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Mechanistic Insight into the Nickel-Catalyzed Cross-Coupling of Aryl
Phosphates with Arylboronic Acids: Potassium Phosphate is Not a Spectator
Base but is Involved in the Transmetalation Step in the Suzuki-Miyaura
Reaction

Liu Liu,"™ Shuangyan Zhang,”' Hu Chen,'! Ye Lv," Jun Zhu,*" and Yufen Zhao*!"!

Carbon—carbon (C—C) and carbon—heteroatom (C—X)
bond-forming reactions are highly important for the con-
struction of structurally sophisticated compounds in the syn-
thesis of functional molecules, such as organic electronic ma-
terials and biologically active compounds.!! Among these re-
actions, nickel-catalyzed Suzuki-Miyaura cross-coupling
(SMC) reactions have attracted increasing attention for
their high efficiency and inexpensive catalyst systems.? In
most of these nickel-catalyzed SMC reactions, an appropri-
ate and excessive base is particularly important. However,
its function in the reaction is controversial.’* Recently, we
reported the nickel-catalyzed cross-coupling of aryl phos-
phates with arylboronic acids to give a variety of biaryl com-
pounds (Scheme 1).%4 In an initial study, we found that dif-
ferent bases significantly affected this reaction. For example,
when 2-naphthyl phosphates and phenylboronic acid were
chosen as the model substrates, a screening of various bases
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Scheme 1. Nickel-catalyzed cross-coupling of aryl phosphates with aryl-
boronic acids.
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showed that potassium phosphate (4.5 equiv) was the most-
effective base to generate the desired product, 2-phenyl-
naphthalene (93%). No obvious change in yield was ob-
served when the loading of K;PO, was increased to
5.0 equivalents. Note that this reaction performed well with
an even stronger base, such as KOH (4.5 equiv, 80 % yield).
Interestingly, in the reaction system, aryl phosphates could
be dehydrated to form P—O~ complexes in the presence of
KOH.M' Previously, Suzuki, Miyaura, and co-workers,!
Percec and co-workers, and Han and co-workers!” pro-
posed that the phosphate anion may coordinate to the metal
center of the oxidative-addition product through a ligand-
exchange step. Shi and co-workers reported the formation
of borate from aryloxylate and boronic acid derivatives.®
Moreover, our ongoing interest in phosphoric-carboxylic
mixed anhydride reactivities” led us to propose a new boro-
phosphate species (Scheme 2)!'% that may be involved in the
transmetalation step.
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Scheme 2. Proposed active species (Ar=aryl).

Herein, we report a detailed theoretical and experimental
study on the reaction mechanism of the nickel-catalyzed
SMC reaction of aryl phosphates with arylboronic acids. In
the density functional theory (DFT) calculations, the model
catalyst Ni(PCy,),, diethyl phenyl phosphate, and phenylbor-
onic acid were used. Relative free energies are employed to
analyze the reaction mechanism.

In general, three basic steps (oxidative addition, transme-
talation, and reductive elimination) are included to study
the mechanisms of the SMC reactions, as exemplified by
a number of recent theoretical studies.'""! Two possible path-
ways for the oxidative addition step in our model reaction
are considered in Figure 1 (paths A and B), based on the
palladium- and nickel-catalyzed C—X (X=0, Cl, Br, I) acti-
vation reactions.'"®!? Both processes start with a bis-ligated
Ni’ species, which is generated from the catalyst precursor
[Ni(PCy;),Cl,] in the presence of arylboronic acid and
K;PO,. Path A involves the direct coordination of the bi-
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Figure 1. Gibbs energy profile for the oxidative addition step in the nickel-catalyzed cross-coupling of diethyl

phenyl phosphate with phenylboronic acid; L =PCyj; (in kcalmol ).

sphosphine NiL,, complex to PhOP(O)(OEt), to generate an
unstable intermediate, IN1 (29.4 kcalmol™'). Subsequent ox-
idative addition from IN1 proceeds through a three-mem-
bered transition state, TS1, thus leading to a four-coordinat-
ed cis-Ni" complex, IN2, which can easily isomerize into the
more-stable trans-Ni"' complex, IN3."Y Path B starts with
a monophosphine n? complex, IN4, which is formed by the
removal of one phosphine ligand from NiL,, followed by
a coordination to PhOP(O)(OEt),. Immediate IN5 is
formed through five-centered transition state TS2, which
can isomerize into a four-coordinated Ni"-monophosphine
complex, IN6, which is more stable than IN3 by 28.4 kcal
mol ™, thus suggesting that path B is kinetically and thermo-
dynamically favorable for the oxidative addition step.

