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Abstract: The mechanism of the palladium-catalyzed homocoupling of arylboronic acids ArB(OH), (Ar =
4-7-CgH,4 with Z = MeO, H, CN) in the presence of dioxygen, leading to symmetrical biaryls, has been fully
elucidated. The peroxo complex (72-0,)PdL, (L = PPhs), generated in the reaction of dioxygen with the
Pd(0) catalyst, was found to play a crucial role. Indeed, it reacts with the arylboronic acid to generate an
adduct (coordination of one oxygen atom of the peroxo complex to the oxophilic boron atom of the arylboronic
acid) characterized by 3P NMR spectroscopy and ab initio calculations. This adduct reacts with a second
molecule of arylboronic acid to generate trans-ArPd(OH)L, complexes. A transmetalation by the arylboronic
acid gives trans-ArPdArL, complexes. The biaryl is then released in a reductive elimination. This reaction
is at the origin of the formation of biaryls as byproducts in palladium-catalyzed Suzuki—Miyaura reactions
when they are not conducted under oxygen-free atmosphere.

Introduction Scheme 1
The palladium-catalyzed cross-coupling reactiomotleo- AFX + ABOR); s ArAr + "XB(OR),"
philic aryl derivatives ArB(OR) (R = H or Alkyl) with X=1, B, O OTf;RzHEfifgl

electrophilicaryl derivatives, AiX (X = I, Br, Cl, OTf) has
become one of the most widely used methods for the formation Scheme 2
of spP—sp? carbon-carbon bonds (MiyauraSuzuki reaction,
Scheme 1}, due to the high stability and low toxicity of
arylboronic acids This reaction enables the formation of
unsymmetrical biaryls, ArArt2 Scheme 3
Symmetrical biaryls can be obtained by the palladium-
catalyzed homocoupling @lectrophilicaryl derivatives, AiX
(X =1, Br, CI, OTf) in the presence of eeducingagent (Red
in Scheme 2% This reductive coupling has been widely
developed and its mechanism elucidated.
Conversely, symmetrical biaryls may also be synthesized by
the palladium-catalyzed homocoupling aficleophilic aryl

[Pd] -
2Ar'X + Red — ArAr + Ox +2X
X =1, Br, Cl, OTf, Red = Zn, 2e, solvent

Pd
2ArB(OR), + Ox P Aar + Red +2"B(OR),"

R =H, cyclic -(CH,)s-

derivatives ArB(OR) (R = H or Alkyl) in the presence of an
oxidant-> (Ox in Scheme 3, including dioxygen) in aridative
coupling
This lastoxidative couplingwas first observed under sto-
T Ecole Nationale Supiure de Chimie, Laboratoire d’Electrochimie et jchiometric conditions and then as a side-reaction in Pd-
Chimie Analytique. : : _ : -
# Ecole Normale Supieure, Deartement de Chimie. catalyzed M}yaurf':tSuzukl cross-coupling reactloﬁSndegd, .
(1) (a) Miyaura, N.; Yanagi, T.; Suzuki, Aynth. Commuri981, 11, 513~ the symmetrical biaryl ArAr generated from the arylboronic acid
519. For reviews, see: (b) Suzuki, Rure Appl. Chem199], 63, 419— ; B ; ; :
222, (¢) Miyaura, N.. Suzuki, AChem. Re. 1995 95, 2457-2483. (d) ArB(OH), is often observed in MiyauraSuzuki reactions

Suzuki, A.J. Organomet. Chenil999 576, 147—168. (e) Miyaura, N.
Synthesis of biaryls via the cross-coupling reaction of arylboronic acids. (4) (a) Moreno-Maas, M.; Peez, M.; Pleixats, RJ. Org. Chem1996 61,

In Advances in Metal-Organic SynthesBAl Press Inc.: Greenwich, CT, 2346-2351. (b) Aramendia, M. A.; Lafont, M.; Moreno-Mas, M.; Peez,
1998; Vol. 6, pp 187243. M.; Pleixats R.J. Org. Chem1999 64, 3592-3594.

(2) For arecent review on the synthesis of biaryls, see: Hassan, J.; Sevignon, (5) (a) Smith, C. A.; Campi, E. M.; Jackson, R.; Marcuccio, S.; Naeslund, C.
M.; Gozzi, C.; Schulz, E.; Lemaire, MChem. Re. 2002 102 1359- G. M.; Deacon, G. BSynlett1997 131-132. (b) Wong, M. S.; Zhang, X.
1469. L. Tetrahedron Lett2001, 42, 4087-4089. (c) Kabalka, G. W.; Wang, L.

