4). These substrates offer the
additional challenge, as well as opportunity, of diastereocon-
trol."®2% Furthermore, the products of these reactions are relat-
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Scheme 5. Reactions with disubstituted alkenes. Yields reported as the aver-
age of two experiments.

ed to the structure of biologically significant molecules after
oxidation or amination®” of the resulting Bpin unit (Scheme 5,
26 and 27).”®

Under the optimized conditions, 1,2-dihydronaphthalene
(16) was converted to 17 in 20:1 diastereomeric ratio (d.r.) and
77% vyield (Scheme 5). Reactions of 1,2-dihydronaphthalene
(16) with other sterically and electronically modified aryl bro-
mides also provided the products (18-21) in uniformly good
yields and diastereoselectivities. 2 H-Chromene, as well as 6-
methoxy-1,2-dihydronaphthalene, led to formation of 23 and
22, respectively, in good vyields and diastereoselectivities. Re-
markably, reaction of indene with PhBr provided 24 in low d.r.
(2.6:1 d.r.), but the same reaction with 2-bromotoluene gener-
ated 25 in high d.r. (15:1 d.r.).”" In all cases, the stereochemical
relationship between the Ar and Bpin substituents was deter-
mined to be trans for the major diastereomer.??

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(Bpin), (1 equiv) W’
[CuSIMes]
: :: Bpin
Ph 28

Bpin

20 mol % Pd-Xphos
17 precatalyst
60% yield 20 mol% NaOtBu
>20:1 d.r. PhBr (1.1 equiv)

Scheme 6. Mechanistic studies (see the Supporting Information for experi-
mental details). Yield and d.r. of 17 determined by GC analysis with a calibrat-
ed internal standard (dodecane).

To provide evidence for the plausibility of the catalytic cycle
illustrated in Scheme 2, we have carried out the carboboration
reaction in a stepwise manner. (Scheme 6). Thus, treatment of
1,2-dihydronaphthalene (1.0 equiv)  with ~ SIMesCuOt-Bu
(1.0 equiv), and (Bpin), (1.0 equiv) led to the formation of
a new complex in <5 min at 22°C. Due to the low stability of
this new complex, full characterization was not possible.?%3"
Based on literature precedent, the product is likely from a syn-
migratory insertion of SIMesCuBpin across 1,2-dihydronaphtha-
lene as illustrated by structure 28. After five minutes, treatment
of putative Cu complex 28 with 20 mol% Pd-Xphos precatalyst
(preactivated with 20 mol%NaOtBu) and PhBr (1.1 equiv) led
to the formation of 17 in 60% vyield and >20:1 d.r. within
30 min at 22°C. We expect that the transmetalation of the
Csp*—Cu complex to generate the Csp>~Pd complex likely pro-
ceeds with inversion of stereochemistry to ultimately provide
the trans-diastereomer after a stereoretentive reductive elimi-
nation.®" This is largely due to the known configurational sta-
bility of related Csp>~Cu complexes® and Csp>-Pd com-
plexes,®? especially given the time frame of the experiment (<
30 min). However, at the present time, a pathway that involves
epimerization of the alkyl metal intermediates as an explana-
tion for trans-diastereomer formation is still possible.'® Future
studies will be aimed at unravelling the subtle details of this
process.

In conclusion, we have developed a synergistic Pd/Cu cata-
lytic system that allows the cross-coupling of in situ generated
secondary Csp*~Cu nucleophiles. The method functions well
with a variety of substrates and provides efficient access to
molecules that contain medicinally relevant scaffolds. We have
also demonstrated that high levels of diastereocontrol can be
achieved for many examples. We expect that due to the high
modularity of this method, a variety of useful processes can be
developed.

Acknowledgement
We thank Indiana University for financial support.

