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The benzylic quaternary center is a widely prevalent motif™ in
a multitude of biologically active natural products,” drug can-
didates, and fragrances. The challenge of installing these cen-
ters in a straightforward and selective manner continues to re-
ceive much attention in recent literature.”’ Transition-metal
catalysis offers a spectrum of reactions to address this chal-
lenge.” In this respect, few reactions have enjoyed the success,
tenability, and reliabilty of conjugate addition reactions to
[,B-disubstituted enones. For this reaction, whilst catalysis by
copper® has been successful for the use of reactive organome-
tallics such as Grignard,”® organozinc,” and organoalumini-
um® reagents, excellent reactivity with soft organometallics
such as boronic acids,” borates,"” and boroxines™ has been
achieved with rhodium.!?

As a complementary strategy, benzylic quaternary center for-
mation using boronic acids via palladium catalysis would be an
important addition to the toolbox of the synthetic chemist, es-
pecially in view of scale-up. Following a pioneering disclosure
by Lin and Lu,™ this area has witnessed a flurry of investiga-
tions, such as the development of asymmetric versions by
Stoltz et al." and ourselves,”" the application of boroxines for
diastereoselective  conjugate  additions to  substituted
enones,"® desulfitative couplings of aryl sulfinic acids,"” y-ary-
lation of a,B-unsaturated aldehydes,"® in addition to a thor-
ough study of the mechanism by computational chemistry."”

Arylboronic acids®® have emerged as the reagents of choice
for the introduction of aryl moieties by transition-metal cataly-
sis, especially owing to their commercial availability, easy
handling under ambient conditions, and functional-group
compatibility. Thus, a practical strategy that affords benzylic
quaternary centers employing arylboronic acids, with accept-
able palladium loadings would be highly beneficial. This would
alleviate the need to dehydrate boronic acids to boroxines or
use forcing and strongly acidic conditions to allow loss of SO,,
as in the desulfitative reactions. Furthermore, no studies have
documented trends in reactivity of enones or boronic acids de-
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pending on their substitution pattern, and essentially all litera-
ture examples are limited to cyclic substrates (Scheme 1).

We adopted the reaction of 3-methyl cyclohexenone (1)
with phenylboronic acid (2; Table 1) as a model for studying
the various reaction parameters . Our initial efforts focused on
the study of N,N'-bis-2,6-xylyl-acenaphthenequinonediimine
(BIAN), a ligand we had previously found to be highly active
for oxidative Heck reactions under mild conditions,?" and has
been documented to strongly ligate cationic late-transition
metal species. While no reactivity was observed with Pd(OAc),
(entries 1,2), full conversion was achieved using 5 mol% of
Pd(O,CCF,), (entry 6). Disappointingly, the conversion dropped
significantly when the catalyst loading was lowered (entry 7),
warranting a search for another catalyst providing high conver-
sions at low catalyst loadings. We were delighted to find that
full conversion was obtained with 1 mol% of Pd(O,CCF;), and
1.5 mol% of 2,2-bipyridine, when the reaction was performed
at 60°C (entry 10). Performing the reaction at lower tempera-
ture, or with an increased proportion of water, resulted in
a lower conversion (entry 11, 12). Substituting phenylboronic
acid by potassium phenyltrifluoroborate (4, entry 13), potassi-
um trihydroxyphenylborate (6, entry 14) or phenyl N-methyl-
iminodiacetic acid MIDA boronate (7, entry 15) did not lead to
product formation.