(3) (a) Amatore, C.; Jutand, A.; Mottier, M. Electroanal. Chem. 306991, Tetrahedron Lett2002 43, 3067-3068. (d) Koza, D. J.; Carita, Bynthesis
125-140. (b) A. Jutand, A. Mosleh]. Org. Chem. 621997, 261-274. 2002 2183-2186. (e) Parrish, J. P.; Jung, Y. C.; Floyd, R. J.; Jung, K. W.
(c) Moinet, C.; Hurvois, J. P.; Jutand, A. Organic and metal-catalyzed Tetrahedron Lett2002 43, 7899-7902. (f) Yoshida, H.; Yamaryo, Y.;
electrosynthesis. IrAdvances in Organic ChemistryJenner, G., Ed.; Ohshita, J.; Kunai, ATetrahedron Lett2003 44, 1541-1544.

Bentham Science Publishers: 2005; Vol. 1, pp 4833. (6) Davidson, J. M.; Triggs, CJ. Chem. Soc. A968 1324-1330.
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(Scheme 1J. This side-reaction was recently developed as a were carried out in a thermostated three-electrode cell connected to a
main catalytic reaction in the presence of pure dioxygen or air Schlenk line. The counterelectrode was a platinum wire of ca. 4 cm
(Scheme 3}:52¢The homocoupling of arylboronic acids was appa_rent surface area; the reference was a saturat_ed calomel elfectrode
first reported by Moreno-Mzas et al. in 1996, using as catalysts (Radlometer) separated from th_e solution by a bridge (3 mL) filled
P or Pd' complexes associated with monodentate phosphines. With @ 0.3 Mn-Bu:NBF, solution in chloroform (or DMF). Degassed
This oxidative couplingcould be accelerated by an oxidant, e.g., chioroform (or DMF) (15 mL) containing 0.3 M-BusNBF. was poured

54 . ! into a cell. §*0,)Pd(PPh), (20 mg, 30umol, 2 mM) was then
Cu(NG)2>" The homocoupling was later extended to arylbo introduced into the cell. The kinetic measurements were performed at

ronic eSter_S by Yoshida e't al. in 2003, using Pd(Q/ur)d dppp a rotating gold disk electrode (diameter2 mm, inserted into a Teflon

(1,3-bis-(diphenylphosphino)propane) as catalyst and DMSO ashg|der, EDI 65109, Radiometer) with an angular velocity of 1055dd

solvent?' (Radiometer controvit). The rotating electrode was polarizeda70
However, very little is known about the reaction mechanism V (+0.48 in DMF) on the plateau of the oxidation wave gf-QO-)-

of this oxidative homocoupling. A first mechanism was proposed Pd(PPh)z. 4-MeO-GH4-B(OH). (45 mg, 30Qumol, 20 mM) was then

involving the oxidative addition of ArB(OH)to P complexes added into the cell, and the decrease of the oxidation current was

with the generation of ArPd-[B(OH),]L, (L = PPh) com- recorded versus time up to 100% conversion.

plexes? However, our attempts to observe this reaction in the  Typical Procedure for NMR Experiments. All experiments were

absence of dioxygen always failed, whereas a reaction wasPerformed under argon atmosphere. To a solutionyd%)Pd(PPE),

observed between ArB(Obland a peroxo complex;?-O,)- (5 mg, 7.5umol) in 0.5 mL of degassed CD&Wwere added various
PdL, (L = PPh), formed in the reaction of P, with amounts of arylboronic acidsa—c or estersl'b (from 0.75 to 37.5

- 31 1
dioxygen® Sheldon and Kochi have proposed the formation of umol). The ,P NMR and’H NMR were then performed.
Characterization of [ArB(OH) ,(7?-O,)Pd(PPh).] 6a, 6b, 6¢, and

the intermediate complex APdL, (L = PPh) by a double , :

transmetalation of ArB(OH)with (HO)Pd(OOH)l generated 6'b. All experiments were performgd under argon atmosphere. The
. ) 5 9 complexes were generated by addition of 0.5 equitaflb, 1c, and

by reaction of vyater with the peroxo Comple»x (OZ)PdLZ_' 1'b, respectively, to?-O,)Pd(PPh), in CDCl;. The3P NMR data of