Chem. Eur. J. 2014, 20, 12032-12036 www.chemeurj.org

12035

CHEMISTRY

A European Journal
Communication

Keywords: carboboration -
palladium - synergistic catalysis

copper - cross-coupling -

[1] For reviews, see: a)Metal-Catalyzed Cross-Coupling Reactions, Vol. 1,
2ednd ed(Eds.: A. de Meijere, F. Diederich), Wiley-VCH, Weinheim, 2004;
b) R. Martin, S. L. Buchwald, Acc. Chem. Res. 2008, 41, 1461-1473; ¢)R.
Jana, T. P. Pathak, M. S. Sigman, Chem. Rev. 2011, 111, 1417 -1492.

[2] For an example of Pd/Au synergistic catalysis, see: J.J. Hirner, Y. Shi,
S. A. Blum, Acc. Chem. Res. 2011, 44, 603 -613.

[3] H. Cong, G. C. Fu, J. Am. Chem. Soc. 2014, 136, 3788-3791.

[4] During the final stages of the preparation of this manuscript, a closely
related study was published: K. Semba, Y. Nakao, J. Am. Chem. Soc.
2014, 136, 7567 -7570 (Published online: May 8th, 2014).

[5] For a review regarding synergistic catalysis, see: A.E. Allen, D.W.C.
MacMillan, Chem. Sci. 2012, 3, 633.

[6] D.S. Laitar, E. Y. Tsui, J. P. Sadighi, Organometallics 2006, 25, 2405 - 2408.

[71 <For a DFT study, see:L. Dang, H. Zhao, Z. Lin, T. B. Marder, Organome-
tallics 2007, 26, 2824 -2832.

[8] Y. Zhou, W. You, K.B. Smith, M.K. Brown, Angew. Chem. 2014, 126,

3543 -3547; Angew. Chem. Int. Ed. 2014, 53, 3475-3479.

For diboration and hydroboration, see: a) V. Lillo, M. R. Fructos, J. Ramir-

ez, A. A. C. Braga, F. Maseras, M. M. Diaz-Requejo, P. J. Pérez, E. Fernan-

dez, Chem. Eur. J. 2007, 13, 2614-2621; b) D. Noh, H. Chea, J. Ju, J. Yun,

Angew. Chem. 2009, 121, 6178-6180; Angew. Chem. Int. Ed. 2009, 48,

6062 -6064; c) D. Noh, S. K. Yoon, J. Won, J. Y. Lee, J. Yun, Chem. Asian J.

2011, 6, 1967 - 1969.

[10] For Cu-catalyzed protoboration of alkynes, see: a) Y. Lee, H. Jang, A. H.
Hoveyda, J. Am. Chem. Soc. 2009, 131, 18234-18235; b) H. R. Kim, I. G.
Jung, K. Yoo, K. Jang, E.S. Lee, J. Yun, S. U. Son, Chem. Commun. 2010,
46, 758; ) H. Jang, A.R. Zhugralin, Y. Lee, A. H. Hoveyda, J. Am. Chem.
Soc. 2011, 133, 7859-7871; d) H. R. Kim, J. Yun, Chem. Commun. 2011,
47, 2943; e) K. Semba, T. Fujihara, J. Terao, Y. Tsuji, Chem. Eur. J. 2012,
18, 4179-4184; f) H.-Y. Jung, J. Yun, Org. Lett. 2012, 14, 2606 - 2609.

[11] For Cu-catalyzed protoboration of allenes, see: a) B. Jung, A. H. Hovey-
da, J. Am. Chem. Soc. 2012, 134, 1490-1493; b) W. Yuan, S. Ma, Adv.
Synth. Catal. 2012, 354, 1867-1872; c)F. Meng, B. Jung, F. Haeffner,
A. H. Hoveyda, Org. Lett. 2013, 15, 1414-1417; d) K. Semba, M. Shino-
miya, T. Fujihara, J. Terao, Y. Tsuji, Chem. Eur. J. 2013, 19, 7125-7132;
e) F. Meng, H. Jang, B. Jung, A.H. Hoveyda, Angew. Chem. 2013, 125,
5150-5155; Angew. Chem. Int. Ed. 2013, 52, 5046-5051.