With the optimized conditions [1 mol% Pd(O,CCF,),,
1.5 mol% 2,2-bipyridine, 60°C, MeOH:H,O (9:1)] at hand, we
went on to explore the scope and limitations of the reaction
with a series of cyclic substrates. We were pleased to note that
isolated yields exceeding 90% were observed for most of the
products resulting from 3-methyl-cyclohexenone and 3-methyl
cyclopentenone (Scheme 1). 3-Methyl-cycloheptenone afforded
9 in 80% yield. When comparing the reactions of 3-methyl-
cylopentenone and 3-methyl-cyclohexenone with identical ar-
ylboronic acids, products resulting from the 5-membered ring
substrate usually formed in a higher yield, and the reactions
proceeded faster (Scheme 1; 3-3i and 8a-8g). This may be
due to the larger release of ring strain from a 5-membered
cyclic enone as compared to a 6-membered cyclic enone,
upon conjugate addition. Nonetheless, substrates 10 and 11
bearing bulky substituents were found to be unreactive under
these reaction conditions. This was recently explained by Houk
et al.," who calculated that this reaction faces a large barrier
for the insertion step, if bulky substituents are present at the
[B-position. Compared to the catalyst system of Lu et al., our
system employs the same Pd loading (1 mol% Pd), but allevi-
ates the low-yielding route to preform the cationic hydroxo-
complex." Compared to the system of Lee et al., our protocol
employs 5-fold lower loading in Pd.'®
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fluoroantimonate (KSbFg) to the reaction afforded full
conversion (entry 4). The choice of KSbFg was based
on our previous studies on the enantioselective con-
jugate addition to cyclic enones™ in which the use
of SbF,~ as a counter-ion for the cationic Pd complex
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resulted in improved yield and selectivity. Therefore,
we surmised that adding KSbF, to the current reac-
tion system could have a similar influence, and this
was indeed found to be the case. The improved ac-
tivity upon the addition of SbF,~ may be attributed
to a salt metathesis between the trifluoroacetate
(CF;CO,7) ion and SbF,~ leading to catalytically more
active species.” Alternatively, decomposition of the
anion would provide fluoride that can activate the ar-
ylboronic acid for transmetallation. However, lower-
ing the catalyst loading to 1 mol% in the presence of
the additive, gave diminished conversions (entry 5),
though still higher than in the case where no addi-
tive was present (entry 5 vs. entry 1). Hence it was
decided to use 5mol% of Pd for subsequent
experiments.

Scheme 2 represents a study of the scope and limi-
tations of the reaction with acyclic substrates. Phenyl-
boronic acid afforded 13 in 72% yield, while p-tolyl-
boronic acid gave 13b in 75% yield. p-Fluorophenyl-
boronic acid gave 13c in 70% yield. In general, bor-
onic acids bearing alkoxy functionalities performed
well in the reaction. Compounds 13d-13h were all
obtained in yields between 72-78%. Substrate E-14,
bearing a benzyl moiety was also found to be appli-
cable in conjugate addition under the optimized re-
action conditions. Phenylboronic acid and m-tolylbor-
onic acid afforded 15a and 15b in 74% and 90%
yield, respectively. Substrate Z-14 also afforded 15a,
albeit in a slightly reduced yield of 68%. In order to

Isolated Yields

Scheme 1. Conjugate addition of arylboronic acids to cyclic enones.

Following the success of the cyclic substrates, we proceeded
to investigate whether acyclic substrates could undergo aryla-
tion using this catalytic system. In practice, reaction conditions
for the conjugate addition to acyclic substrates are usually con-
siderably different from those of cyclic substrates. This could
originate from the presence of different conformations in acy-
clic substrates.”*? In addition, release of (ring) strain as in
cyclic substrates is absent.

Based on earlier studies from our group,™™ in which we re-
ported that the presence of an allylic oxygen moiety was criti-
cal for the success of the reaction, we chose to evaluate the re-
action using 12 as test substrate (Table 2). The use of the opti-
mized conditions for cyclic substrates only led to 20% conver-
sion after 36 h (entry 1). Increasing the catalyst loading to
5 mol% led to an improved conversion, though it remained in-
complete, even at higher temperature (entries 2 and 3). At this
point, we considered the use of additives to improve the con-
version. We found that adding 20 mol% of potassium hexa-
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ascertain whether the observed success of substrates
12 and 14 was due to the coordination of the allylic
oxygen atom to the metal center during the catalysis,
and additionally to test the amenability of a nitro-
gen-containing substituent in the reaction, substrate 16 was
designed. However, this substrate was found to be unreactive.
Thus it remains unclear whether the observed influence of the
allylic oxygen on the reaction is due to a coordination of the
substrate to the metal or due to an electronic influence.