To investigate the role of the potassium phosphate in the
transmetalation step, we first calculated the base-free path-
way (Figure 2). Coordination of the phenylboronic acid to
species IN6 can generate two types of Ni" intermediates,
IN7 and IN7’, which undergo six- (TS3) and four-membered
transition states (TS3’) to form IN8 and INS’, respectively.
The overall barriers for this transmetalation step were com-
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Figure 2. Gibbs energy profile for the base-free transmetalation step in
the nickel-catalyzed cross-coupling of diethyl phenyl phosphate with phe-
nylboronic acid; L=PCyj; (in kcalmol ).
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Scheme 3. Mechanism of the nickel-catalyzed Suzuki-Miyaura reaction.

step were borate anions (ArB(OH);”) that were formed
in situ from arylboronic acid and K;PO,. However, the only
experimental evidence for the involvement of the borate
anions in the transmetalation step was their presence in the
reaction mixture."” In 2011, Shi and co-workers reported
a new Ni-catalyzed SMC reaction and successfully isolated
a key intermediate borate species.”] In addition, a clear
change in yield was reported by using different bases in a va-
riety of nickel-catalyzed SMC reactions. For most of these
reactions, the optimal reaction conditions favored potassium
phosphate as the base.’! To the best of our knowledge, no
solid evidence has been reported to address the effect of po-
tassium phosphate. Herein, we propose a new transmetala-
tion pathway that is mediated by a reactive anhydride spe-
cies, borophosphate (Figure 3). This transmetalation reac-
tion begins with the interaction of phosphate with phenyl-
boronic acid, which generates an active species, borophos-
phate. This species coordinates with the Ni" complex, ING,
to form a slightly stable intermediate, IN9. In species IN9,
three potassium cations are coordinated to P-bonded
oxygen atoms and the B-OH groups. The distances between
K* and oxygen atoms range from 2.627-2.908 A. The subse-
quent dissociation of KOP(O)(OEt), leads to the formation

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Gibbs energy profile for the base-mediated transmetalation step in the nickel-catalyzed cross-cou-
pling of diethyl phenyl phosphate with phenylboronic acid (in kcalmol™)."! PCy, was used as a ligand in the
calculations. For clarity, the cyclohexyl groups on the ligand and the C—H hydrogen atoms are not shown.

of tetracoordinated Ni" complex IN10, which is converted
into the transmetalation product through a four-membered
transition state, TS4. The overall barrier of this borophos-
phate-assisted transmetalation step is 30.2 kcalmol ™!, in line
with the experimental observation that this reaction was car-
ried out at 110°C.'1 Notably, this barrier is much smaller
than those for the base-free transmetalation reaction
(Figure 2), which can mainly be attributed to the activation
of the C—B bond by the borophosphate. For instance, the
C-B bond length (1.645 A) in IN10 is much longer than
those in IN7 and IN7’ (1.618 and 1.571 A, respectively). Ac-
cordingly, the bond order of the C—B bond in IN10 (0.73) is
smaller than those in IN7 and IN7' (0.81 and 0.88, respec-
tively). Moreover, the C—B bond length (2.056 A) in TS4 is
also shorter than those in TS3 and TS3’ (2.138 and 2.112 A,
respectively). Therefore, breaking the C—B bond in the bor-
ophosphate-assisted transmetalation step is much easier
than that in the base-free process.

Finally, the reductive elimination step shown in Figure 4
was not energy-demanding. This process was completed
through a monophosphine pathway to avoid steric interac-
tions between the two bulky phosphine ligands. After re-
moval of the K,PO,B(OH), species, a tricoordinated Ni"
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Figure 4. Gibbs energy profile for the reductive elimination step in the
nickel-catalyzed cross-coupling of diethyl phenyl phosphate with phenyl-
boronic acid; L=PCys (in kcalmol ).
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complex, IN15, was formed.
The corresponding transition
state, TS6, was only 5.0 kcal
mol™! higher in energy than
complex IN15. The formation
of the C—C bond completes the
catalytic cycle by regenerating
NiL,.

To test the reasonability of
our model reactive species, we
examined the interactions be-
tween the phosphate and phe-
nylboronic acid by P NMR
spectroscopy. A mixture of po-
tassium phosphate (0.15 mmol)
and phenylboronic acid
(0.15 mmol) in water was fol-
lowed by *'P NMR spectroscopy (Figure 5). Initially, there
was only one signal in the spectrum, which was assigned to

b
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b
a
t=2 min
a
t=0min
0 &8 6 4 2 0  2oppm

Figure 5. *'P NMR study of the interaction between phosphate and phe-
nylboronic acid.