[12] For Cu-catalyzed protoboration of involving alkenes, see: a) Y. Lee, A. H.
Hoveyda, J. Am. Chem. Soc. 2009, 131, 3160-3161; b)ref[9a]; ).
Sasaki, C. Zhong, M. Sawamura, H. Ito, J. Am. Chem. Soc. 2010, 132,
1226-1227; d) R. Corberan, N. W. Mszar, A. H. Hoveyda, Angew. Chem.
2011, 123, 7217-7220; Angew. Chem. Int. Ed. 2011, 50, 7079-7082.

[13] For Cu-catalyzed carboboration of 7t bonds, see: a) H. Ito, Y. Kosaka, K.
Nonoyama, Y. Sasaki, M. Sawamura, Angew. Chem. 2008, 120, 7534-
7537; Angew. Chem. Int. Ed. 2008, 47, 7424-7427; b) H. Ito, T. Toyoda,
M. Sawamura, J. Am. Chem. Soc. 2010, 132, 5990-5992; c) C. Zhong, S.
Kunii, Y. Kosaka, M. Sawamura, H. Ito, J. Am. Chem. Soc. 2010, 132,
11440-11442; d) L. Zhang, J. Cheng, B. Carry, Z. Hou, J. Am. Chem. Soc.
2012, 134, 14314-14317; e) R. Alfaro, A. Parra, J. Aleman, J. L. Garcia R-
uano, M. Tortosa, J. Am. Chem. Soc. 2012, 134, 15165-15168; f) H. Yoshi-
da, I. Kageyuki, K. Takaki, Org. Lett. 2013, 15, 952-955; g) P. Liu, Y. Fukui,
P. Tian, Z-T. He, C.-Y. Sun, N.-Y. Wu, G.-Q. Lin, J. Am. Chem. Soc. 2013,
135, 11700-11703; h) F. Meng, H. Jang, B. Jung, A. H. Hoveyda, Angew.
Chem. 2013, 125, 5150-5155; Angew. Chem. Int. Ed. 2013, 52, 5046 -
5051; i) K. Kubota, E. Yamamoto, H. Ito, J. Am. Chem. Soc. 2013, 135,
2635-2640; j)Ref [8]; k)I. Kageyuki, H. Yoshida, K. Takaki, Synthesis
2014, 1924-1932.

[14] For a review regarding Cu-catalyzed boron addition to alkynes, see:
a)J. Yun, Asian J. Org. Chem. 2013, 2, 1016-1025; b) T. Fujihara, K.
Semba, J. Terao, Y. Tsuji, Cat. Sci. Technol. 2014, 4, 1699.

[15] For examlpes of 1,2-carboboration, see: a) M. Suginome, A. Yamamoto,
M. Murakami, J. Am. Chem. Soc. 2003, 125, 6358-6359; b) A. Yamamoto,
M. Suginome, J. Am. Chem. Soc. 2005, 127, 15706-15707; c) M. Sugi-
nome, A. Yamamoto, M. Murakami, Angew. Chem. 2005, 117, 2432-
2434; Angew. Chem. Int. Ed. 2005, 44, 2380-2382; d) M. Suginome, M.
Shirakura, A. Yamamoto, J. Am. Chem. Soc. 2006, 128, 14438-14439;

&)