In summary, we report a simple and highly active catalyst
system for the formation of benzylic quaternary centers from
arylboronic acids and p-disubstituted enones. For cyclic sub-
strates, only 1 mol% of palladium is required for full conver-
sion, and a variety of arylboronic acids could be reacted with
yields exceeding 90%. 5-Membered cyclic enones were found
to be most reactive, followed by 6-membered rings and then
7-membered rings. This trend may be explained by the release
of ring strain upon conjugate addition. Among the arylboronic
acids studied, in general, electron-rich boronic acids provided
the highest yields. In the case of acyclic substrates 5 mol% Pd
was found to be necessary, along with the addition of
20 mol% KSbF, to afford the highest conversion, along with
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BN menen o Conjugate addition to cyclic enones:
To a Schlenk tube equipped with
Entry Pd catalyst Amount Ligand Amount Solvent T Conv."”! a magnetic stirring bar and
[mol %] [mol %] ra [%] a septum was added palladium tri-
1 Pd(OAC), 5 BIAN 7 MeOH/H,0 RT 0 fluoroacetate (3.3 mg, 1 mol%,
2 Pd(OAc), 5 BIAN 7 MeOH/H,0 40 0 0.01 mmol), and 2,2-bipyridine
3 Pd(MeCN),(BF,), 5 BIAN 7 MeOH RT 14 (234 mg, 1.5mol%, 0.015 mmol).
4 Pd(0,CCF5), 5 BIAN 7 MeOH RT 33 The Schlenk tube was capped and
5 Pd(0,CCFy), 5 BIAN ! MeOH/H,0 RT 43 alternated through 3 cycles of
6 Pd(0,CCFy), > BIAN / MeOH/H,0 60 full vacuum and dinitrogen. The mix-

7 Pd(0,CCF,), 1 BIAN 15 MeOH/H,0 60 35 dissolved i gen. ;
8 Pd(0,CCF,), 5 dmphen 7 MeOH/H,0 60 - ture was dissolved in 2 mL of a so-
9 Pd(0,CCF5), 5 bipy 7 MeOH/H,0 60 full lution of MeOH/H,0 (9:1) and the
10 Pd(0,CCF,), 1 bipy 1.5 MeOH/H,0 60 full tube was placed in a preheated oil
1 Pd(0,CCF3), 1 bipy 1.5 MeOH/H,0 RT 32 bath at 60°C and allowed to stir
12 Pd(0,CCF5), 1 bipy 1.5 MeOH/H,0 60 40 for 15 min. The tube was removed
139 Pd(O,CCFs), 1 bipy 15 MeOH/H,0 60 0 from the oil bath, cooled to RT, fol-
14 Pd(0,CCF5), 1 bipy 15 MeOH/H,0 60 0 lowed by the addition of the

[fl i

15 PA(0,CCF5), ! bipy 15 MeOH/H,0 60 0 enone (1 mmol, 1.0 equiv) via sy-
[a] 3-Methyl cyclohexenone (0.5 mmol), phenylboronic acid (1 mmol), Pd precursor, ligand, solvent [MeOH/H,0 ringe or pipette and the boronic
(9:1) or MeOH] 1 mL, 12 h. [b] Conversion determined by GC analysis. [c] MeOH/H,O (4:1). [d] 4 used instead of acid (2 mmol, 2 equiv), in one por-
2. [e] 5 used instead of 2. [f] 6 used instead of 2. tion. The septum was replaced by

Pd(0,CCF3), (5 mol%)
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Scheme 2. Substrate scope for conjugate addition to acyclic enones.
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Table 2. Evaluation of the reaction parameters for acyclic substrates.”
BOH):2  pq(0,CCFs),
\)\i+ Ligand, Additive 0
_ DEEMR RS
>ro > MeOH/H,0 (9:1) o
12 %/ 13

Entry Pdcatalyst Amount Ligand Amount Additive T  Conv.”’