K;PO, (6,=5.2 ppm). Then, a new phosphorus-containing
species was formed over time (d,=3.1 ppm). Although this
species was not stable enough to be characterized by HRMS
and could not be crystallized, thus leading to uncertainty
over its structure, a very similar species, B(OH),CO;~, was
reported by McElligott and Byrne.'!

In summary, we have studied the mechanism of the
nickel-catalyzed cross-coupling of aryl phosphates with aryl-
boronic acids both experimentally and computationally. Our
results reveal that, in the oxidative addition and reductive
elimination steps, the monophosphine-ligand pathway is pre-
ferred to the bis-ligated one. More importantly, potassium
phosphate was found not to act as a spectator base but
rather was involved in the transmetalation step. Thus, our
findings provide key insight into the mechanism of the
nickel-catalyzed Suzuki-Miyaura reactions and open a new
avenue to the design of efficient catalysts.

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



CHEMISTRY

AN ASIAN JOURNAL

Acknowledgements

We acknowledge financial support from the National Basic Research
Program of China (2013CB910700, 2012CB821600, and 2011CB808504),
the National Natural Science Foundation of China (21232005, 21103142,
21172184, and 21133007), the Program for Changjiang Scholars and Inno-
vative Research Team in University, and the Fundamental Research
Funds for the Central Universities (2012121021).

Keywords: cross-coupling - density functional calculations -
nickel - reaction mechanisms - Suzuki-Miyaura reaction

[1] For selected recent publications, see: a) R. Jana, T. P. Pathak, M. S.
Sigman, Chem. Rev. 2011, 111, 1417-1492; b) 1. P. Beletskaya, V. P.
Ananikov, Chem. Rev. 2011, 111, 1596-1636; c) C. Valente, S. Cal-
imsiz, K. H. Hoi, D. Mallik, M. Sayah, M. G. Organ, Angew. Chem.
2012, 124, 3370-3388; Angew. Chem. Int. Ed. 2012, 51, 3314-3332;
d) C. Liu, H. Zhang, W. Shi, A. Lei, Chem. Rev. 2011, 111, 1780—
1824; e) N. Kuhl, M. N. Hopkinson, J. Wencel-Delord, F. Glorius,
Angew. Chem. 2012, 124, 10382—-10401; Angew. Chem. Int. Ed. 2012,
51, 10236-10254; f) C. S. Yeung, V. M. Dong, Chem. Rev. 2011, 111,
1215-1292; g) L. Liu, Y. Wang, Z. Zeng, P. Xu, Y. Gao, Y. Yin, Y.
Zhao, Adv. Synth. Catal. 2013, 355, 659-666; h) P. G. Campbell,
A.J. V. Marwitz, S.-Y. Liu, Angew. Chem. 2012, 124, 6178-6197;
Angew. Chem. Int. Ed. 2012, 51, 6074-6092; i) Y. Gao, G. Wang, L.
Chen, P. Xu, Y. Zhao, Y. Zhou, L.-B. Han, J. Am. Chem. Soc. 2009,
131, 7956-7957; j) J. D. Sellars, P. G. Steel, Chem. Soc. Rev. 2011, 40,
5170-5180; k) H. Yu, Y. Fu, Chem. Eur. J. 2012, 18, 16765-16773;
1) T.-J. Liu, C.-L. Yi, C.-C. Chan, C.-F. Lee, Chem. Asian J. 2013, 8,
1029-1034; m) V. Gurram, N. Pottabathini, R. Garlapati, A.B.
Chaudhary, B. Patro, M. K. Lakshman, Chem. Asian J. 2012, 7,
1853-1861; n) H. Hu, Y. Liu, H. Zhong, Y. Zhu, C. Wang, M. Ji,
Chem. Asian J. 2012, 7, 884-888; 0) Z. Zhao, W. Xue, Y. Gao, G.
Tang, Y. Zhao, Chem. Asian J. 2013, 8, 713-716.