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1021/ar800036s
http://dx.doi.org/10.1021/ar800036s
http://dx.doi.org/10.1021/ar800036s
http://dx.doi.org/10.1021/cr100327p
http://dx.doi.org/10.1021/cr100327p
http://dx.doi.org/10.1021/cr100327p
http://dx.doi.org/10.1021/ar200055y
http://dx.doi.org/10.1021/ar200055y
http://dx.doi.org/10.1021/ar200055y
http://dx.doi.org/10.1021/ja5029556
http://dx.doi.org/10.1021/ja5029556
http://dx.doi.org/10.1021/ja5029556
http://dx.doi.org/10.1021/ja5029556
http://dx.doi.org/10.1039/c2sc00907b
http://dx.doi.org/10.1021/om060131u
http://dx.doi.org/10.1021/om060131u
http://dx.doi.org/10.1021/om060131u
http://dx.doi.org/10.1021/om070103r
http://dx.doi.org/10.1021/om070103r
http://dx.doi.org/10.1021/om070103r
http://dx.doi.org/10.1021/om070103r
http://dx.doi.org/10.1002/ange.201310275
http://dx.doi.org/10.1002/ange.201310275
http://dx.doi.org/10.1002/ange.201310275
http://dx.doi.org/10.1002/ange.201310275
http://dx.doi.org/10.1002/anie.201310275
http://dx.doi.org/10.1002/anie.201310275
http://dx.doi.org/10.1002/anie.201310275
http://dx.doi.org/10.1002/chem.200601146
http://dx.doi.org/10.1002/chem.200601146
http://dx.doi.org/10.1002/chem.200601146
http://dx.doi.org/10.1002/ange.200902015
http://dx.doi.org/10.1002/ange.200902015
http://dx.doi.org/10.1002/ange.200902015
http://dx.doi.org/10.1002/anie.200902015
http://dx.doi.org/10.1002/anie.200902015
http://dx.doi.org/10.1002/anie.200902015
http://dx.doi.org/10.1002/anie.200902015
http://dx.doi.org/10.1002/asia.201100146
http://dx.doi.org/10.1002/asia.201100146
http://dx.doi.org/10.1002/asia.201100146
http://dx.doi.org/10.1002/asia.201100146
http://dx.doi.org/10.1021/ja9089928
http://dx.doi.org/10.1021/ja9089928
http://dx.doi.org/10.1021/ja9089928
http://dx.doi.org/10.1039/b919515g
http://dx.doi.org/10.1039/b919515g
http://dx.doi.org/10.1021/ja2007643
http://dx.doi.org/10.1021/ja2007643
http://dx.doi.org/10.1021/ja2007643
http://dx.doi.org/10.1021/ja2007643
http://dx.doi.org/10.1039/c0cc04496b
http://dx.doi.org/10.1039/c0cc04496b
http://dx.doi.org/10.1002/chem.201103612
http://dx.doi.org/10.1002/chem.201103612
http://dx.doi.org/10.1002/chem.201103612
http://dx.doi.org/10.1002/chem.201103612
http://dx.doi.org/10.1021/ol300909k
http://dx.doi.org/10.1021/ol300909k
http://dx.doi.org/10.1021/ol300909k
http://dx.doi.org/10.1021/ja211269w
http://dx.doi.org/10.1021/ja211269w
http://dx.doi.org/10.1021/ja211269w
http://dx.doi.org/10.1002/adsc.201100929
http://dx.doi.org/10.1002/adsc.201100929
http://dx.doi.org/10.1002/adsc.201100929
http://dx.doi.org/10.1002/adsc.201100929
http://dx.doi.org/10.1002/ange.201301018
http://dx.doi.org/10.1002/ange.201301018
http://dx.doi.org/10.1002/ange.201301018
http://dx.doi.org/10.1002/ange.201301018
http://dx.doi.org/10.1002/anie.201301018
http://dx.doi.org/10.1002/anie.201301018
http://dx.doi.org/10.1002/anie.201301018
http://dx.doi.org/10.1021/ja809382c
http://dx.doi.org/10.1021/ja809382c
http://dx.doi.org/10.1021/ja809382c
http://dx.doi.org/10.1021/ja909640b
http://dx.doi.org/10.1021/ja909640b
http://dx.doi.org/10.1021/ja909640b
http://dx.doi.org/10.1021/ja909640b
http://dx.doi.org/10.1002/ange.201102398
http://dx.doi.org/10.1002/ange.201102398
http://dx.doi.org/10.1002/ange.201102398
http://dx.doi.org/10.1002/ange.201102398
http://dx.doi.org/10.1002/anie.201102398
http://dx.doi.org/10.1002/anie.201102398
http://dx.doi.org/10.1002/anie.201102398
http://dx.doi.org/10.1002/ange.200802342
http://dx.doi.org/10.1002/ange.200802342
http://dx.doi.org/10.1002/ange.200802342
http://dx.doi.org/10.1021/ja101793a
http://dx.doi.org/10.1021/ja101793a
http://dx.doi.org/10.1021/ja101793a
http://dx.doi.org/10.1021/ja103783p
http://dx.doi.org/10.1021/ja103783p
http://dx.doi.org/10.1021/ja103783p
http://dx.doi.org/10.1021/ja103783p
http://dx.doi.org/10.1021/ja3063474
http://dx.doi.org/10.1021/ja3063474
http://dx.doi.org/10.1021/ja3063474
http://dx.doi.org/10.1021/ja3063474
http://dx.doi.org/10.1021/ja307670k
http://dx.doi.org/10.1021/ja307670k
http://dx.doi.org/10.1021/ja307670k
http://dx.doi.org/10.1021/ol4001526
http://dx.doi.org/10.1021/ol4001526
http://dx.doi.org/10.1021/ol4001526
http://dx.doi.org/10.1021/ja404593c
http://dx.doi.org/10.1021/ja404593c
http://dx.doi.org/10.1021/ja404593c
http://dx.doi.org/10.1021/ja404593c
http://dx.doi.org/10.1002/anie.201301018
http://dx.doi.org/10.1002/anie.201301018
http://dx.doi.org/10.1002/anie.201301018
http://dx.doi.org/10.1002/ajoc.201300110
http://dx.doi.org/10.1002/ajoc.201300110
http://dx.doi.org/10.1002/ajoc.201300110
http://dx.doi.org/10.1002/ange.200462961
http://dx.doi.org/10.1002/ange.200462961
http://dx.doi.org/10.1002/ange.200462961
http://dx.doi.org/10.1002/anie.200462961
http://dx.doi.org/10.1002/anie.200462961
http://dx.doi.org/10.1002/anie.200462961
http://dx.doi.org/10.1021/ja064970j
http://dx.doi.org/10.1021/ja064970j
http://dx.doi.org/10.1021/ja064970j
http://www.chemeurj.org