[mol %] [mol %] [°Cl [%]
1 Pd(O,CCFy), 1 BIAN 15 - 60 20
2 Pd(O,CCF;), 3 dmphen 5 - 80 38
3 Pd(0,CCFy), 5 bipy 7 - 80 63
4 Pd(O,CCF;), 5 bipy 7 KSbFs 80  full
5 Pd(O,CCF3), 1 bipy 15 KSbFs 80 45

[a] 12 (0.25 mmol), phenylboronic acid (0.5 mmol), Pd(O,CCF;), ligand,
MeOH/H,0 (9:1) 1 mL, 12 h. Conversion determined by GC analysis.

a screw cap. Upon complete consumption of the enone (moni-
tored by TLC/GC), the reaction mixture was allowed to cool to RT
and filtered through a pad of silica. The filtrate was dried over
MgSO,, concentrated in vacuo, and adsorbed onto silica before
being loaded on a silica-gel column. Elution with a mixture of
n-pentane/ether afforded the corresponding product.

Conjugate addition to acyclic enones: To a Schlenk tube equipped
with a magnetic stirring bar and a septum was added palladium
trifluoroacetate (8.3 mg, 5mol%, 0.05mmol), 2,2"-bipyridine
(11 mg, 7 mol%) and KSbF, (27.5 mg, 20 mol%, 0.2 equiv). The
Schlenk tube was capped and alternated through 3 cycles of
vacuum and dinitrogen. The mixture was dissolved in 2 mL of a so-
lution of MeOH/H,0 (9:1). The tube was placed in a preheated oil
bath at 80°C and allowed to stir for 15 min. The tube was removed
from the oil bath, cooled to RT, followed by the addition of the
enone (0.5 mmol, 1.0 equiv) via syringe or pipette and the boronic
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acid (1 mmol, 2 equiv), in one portion. The septum was replaced
by a screw cap. Upon complete consumption of the enone (moni-
tored by TLC/GC), the reaction mixture was allowed to cool to RT
and filtered through a pad of silica. The filtrate was dried over
MgSO,, concentrated in vacuo and adsorbed onto silica before
being loaded on a silica-gel column. Elution with a mixture of
n-pentane/ether afforded the corresponding product.

Acknowledgements

This research was performed within the framework of the Catch-
Bio Program (053.70.206). The authors gratefully acknowledge
support from the SmartMix Program of the Netherlands Ministry
of Economic Affairs and the Netherlands Ministry of Education,
Culture and Science. J.S. is thankful to the European Union for an
Erasmus Fellowship.

Keywords: arylations - C—C coupling reactions
ligands - palladium

+ enones

[1] a) J. Christoffers, A. Baro, Quaternary Stereocenters: Challenges and Solu-
tions for Organic Synthesis, Wiley-VCH, Weinheim, 2005; b) J. Christoff-
ers, A. Baro, Adv. Synth. Catal. 2005, 347, 1473.

H. Arimoto, D. Uemura, in Quaternary Stereocenters: Challenges and

Solutions for Organic Synthesis, Wiley-VCH, Weinheim, 2006, pp. 1.

[3] a)J.P. Das, I. Marek, Chem. Commun. 2011, 47, 4593; b) B. M. Trost, C.

Jiang, Synthesis 2006, 369; c) C. Hawner, A. Alexakis, Chem. Commun.

2010, 46, 7295.

a) C.J. Douglas, L.E. Overman, Proc. Natl. Acad. Sci. USA 2004, 101,

5363; b) J. F. Hartwig, Organotransition Metal Chemistry: From Bonding

to Catalysis, University Science Books, Sausalito, 2009; c) B. M. Trost, in

Transition Metals for Organic Synthesis (Eds.: M. Beller, C. Bolm), Wiley-

VCH, Weinheim, 2008, pp. 2; d) M. Beller, C. Bolm, Transition Metals for

Organic Synthesis: Building Blocks and Fine Chemicals, Vol. 1&2,

Wiley-VCH, Weinheim, 2004.

A. Alexakis, J. E. Backvall, N. Krause, O. Pa’'mies, M. Diéguez, Chem. Rev.

2008, 108, 2796.