For selected recent publications, see: a) S. Brun, A. Pla-Quintana,
A. Roglans, K.-R. Porschke, R. Goddard, Organometallics 2012, 31,
1983-1990; b) N. Zhang, D.J. Hoffman, N. Gutsche, J. Gupta, V.
Percec, J. Org. Chem. 2012, 77, 5956-5964; c) P. Leowanawat, N.
Zhang, A.-M. Resmerita, B. M. Rosen, V. Percec, J. Org. Chem.
2011, 76, 9946-9955; d)L.J. GooBen, K. GooBen, C. Stanciu,
Angew. Chem. 2009, 121, 3621-3624; Angew. Chem. Int. Ed. 2009,
48, 3569-3571; e) P. Leowanawat, N. Zhang, V. Percec, J. Org.
Chem. 2012, 77, 1018-1025; f) P. Leowanawat, N. Zhang, M. Safi,
D. J. Hoffman, M. C. Fryberger, A. George, V. Percec, J. Org. Chem.
2012, 77, 2885-2892; g) C.-H. Xing, J.-R. Lee, Z.-Y. Tang, J.R.
Zheng, Q.-S. Hu, Adv. Synth. Catal. 2011, 353, 2051-2059; h) H.
Gao, Y. Li, Y.-G. Zhou, E-S. Han, Y.-J. Lin, Adv. Synth. Catal. 2011,
353, 309-314; i) M. Baghbanzadeh, C. Pilger, C. O. Kappe, J. Org.
Chem. 2011, 76, 1507-1510; j) S.-M. Li, J. Huang, G.-J. Chen, F.-S.
Han, Chem. Commun. 2011, 47, 12840-12842; k) C.-L. Sun, Y.
Wang, X. Zhou, Z.-H. Wu, B.-J. Li, B.-T. Guan, Z.-J. Shi, Chem.
Eur. J. 2010, 16, 5844-5847; 1) K. W. Quasdorf, M. Riener, K. V. Pet-
rova, N. K. Garg, J. Am. Chem. Soc. 2009, 131, 17748-17749; m) A.
Antoft-Finch, T. Blackburn, V. Snieckus, J. Am. Chem. Soc. 2009,
131, 17750-17752; n) K. W. Quasdorf, X. Tian, N. K. Garg, J. Am.
Chem. Soc. 2008, 130, 14422-14423; o) B.-T. Guan, Y. Wang, B.-J.
Li, D.-G. Yu, Z.-J. Shi, J. Am. Chem. Soc. 2008, 130, 14468-14470;
p) V. Percec, G. M. Golding, J. Smidrkal, O. Weichold, J. Org. Chem.
2004, 69, 3447-3452; q) H. Chen, Z. Huang, X. Hu, G. Tang, P. Xu,
Y. Zhao, C.-H. Cheng, J. Org. Chem. 2011, 76, 2338-2344; r) E.-S.
Han, Chem. Soc. Rev. 2013, 42, 5270-5298.

[3] For the Nobel lecture of Prof. A. Suzuki, see: http:/www.nobel

prize.org/nobel_prizes/chemistry/laureates/2010/suzuki-lecture.html.
[4] The P—O~ species in the hydrolysate were confirmed by MS (ESI)
and the data are provided in the Supporting Information.

2

—

Chem. Asian J. 2013, 00, 0-0

www.chemasianj.org

Jun Zhu, Yufen Zhao et al.

[5] a) N. Miyaura, K. Yamada, H. Suginome, A. Suzuki, J. Am. Chem.
Soc. 1985, 107, 972-980; b) N. Miyaura, A. Suzuki, Chem. Rev.
1995, 95, 2457-2483; ¢) T. Ishiyama, M. Murata, N. Miyaura, J. Org.
Chem. 1995, 60, 7508-7510.

[6] a) V. Percec, J.-Y. Bae, D. H. Hill, J. Org. Chem. 1995, 60, 1060—
1065; b) B. M. Rosen, K. W. Quasdorf, D. A. Wilson, N. Zhang, A.-
M. Resmerita, N. K. Garg, V. Percec, Chem. Rev. 2011, 111, 1346—
1416.

[7] G.-J. Chen, J. Huang, L.-X. Gao, F.-S. Han, Chem. Eur. J. 2011, 17,
4038-4042.

[8] a) D.-G. Yu, Z.-J. Shi, Angew. Chem. 2011, 123, 7235-7238; Angew.

Chem. Int. Ed. 2011, 50, 7097-7100; b) D.-G. Yu, B.-J. Li, S.-F.

Zheng, B.-T. Guan, B.-Q. Wang, Z.-J. Shi, Angew. Chem. 2010, 122,

4670-4674; Angew. Chem. Int. Ed. 2010, 49, 4566—4570.

a) H. Fu, Z.-L. Li, Y.-F. Zhao, G.-Z. Tu, J. Am. Chem. Soc. 1999,

121, 291-295; b) X. Gao, G. Zhu, Z. Zeng, W. Chen, Z. Lin, Y. Liu,

P. Xu, Y. Zhao, Rapid Commun. Mass Spectrom. 2011, 25, 1061-

1069; c) J.-B. Hou, H. Zhang, J.-N. Guo, Y. Liu, P-X. Xu, Y.-F.