e

\\,* ChemPubSoc
x Europe

[16]

[17]

[18]

[19]

Chem. Eur. J. 2014, 20, 12032 - 12036

e) M. Daini, A. Yamamoto, M. Suginome, J. Am. Chem. Soc. 2008, 130,
2918-2919; f) M. Daini, M. Suginome, Chem. Commun. 2008, 5224.

For selected other examples of Pd/Cu synergistic catalysis, see: Sonoga-
shira: a) R. Chinchilla, C. Najera, Chem. Soc. Rev. 2011, 40, 5084. Stille
cross-coupling b) V. Farina, S. Kapadia, B. Krishnan, C. Wang, L. S. Liebe-
skind, J. Org. Chem. 1994, 59, 5905-5911. Direct arylation of heterocy-
cles: ¢)J. Huang, J. Chan, Y. Chen, C.J. Borths, K.D. Baucom, R.D.
Larsen, M. M. Faul, J. Am. Chem. Soc. 2010, 132, 3674-3675. Enone ally-
lation: d) F. Nahra, Y. Macé, D. Lambin, O. Riant, Angew. Chem. 2013,
125, 3290-3294; Angew. Chem. Int. Ed. 2013, 52, 3208-3212. Silyl-allyla-
tion: e) S. Vercruysse, L. Cornelissen, F. Nahra, L. Collard, O. Riant, Chem.
Eur. J. 2014, 20, 1834-1838. Aryl-Bpin formation: f)J. Ratniyom, N.
Dechnarong, S. Yotphan, S. Kiatisevi, Eur. J. Org. Chem. 2014, 1381-
1385.