[6] a)S.R. Harutyunyan, T. den Hartog, K. Geurts, A.J. Minnaard, B. L. Ferin-
ga, Chem. Rev. 2008, 108, 2824; b) T. Jerphagnon, M. G. Pizzuti, A. J. Min-
naard, B. L. Feringa, Chem. Soc. Rev. 2009, 38, 1039; c) M. Tissot, D. Pog-
giali, H. Henon, D. Mueller, L. Guenee, M. Mauduit, A. Alexakis, Chem.
Eur. J. 2012, 18, 8731; d) M. Tissot, H. A. Perez, D. Mueller, M. Mauduit,
A. Alexakis, Org. Lett. 2011, 13, 1524; e) D. Martin, S. Kehrli, M. d’Augus-

[2

[4

5]

tin, H. Clavier, M. Mauduit, A. Alexakis, J. Am. Chem. Soc. 2006, 128,

8416; f) Y. Matsumoto, K.-i. Yamada, K. Tomioka, J. Org. Chem. 2008, 73,

4578; g) S. Kehrli, D. Martin, D. Rix, M. Mauduit, A. Alexakis, Chem. Eur. J.

2010, 76, 9890.

M. Kotora, R. Betik, in Catalytic Asymmetric Conjugate Reactions,

Wiley-VCH, Weinheim, 2010, pp. 71.

a)S. Woodward, S. Dagorne, in Topics in Organometallic Chemistry,

Vol. 41, Springer, Heidelberg, 2013; b) L. Gremaud, A. Alexakis, Angew.

Chem. 2012, 124, 818; Angew. Chem. Int. Ed. 2012, 51, 794; ¢) T. L. May,

M. K. Brown, A.H. Hoveyda, Angew. Chem. 2008, 120, 7468; Angew.

Chem. Int. Ed. 2008, 47, 7358; d) J. A. Dabrowski, F. Gao, A. H. Hoveyda,

J. Am. Chem. Soc. 2011, 133, 4778; e)T.L. May, J. A. Dabrowski, A. H.

Hoveyda, J. Am. Chem. Soc. 2011, 133, 736; f) C. Hawner, K. Li, V. Cirriez,

A. Alexakis, Angew. Chem. 2008, 120, 8334; Angew. Chem. Int. Ed. 2008,

47, 8211; g) M. Vuagnoux-d'Augustin, A. Alexakis, Chem. Eur. J. 2007, 13,

9647.

[9] R. Shintani, W.-L. Duan, T. Hayashi, J. Am. Chem. Soc. 2006, 128, 5628.

[10] a)R. Shintani, Y. Tsutsumi, M. Nagaosa, T. Nishimura, T. Hayashi, J. Am.
Chem. Soc. 2009, 131, 13588; b) R. Shintani, T. Hayashi, Org. Lett. 2011,
13, 350.

[11] R. Shintani, M. Takeda, T. Nishimura, T. Hayashi, Angew. Chem. 2010, 122,
4061; Angew. Chem. Int. Ed. 2010, 49, 3969.

[12] G. Berthon, T. Hayashi, in Catalytic Asymmetric Conjugate Reactions (Ed.:
A. Cérdova), Wiley-VCH Weinheim, 2010, pp. 1.

[13] S. Lin, X. Lu, Org. Lett. 2010, 12, 2536.

[14] K. Kikushima, J. C. Holder, M. Gatti, B. M. Stoltz, J. Am. Chem. Soc. 2011,
133, 6902.

[15] A.L. Gottumukkala, K. Matcha, M. Lutz, J. G. de Vries, A.J. Minnaard,
Chem. Eur. J. 2012, 18, 6907.

[16] J. A. Jordan-Hore, J. N. Sanderson, A.-L. Lee, Org. Lett. 2012, 14, 2508.

[17] H. Wang, Y. Li, R. Zhang, K. Jin, D. Zhao, C. Duan, J. Org. Chem. 2012, 77,
4849,

[18] 1. Franzoni, L. Guenee, C. Mazet, Chem. Sci. 2013, 4, 2619.

[19] Y. Lan, K. N. Houk, J. Org. Chem. 2011, 76, 4905.

[20] D.G. Hall, in Boronic Acids, 2nded. (Ed.: D.G. Hall), Wiley-VCH,
Weinheim, 2011, pp. 1.