Zhao, G.M. Blackburn, Org. Biomol. Chem. 2009, 7, 3020-3023;

d) X. Gao, F. Ni, J. Bao, Y. Liu, Z. Zhang, P. Xu, Y. Zhao, J. Mass

Spectrom. 2010, 45, 779-787; e) J.-B. Hou, G. Tang, J.-N. Guo, Y.

Liu, H. Zhang, Y.-F. Zhao, Tetrahedron: Asymmetry 2009, 20, 1301—

1307; f) X. Gao, Z. Zeng, P. Xu, G. Tang, Y. Liu, Y. Zhao, Rapid

Commun. Mass Spectrom. 2011, 25, 291-300; g) Z.-Z. Chen, B. Tan,

Y.-M. Li, Y.-F. Zhao, Y.-F. Tong, J.-F. Wang, J. Org. Chem. 2003, 68,

4052-4058; h) X. Gao, H. Deng, G. Tang, Y. Liu, P. Xu, Y. Zhao,

Eur. J. Org. Chem. 2011, 3220-3228; i) G. Yang, Y. Xu, J. Hou, H.

Zhang, Y. Zhao, Chem. Eur. J. 2010, 16, 2518 -2527.

[10] a) B. Ewald, Y. Prots, C. Kudla, D. Griiner, R. Cardoso-Gil, R.
Kniep, Chem. Mater. 2006, 18, 673—-679; b) I. Boy, G. Schifer, R.
Kniep, Z. Anorg. Allg. Chem. 2001, 627, 139-143; c) H. Z. Shi,
Y. K. Shan, M. Y. He, Y. Y. Liu, Z. Kristallogr. New Cryst. Struct.
2003, 218, 21-22.

[11] a) L. Xue, Z. Lin, Chem. Soc. Rev. 2010, 39, 1692-1705; b) Z. Li, S.-
L. Zhang, Y. Fu, Q.-X. Guo, L. Liu, J. Am. Chem. Soc. 2009, 131,
8815-8823; c) J. Jover, N. Fey, M. Purdie, G. C. Lloyd-Jones, J. N.
Harvey, J. Mol. Catal. A 2010, 324, 39-47; d) A. A. C. Braga, G.
Ujaque, F. Maseras, Organometallics 2006, 25, 3647—-3658; ¢) K. W.
Quasdorf, A. Antoft-Finch, P. Liu, A. L. Silberstein, A. Komaromi,
T. Blackburn, S. D. Ramgren, K. N. Houk, V. Snieckus, N. K. Garg,
J. Am. Chem. Soc. 2011, 133, 6352-6363; f) A. A. C. Braga, N. H.
Morgon, G. Ujaque, F. Maseras, J. Am. Chem. Soc. 2005, 127, 9298
9307; g) Y.-L. Huang, C.-M. Weng, F.-E. Hong, Chem. Eur. J. 2008,
14, 4426-4434; h) C. Sicre, A. A. C. Braga, F. Maseras, M. M. Cid,
Tetrahedron 2008, 64, 7437 —-7443.

[12] a) C. L. McMullin, J. Jover, J. N. Harvey, N. Fey, Dalton Trans. 2010,
39, 10833-10836; b) M. Ahlquist, P. Fristrup, D. Tanner, P.-O.
Norrby, Organometallics 2006, 25, 2066—2073; c) M. Ahlquist, P-O.
Norrby, Organometallics 2007, 26, 550-553; d) Z. Li, Y. Fu, Q.-X.
Guo, L. Liu, Organometallics 2008, 27, 4043 —4049.

[13] C. M. Nunes, A. L. Monteiro, J. Braz. Chem. Soc. 2007, 18, 1443 -
1447.

[14] CYLview, 1.0b, C.Y. Legault, Université de Sherbrooke, 2009,
http://www.cylview.org.

[15] The barrier was evaluated according to the Eyring equation, that is,
k= (kgTI/h)exp(—AGT/RT), where k is the rate constant, kg is the
Boltzmann constant, 7T is the temperature, AG™ is the free energy of
activation, R is the gas constant, and % is Planck’s constant. Assum-
ing that the half-life of this reaction is 24 h and that the concentra-
tion of each reactant is 1 molL ™", the second-order rate constant k is
equal to 1.2x107°Lmol's, we obtained that at 110°C, AG* is
31.4 kcalmol ..