For selected examples of Pd-catalyzed cross-coupling with secondary
C(sp® nucleophiles, see: a) C. Han, S.L. Buchwald, J. Am. Chem. Soc.
2009, 737, 7532-7533; b) D. Imao, B. W. Glasspoole, V.S. Laberge, C. M.
Crudden, J. Am. Chem. Soc. 2009, 131, 5024-5025; c) M. Pompeo,
R.D. J. Froese, N. Hadei, M. G. Organ, Angew. Chem. 2012, 124, 11516—
11519; Angew. Chem. Int. Ed. 2012, 57, 11354-11357; d) L. Li, C.-Y. Wang,
R. Huang, M. R. Biscoe, Nat. Chem. 2013, 5, 607-612; e) S. C. Matthew,
B. W. Glasspoole, P. Eisenberger, C. M. Crudden, J. Am. Chem. Soc. 2014,
136, 5828-5831.

For selected examples of diastereoselective cross-coupling, see: a)T.
Thaler, B. Haag, A. Gavryushin, K. Schober, E. Hartmann, R. M. Gschwind,
H. Zipse, P. Mayer, P. Knochel, Nat. Chem. 2010, 2, 125-130; b) T. Thaler,
L.-N. Guo, P. Mayer, P. Knochel, Angew. Chem. 2011, 123, 2222-2225;
Angew. Chem. Int. Ed. 2011, 50, 2174-2177; c) A. K. Steib, T. Thaler, K.
Komeyama, P. Mayer, P. Knochel, Angew. Chem. 2011, 123, 3361-3365;
Angew. Chem. Int. Ed. 2011, 50, 3303-3307; d) S. Seel, T. Thaler, K. Takat-
su, C. Zhang, H. Zipse, B.F. Straub, P. Mayer, P. Knochel, J. Am. Chem.
Soc. 2011, 133, 4774-4777.

For selected cross-coupling methods to access the 1,1-diarylalkane
motif, see: a) Q. Zhou, H. D. Srinivas, S. Dasgupta, M. P. Watson, J. Am.
Chem. Soc. 2013, 135, 3307-3310; b) M. R. Harris, L. E. Hanna, M. A.
Greene, C.E. Moore, E.R. Jarvo, J. Am. Chem. Soc. 2013, 135, 3303 -
3306; ¢)H.-Q. Do, E.R.R. Chandrashekar, G.C. Fu, J. Am. Chem. Soc.
2013, 135, 16288-16291; d) S.-C. Sha, J. Zhang, P. J. Carroll, P.J. Walsh,
J. Am. Chem. Soc. 2013, 135, 17602-17609; e) N. Hussain, G. Frensch, J.
Zhang, P.J. Walsh, Angew. Chem. 2014, 126, 3767 -3771; Angew. Chem.
Int. Ed. 2014, 53, 3693 -3697.

[20]

[21]
[22]
[23]
[24]

[25]

[26]
[27]

[28]

[29]

[30]

[31]

[32]

CHEMISTRY

A European Journal
Communication

a) R. W. Friesen, Y. Ducharme, R. G. Ball, M. Blouin, L. Boulet, B. Coté, R.
Frenette, M. Girard, D. Guay, Z. Huang, J. Med. Chem. 2003, 46, 2413 -
2426; b)B.F. Molino, S. Liu, B. A. Berkowitz, P.R. Guzzo, J. P. Beck, M.
Cohen. U.S. Pat. Appl. 2006020049.

N. C. Bruno, M. T. Tudge, S. L. Buchwald, Chem. Sci. 2013, 4, 916.

See the Supporting Information for details.

R. A. Widenhoefer, S.L. Buchwald, Organometallics 1996, 15, 2755-
2763.

R. D. Taylor, M. MacCoss, A.D. G. Lawson, J. Med. Chem. 2014, 57, 5845 -
5859.

Extension of this method to reactions with other activated alkenes,
such as dienes or strained alkenes, do provide the carboborated prod-
ucts, however, low to moderate yields were observed. Studies are in
progress to provide solutions to these problems.