[21] A.L. Gottumukkala, J. F. Teichert, D. Heijnen, N. Eisink, S. van Dijk, C.
Ferrer, A. van den Hoogenband, A. J. Minnaard, J. Org. Chem. 2011, 76,
3498.

[22] A. Alexakis, C. Benhaim, Org. Lett. 2000, 2, 2579.

[23] For examples of the remarkable influence of the hexafluoroantimonate
ion on catalysis, see: a) J. S. Johnson, D. A. Evans, Acc. Chem. Res. 2000,
33, 325-335; b) D. J. R. O'Mahony, D. B. Belanger, T. Livinghouse, Synlett
1998, 443 -445.

[7

E)

Received: March 28, 2013
Published online on July 2, 2013

. Part of a Special Issue on “CatchBio”. To view the complete issue, visit:
@ " http//onlinelibrary.wiley.com/doi/10.1002/cssc.v6.9/issuetoc

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemSusChem 2013, 6, 1636-1639 1639


http://dx.doi.org/10.1002/adsc.200505165
http://dx.doi.org/10.1039/c0cc05222a
http://dx.doi.org/10.1055/s-2006-926302
http://dx.doi.org/10.1039/c0cc02309d
http://dx.doi.org/10.1039/c0cc02309d
http://dx.doi.org/10.1073/pnas.0307113101
http://dx.doi.org/10.1073/pnas.0307113101
http://dx.doi.org/10.1021/cr0683515
http://dx.doi.org/10.1021/cr0683515
http://dx.doi.org/10.1021/cr068424k
http://dx.doi.org/10.1039/b816853a
http://dx.doi.org/10.1002/chem.201200502
http://dx.doi.org/10.1002/chem.201200502
http://dx.doi.org/10.1021/ol200219m
http://dx.doi.org/10.1021/ja0629920
http://dx.doi.org/10.1021/ja0629920
http://dx.doi.org/10.1021/jo800613h
http://dx.doi.org/10.1021/jo800613h
http://dx.doi.org/10.1002/chem.201000471
http://dx.doi.org/10.1002/chem.201000471
http://dx.doi.org/10.1002/ange.201107324
http://dx.doi.org/10.1002/ange.201107324
http://dx.doi.org/10.1002/anie.201107324
http://dx.doi.org/10.1002/ange.200802910
http://dx.doi.org/10.1002/anie.200802910
http://dx.doi.org/10.1002/anie.200802910
http://dx.doi.org/10.1021/ja2010829
http://dx.doi.org/10.1021/ja110054q
http://dx.doi.org/10.1002/ange.200803436
http://dx.doi.org/10.1002/anie.200803436
http://dx.doi.org/10.1002/anie.200803436
http://dx.doi.org/10.1021/ja061430d
http://dx.doi.org/10.1021/ja905432x
http://dx.doi.org/10.1021/ja905432x
http://dx.doi.org/10.1021/ol102674z
http://dx.doi.org/10.1021/ol102674z
http://dx.doi.org/10.1002/ange.201000467
http://dx.doi.org/10.1002/ange.201000467
http://dx.doi.org/10.1002/anie.201000467
http://dx.doi.org/10.1021/ol100767u
http://dx.doi.org/10.1021/ja200664x
http://dx.doi.org/10.1021/ja200664x
http://dx.doi.org/10.1021/ol300794a
http://dx.doi.org/10.1021/jo300654s
http://dx.doi.org/10.1021/jo300654s
http://dx.doi.org/10.1039/c3sc50806d
http://dx.doi.org/10.1021/jo2002903
http://dx.doi.org/10.1021/jo101942f
http://dx.doi.org/10.1021/jo101942f
http://dx.doi.org/10.1021/ol0059596
http://dx.doi.org/10.1021/ar960062n
http://dx.doi.org/10.1021/ar960062n
http://dx.doi.org/10.1021/ar960062n
http://dx.doi.org/10.1021/ar960062n
http://onlinelibrary.wiley.com/doi/10.1002/cssc.v6.9/issuetoc
www.chemsuschem.org