[16] S. McElligott, R. Byrne, Aquat. Geochem. 1997, 3, 345-356.

[9

—

Received: May 20, 2013
Revised: June 12, 2013
Published online: Il 11, 0000

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
KK These are not the final page numbers!


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/cr100347k
http://dx.doi.org/10.1021/cr100347k
http://dx.doi.org/10.1021/cr100347k
http://dx.doi.org/10.1002/ange.201106131
http://dx.doi.org/10.1002/ange.201106131
http://dx.doi.org/10.1002/ange.201106131
http://dx.doi.org/10.1002/ange.201106131
http://dx.doi.org/10.1002/anie.201106131
http://dx.doi.org/10.1002/anie.201106131
http://dx.doi.org/10.1002/anie.201106131
http://dx.doi.org/10.1021/cr100379j
http://dx.doi.org/10.1021/cr100379j
http://dx.doi.org/10.1021/cr100379j
http://dx.doi.org/10.1002/ange.201203269
http://dx.doi.org/10.1002/ange.201203269
http://dx.doi.org/10.1002/ange.201203269
http://dx.doi.org/10.1002/anie.201203269
http://dx.doi.org/10.1002/anie.201203269
http://dx.doi.org/10.1002/anie.201203269
http://dx.doi.org/10.1002/anie.201203269
http://dx.doi.org/10.1021/cr100280d
http://dx.doi.org/10.1021/cr100280d
http://dx.doi.org/10.1021/cr100280d
http://dx.doi.org/10.1021/cr100280d
http://dx.doi.org/10.1002/adsc.201200853
http://dx.doi.org/10.1002/adsc.201200853
http://dx.doi.org/10.1002/adsc.201200853
http://dx.doi.org/10.1002/ange.201200063
http://dx.doi.org/10.1002/ange.201200063
http://dx.doi.org/10.1002/ange.201200063
http://dx.doi.org/10.1002/anie.201200063
http://dx.doi.org/10.1002/anie.201200063
http://dx.doi.org/10.1002/anie.201200063
http://dx.doi.org/10.1021/ja9023397
http://dx.doi.org/10.1021/ja9023397
http://dx.doi.org/10.1021/ja9023397
http://dx.doi.org/10.1021/ja9023397
http://dx.doi.org/10.1039/c1cs15100b
http://dx.doi.org/10.1039/c1cs15100b
http://dx.doi.org/10.1039/c1cs15100b
http://dx.doi.org/10.1039/c1cs15100b
http://dx.doi.org/10.1002/chem.201202623
http://dx.doi.org/10.1002/chem.201202623
http://dx.doi.org/10.1002/chem.201202623
http://dx.doi.org/10.1002/asia.201300045
http://dx.doi.org/10.1002/asia.201300045
http://dx.doi.org/10.1002/asia.201300045
http://dx.doi.org/10.1002/asia.201300045
http://dx.doi.org/10.1002/asia.201200093
http://dx.doi.org/10.1002/asia.201200093
http://dx.doi.org/10.1002/asia.201200093
http://dx.doi.org/10.1002/asia.201200093
http://dx.doi.org/10.1002/asia.201101050
http://dx.doi.org/10.1002/asia.201101050
http://dx.doi.org/10.1002/asia.201101050
http://dx.doi.org/10.1002/asia.201201062
http://dx.doi.org/10.1002/asia.201201062
http://dx.doi.org/10.1002/asia.201201062
http://dx.doi.org/10.1021/om201271y
http://dx.doi.org/10.1021/om201271y
http://dx.doi.org/10.1021/om201271y
http://dx.doi.org/10.1021/om201271y
http://dx.doi.org/10.1021/jo300547v
http://dx.doi.org/10.1021/jo300547v
http://dx.doi.org/10.1021/jo300547v
http://dx.doi.org/10.1021/jo202037x
http://dx.doi.org/10.1021/jo202037x
http://dx.doi.org/10.1021/jo202037x
http://dx.doi.org/10.1021/jo202037x
http://dx.doi.org/10.1021/jo2022982
http://dx.doi.org/10.1021/jo2022982
http://dx.doi.org/10.1021/jo2022982
http://dx.doi.org/10.1021/jo2022982
http://dx.doi.org/10.1021/jo3001194
http://dx.doi.org/10.1021/jo3001194
http://dx.doi.org/10.1021/jo3001194
http://dx.doi.org/10.1021/jo3001194
http://dx.doi.org/10.1002/adsc.201100151
http://dx.doi.org/10.1002/adsc.201100151