E. C. Swift, E. R. Jarvo, Tetrahedron 2013, 69, 5799-5817.

S.N. Mlynarski, A.S. Karns, J. P. Morken, J. Am. Chem. Soc. 2012, 134,
16449-16451.

a) T. W. Lovenberg, W. K. Brewster, D. M. Mottola, R. C. Lee, R. M. Riggs,
D. E. Nichols, M. H. Lewis, R.B. Mailman, Eur. J. Pharm. Sci. 1989, 166,
111-113; b)J. Bunda, R.J. Devita, J. Jiang, S.G. Mills, PCT Int. Appl.
2006060344.

Reactions with acyclic 1,2-disubstituted styrene derivatives provided
the product in moderate yield and low diastereoselectivity. Studies are
ongoing to develop methods that function well with these alkenes.
Some decomposition of the putative C(sp®) complex 28 was noted
after approximately 2 h at 22°C.

For a stereospecific Suzuki-Miyaura cross-couplings that likely involve
transmetalation with inversion of stereochemistry, see: a) D. L. Sandrock,
L. Jean-Gérard, C.-Y. Chen, S.D. Dreher, G. A. Molander, J. Am. Chem.
Soc. 2010, 732, 17108-17110; b) T. Awano, T. Ohmura, M. Suginome, J.
Am. Chem. Soc. 2011, 133, 20738-20741.

For examples, see: a) U. Nettekoven, J.F. Hartwig, J. Am. Chem. Soc.
2002, 724, 1166-1167; b) A. Lépez-Pérez, J. Adrio, J. C. Carretero, Org.
Lett. 2009, 11, 5514-5517; c) A. He, J. R. Falck, J. Am. Chem. Soc. 2010,
132, 2524-2525.