http://dx.doi.org/10.1002/adsc.201100151
http://dx.doi.org/10.1002/adsc.201000710
http://dx.doi.org/10.1002/adsc.201000710
http://dx.doi.org/10.1002/adsc.201000710
http://dx.doi.org/10.1002/adsc.201000710
http://dx.doi.org/10.1021/jo1024464
http://dx.doi.org/10.1021/jo1024464
http://dx.doi.org/10.1021/jo1024464
http://dx.doi.org/10.1021/jo1024464
http://dx.doi.org/10.1039/c1cc15753a
http://dx.doi.org/10.1039/c1cc15753a
http://dx.doi.org/10.1039/c1cc15753a
http://dx.doi.org/10.1021/ja906477r
http://dx.doi.org/10.1021/ja906477r
http://dx.doi.org/10.1021/ja906477r
http://dx.doi.org/10.1021/ja907700e
http://dx.doi.org/10.1021/ja907700e
http://dx.doi.org/10.1021/ja907700e
http://dx.doi.org/10.1021/ja907700e
http://dx.doi.org/10.1021/ja806244b
http://dx.doi.org/10.1021/ja806244b
http://dx.doi.org/10.1021/ja806244b
http://dx.doi.org/10.1021/ja806244b
http://dx.doi.org/10.1021/ja8056503
http://dx.doi.org/10.1021/ja8056503
http://dx.doi.org/10.1021/ja8056503
http://dx.doi.org/10.1021/jo049940i
http://dx.doi.org/10.1021/jo049940i
http://dx.doi.org/10.1021/jo049940i
http://dx.doi.org/10.1021/jo049940i
http://dx.doi.org/10.1021/jo2000034
http://dx.doi.org/10.1021/jo2000034
http://dx.doi.org/10.1021/jo2000034
http://dx.doi.org/10.1039/c3cs35521g
http://dx.doi.org/10.1039/c3cs35521g
http://dx.doi.org/10.1039/c3cs35521g
http://www.nobel&c_tjl;prize.org/nobel_prizes/chemistry/laureates/2010/suzuki-lecture.html
http://www.nobel&c_tjl;prize.org/nobel_prizes/chemistry/laureates/2010/suzuki-lecture.html
http://dx.doi.org/10.1021/ja00290a037
http://dx.doi.org/10.1021/ja00290a037
http://dx.doi.org/10.1021/ja00290a037
http://dx.doi.org/10.1021/ja00290a037
http://dx.doi.org/10.1021/cr00039a007
http://dx.doi.org/10.1021/cr00039a007
http://dx.doi.org/10.1021/cr00039a007
http://dx.doi.org/10.1021/cr00039a007
http://dx.doi.org/10.1021/jo00128a024
http://dx.doi.org/10.1021/jo00128a024
http://dx.doi.org/10.1021/jo00128a024
http://dx.doi.org/10.1021/jo00128a024
http://dx.doi.org/10.1021/jo00109a044
http://dx.doi.org/10.1021/jo00109a044
http://dx.doi.org/10.1021/jo00109a044
http://dx.doi.org/10.1021/cr100259t
http://dx.doi.org/10.1021/cr100259t
http://dx.doi.org/10.1021/cr100259t
http://dx.doi.org/10.1002/chem.201003403
http://dx.doi.org/10.1002/chem.201003403
http://dx.doi.org/10.1002/chem.201003403
http://dx.doi.org/10.1002/chem.201003403
http://dx.doi.org/10.1002/ange.201101461
http://dx.doi.org/10.1002/ange.201101461
http://dx.doi.org/10.1002/ange.201101461
http://dx.doi.org/10.1002/anie.201101461
http://dx.doi.org/10.1002/anie.201101461
http://dx.doi.org/10.1002/anie.201101461
http://dx.doi.org/10.1002/anie.201101461
http://dx.doi.org/10.1002/ange.200907359
http://dx.doi.org/10.1002/ange.200907359
http://dx.doi.org/10.1002/ange.200907359
http://dx.doi.org/10.1002/ange.200907359
http://dx.doi.org/10.1002/anie.200907359
http://dx.doi.org/10.1002/anie.200907359
http://dx.doi.org/10.1002/anie.200907359
http://dx.doi.org/10.1021/ja980662c
http://dx.doi.org/10.1021/ja980662c
http://dx.doi.org/10.1021/ja980662c
http://dx.doi.org/10.1021/ja980662c
http://dx.doi.org/10.1002/rcm.4955
http://dx.doi.org/10.1002/rcm.4955
http://dx.doi.org/10.1002/rcm.4955
http://dx.doi.org/10.1039/b909786d
http://dx.doi.org/10.1039/b909786d
http://dx.doi.org/10.1039/b909786d
http://dx.doi.org/10.1002/jms.1768