Received: May 15, 2014
Published online on August 11, 2014

www.chemeurj.org

12036

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1021/ja711160h
http://dx.doi.org/10.1021/ja711160h
http://dx.doi.org/10.1021/ja711160h
http://dx.doi.org/10.1021/ja711160h
http://dx.doi.org/10.1039/b809433k
http://dx.doi.org/10.1039/c1cs15071e
http://dx.doi.org/10.1021/jo00099a018
http://dx.doi.org/10.1021/jo00099a018
http://dx.doi.org/10.1021/jo00099a018
http://dx.doi.org/10.1021/ja100354j
http://dx.doi.org/10.1021/ja100354j
http://dx.doi.org/10.1021/ja100354j
http://dx.doi.org/10.1002/ange.201208612
http://dx.doi.org/10.1002/ange.201208612
http://dx.doi.org/10.1002/ange.201208612
http://dx.doi.org/10.1002/ange.201208612
http://dx.doi.org/10.1002/anie.201208612
http://dx.doi.org/10.1002/anie.201208612
http://dx.doi.org/10.1002/anie.201208612
http://dx.doi.org/10.1002/chem.201304284
http://dx.doi.org/10.1002/chem.201304284
http://dx.doi.org/10.1002/chem.201304284
http://dx.doi.org/10.1002/chem.201304284
http://dx.doi.org/10.1002/ejoc.201301634
http://dx.doi.org/10.1002/ejoc.201301634
http://dx.doi.org/10.1002/ejoc.201301634
http://dx.doi.org/10.1021/ja902046m
http://dx.doi.org/10.1021/ja902046m
http://dx.doi.org/10.1021/ja902046m
http://dx.doi.org/10.1021/ja902046m
http://dx.doi.org/10.1021/ja8094075
http://dx.doi.org/10.1021/ja8094075
http://dx.doi.org/10.1021/ja8094075
http://dx.doi.org/10.1002/ange.201205747
http://dx.doi.org/10.1002/ange.201205747
http://dx.doi.org/10.1002/ange.201205747
http://dx.doi.org/10.1002/anie.201205747
http://dx.doi.org/10.1002/anie.201205747
http://dx.doi.org/10.1002/anie.201205747
http://dx.doi.org/10.1038/nchem.1652
http://dx.doi.org/10.1038/nchem.1652
http://dx.doi.org/10.1038/nchem.1652
http://dx.doi.org/10.1021/ja412159g
http://dx.doi.org/10.1021/ja412159g
http://dx.doi.org/10.1021/ja412159g
http://dx.doi.org/10.1021/ja412159g
http://dx.doi.org/10.1038/nchem.505
http://dx.doi.org/10.1038/nchem.505
http://dx.doi.org/10.1038/nchem.505
http://dx.doi.org/10.1002/ange.201006879
http://dx.doi.org/10.1002/ange.201006879
http://dx.doi.org/10.1002/ange.201006879
http://dx.doi.org/10.1002/anie.201006879
http://dx.doi.org/10.1002/anie.201006879
http://dx.doi.org/10.1002/anie.201006879
http://dx.doi.org/10.1002/ange.201007187
http://dx.doi.org/10.1002/ange.201007187
http://dx.doi.org/10.1002/ange.201007187
http://dx.doi.org/10.1002/anie.201007187
http://dx.doi.org/10.1002/anie.201007187
http://dx.doi.org/10.1002/anie.201007187
http://dx.doi.org/10.1021/ja201008e
http://dx.doi.org/10.1021/ja201008e
http://dx.doi.org/10.1021/ja201008e
http://dx.doi.org/10.1021/ja201008e
http://dx.doi.org/10.1021/ja312087x
http://dx.doi.org/10.1021/ja312087x
http://dx.doi.org/10.1021/ja312087x
http://dx.doi.org/10.1021/ja312087x
http://dx.doi.org/10.1021/ja311783k
http://dx.doi.org/10.1021/ja311783k
http://dx.doi.org/10.1021/ja311783k
http://dx.doi.org/10.1021/ja408561b
http://dx.doi.org/10.1021/ja408561b
http://dx.doi.org/10.1021/ja408561b
http://dx.doi.org/10.1021/ja408561b
http://dx.doi.org/10.1021/ja409511n
http://dx.doi.org/10.1021/ja409511n
http://dx.doi.org/10.1021/ja409511n
http://dx.doi.org/10.1002/anie.201309084
http://dx.doi.org/10.1002/anie.201309084
http://dx.doi.org/10.1002/anie.201309084
http://dx.doi.org/10.1002/anie.201309084
http://dx.doi.org/10.1021/jm0204542
http://dx.doi.org/10.1021/jm0204542
http://dx.doi.org/10.1021/jm0204542
http://dx.doi.org/10.1039/c2sc20903a
http://dx.doi.org/10.1021/om9509608
http://dx.doi.org/10.1021/om9509608
http://dx.doi.org/10.1021/om9509608
http://dx.doi.org/10.1021/jm4017625
http://dx.doi.org/10.1021/jm4017625
http://dx.doi.org/10.1021/jm4017625
http://dx.doi.org/10.1016/j.tet.2013.05.001
http://dx.doi.org/10.1016/j.tet.2013.05.001
http://dx.doi.org/10.1016/j.tet.2013.05.001
http://dx.doi.org/10.1021/ja305448w
http://dx.doi.org/10.1021/ja305448w
http://dx.doi.org/10.1021/ja305448w
http://dx.doi.org/10.1021/ja305448w
http://dx.doi.org/10.1021/ja108949w
http://dx.doi.org/10.1021/ja108949w
http://dx.doi.org/10.1021/ja108949w
http://dx.doi.org/10.1021/ja108949w
http://dx.doi.org/10.1021/ja210025q
http://dx.doi.org/10.1021/ja210025q
http://dx.doi.org/10.1021/ja210025q
http://dx.doi.org/10.1021/ja210025q
http://dx.doi.org/10.1021/ja017521m
http://dx.doi.org/10.1021/ja017521m
http://dx.doi.org/10.1021/ja017521m
http://dx.doi.org/10.1021/ja017521m
http://dx.doi.org/10.1021/ja910582n
http://dx.doi.org/10.1021/ja910582n
http://dx.doi.org/10.1021/ja910582n
http://dx.doi.org/10.1021/ja910582n
http://www.chemeurj.org