http://dx.doi.org/10.1002/jms.1768
http://dx.doi.org/10.1002/jms.1768
http://dx.doi.org/10.1002/jms.1768
http://dx.doi.org/10.1016/j.tetasy.2009.05.009
http://dx.doi.org/10.1016/j.tetasy.2009.05.009
http://dx.doi.org/10.1016/j.tetasy.2009.05.009
http://dx.doi.org/10.1002/rcm.4862
http://dx.doi.org/10.1002/rcm.4862
http://dx.doi.org/10.1002/rcm.4862
http://dx.doi.org/10.1002/rcm.4862
http://dx.doi.org/10.1021/jo0300082
http://dx.doi.org/10.1021/jo0300082
http://dx.doi.org/10.1021/jo0300082
http://dx.doi.org/10.1021/jo0300082
http://dx.doi.org/10.1002/ejoc.201100234
http://dx.doi.org/10.1002/ejoc.201100234
http://dx.doi.org/10.1002/ejoc.201100234
http://dx.doi.org/10.1002/chem.200902501
http://dx.doi.org/10.1002/chem.200902501
http://dx.doi.org/10.1002/chem.200902501
http://dx.doi.org/10.1021/cm051577o
http://dx.doi.org/10.1021/cm051577o
http://dx.doi.org/10.1021/cm051577o
http://dx.doi.org/10.1002/1521-3749(200102)627:2%3C139::AID-ZAAC139%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3749(200102)627:2%3C139::AID-ZAAC139%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3749(200102)627:2%3C139::AID-ZAAC139%3E3.0.CO;2-4
http://dx.doi.org/10.1039/b814973a
http://dx.doi.org/10.1039/b814973a
http://dx.doi.org/10.1039/b814973a
http://dx.doi.org/10.1021/ja810157e
http://dx.doi.org/10.1021/ja810157e
http://dx.doi.org/10.1021/ja810157e
http://dx.doi.org/10.1021/ja810157e
http://dx.doi.org/10.1021/om060380i
http://dx.doi.org/10.1021/om060380i
http://dx.doi.org/10.1021/om060380i
http://dx.doi.org/10.1021/ja200398c
http://dx.doi.org/10.1021/ja200398c
http://dx.doi.org/10.1021/ja200398c
http://dx.doi.org/10.1021/ja050583i
http://dx.doi.org/10.1021/ja050583i
http://dx.doi.org/10.1021/ja050583i
http://dx.doi.org/10.1002/chem.200800011
http://dx.doi.org/10.1002/chem.200800011
http://dx.doi.org/10.1002/chem.200800011
http://dx.doi.org/10.1002/chem.200800011
http://dx.doi.org/10.1016/j.tet.2008.05.018
http://dx.doi.org/10.1016/j.tet.2008.05.018
http://dx.doi.org/10.1016/j.tet.2008.05.018
http://dx.doi.org/10.1039/c0dt00778a
http://dx.doi.org/10.1039/c0dt00778a
http://dx.doi.org/10.1039/c0dt00778a
http://dx.doi.org/10.1039/c0dt00778a
http://dx.doi.org/10.1021/om060126q
http://dx.doi.org/10.1021/om060126q
http://dx.doi.org/10.1021/om060126q
http://dx.doi.org/10.1021/om0604932
http://dx.doi.org/10.1021/om0604932
http://dx.doi.org/10.1021/om0604932
http://dx.doi.org/10.1021/om701065f
http://dx.doi.org/10.1021/om701065f
http://dx.doi.org/10.1021/om701065f
http://dx.doi.org/10.1590/S0103-50532007000700021
http://dx.doi.org/10.1590/S0103-50532007000700021
http://dx.doi.org/10.1590/S0103-50532007000700021
http://dx.doi.org/10.1023/A:1009633804274
http://dx.doi.org/10.1023/A:1009633804274
http://dx.doi.org/10.1023/A:1009633804274

COMMUNICATION

Spectator or actor? Density functional
theory calculations were performed to
examine the role of the base in the
nickel-catalyzed cross-coupling of aryl
phosphates with arylboronic acids.
Potassium phosphate was found to not
act as a spectator base but was
involved in the transmetalation step, as
shown by a lower barrier than that of
a base-free process, owing to the acti-
vation of the carbon—boron bond by
the base. Further experimental obser-
vations support the theoretical find-
ings.
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