Conversely, while we were performing this work, Yoshlgla et 64 6b, 6c, and6'b are collected in Table 2.

al. proposed a reaction of arylboronic esters ArB(Okh (17 Characterization of trans-ArPd(OH)(PPhs), 5a, 5b. All experi-

O2)Pd(dppp), which would give ArPE[OOB(OR)](dppp) ments were performed under argon atmosphere. The complexes were

complexes$! A subsequent transmetalation of the latter complex generated as above by addition of 5 equivief 1b, respectively, to

by ArB(OR), would give ArPd(dppp) and henceforth the  (;2-0,)Pd(PPh), in CDC. The!H NMR and3!P NMR spectroscopies

homocoupling product ArAr by a reductive elimination. and ESI MS spectrometry da, 5b are collected in Table 1. The

We report herein evidences for the mechanism of the characteristics obb were identical to those of an authentic sample

pa"adium_cata|yzed homocoup"ng of ArB(Oj—Im the presence generated in situ by addition of 12 mg (Aﬁﬁol) of PPh to a solution

of dioxygen (Scheme 3). In this study, it is clearly mechanisti- ©f 3-4 mg (3.24«mol) [PhPd(-OH)(PPR)]>***°in 0.5 mL of CDCh.

cally and kinetically established that a peroxo complex of  Characterization of trans-ArPdAr '(PPhg), trans-8ac and trans-

palladium, §?-0,)PdL, (L = PPh),1° plays a key role in the 8bc. All experiments were performed under argon atmosphere. The

catalytic homocoupling of arylboronic acids. complexes were generated in an NMR tube by addition of 1.1 equiv
of 1cto trans-ArPd(OH)(PPh), 5a or 5b generated as above in CRCI

Experimental Section The spectra fromH NMR, NMR 2D, and®P NMR spectroscopies of
trans-8ac andtrans-8bc are collected in Table 6.

a1 . .
Ge_ngral.lol; N';AR spectra werg rekcorded in CRGr TO:EL)I\IC/I'; Typical Procedure for (2-O2)Pd(PPh),-Catalyzed Homocou-
containing 6 of acetonds on a Bruker spectrometer ( z) pling of Arylboronic Acids (Scheme 5).To a solution of >-O,)Pd-

yvith H3PQy as an external referencd NMR speptra were recqrded (PPh); (3 mg, 4.64mol) in 0.5 mL of CDC} was added under dioxygen

in CDCl; on a Bruker spectrometer (250 MHz) with TMS as an internal 500 L (23 umol) of the arylboronic acidb (or &) from a mother

referencg. o ) ) solution of1b (46 mM in CDCE). After mixing for 10 min, the yield
Chemicals.DMF was distilled from calcium hydride under vacuum ¢ 10 homocoupling product Ph2i (or 4-MeO-GH,-CsHa-OMe-4,

and kept under argon. PRPhB(OH}), 4'CN'C‘3H4'B_(OH)2' 4-MeO- . 2a) was determined byH NMR spectroscopy after addition of a known
CeH4-B(OH)z, and PhB(O-(Ch)s-O) were commercial and used as is. 5,5t of toluene as internal standard. THAMR spectrum of PhPh

The peroxo Complfi’f'oz)Pd(PPb)?Ba and the d‘m?”c cqmplex (or 4-MeO-GH,-CsHs-OMe-4) was identical to that of an authentic

[Pthg-OH)(PPIa)]z bwere sypthgsnzed as reportéd In thezllterature. commercial sample. The yield of the byproduct Ph-OH (or 4-MeO-
Typical P_rocedure f0|j the_Klnetlcs of .the Reaction of (2-O,)- CsHa-OH) was determined in a similar way.

Pd(PPh), with Arylboronic Acids, As Monitored by Amperometry .

: . Computational Methods. All calculations were carried out using
All experiments were performed under argon atmosphere. Experiments

the Gaussian cod@A hybrid Hartree-Fock/density functional model,
(7) (a) Campi, E. M.; Jackson, R.; Marcuccio, S.; Naeslund, C. Gl.\@hem. hergafter referred to aAS PBEO.’ was used througﬁdutth.ls f_unctlona!, .
Soc. Chem. Commuii994 2395-2395. (b) Gillmann, T.; Weeber, T. derived from the PBE* the ratio of HF/DFT exchange is fixed a priori

%gfgé‘i’gg 3419%651 (c) Song, Z. Z.; Wong, H. N. G. Org. Chem. to 1/41% A double & quality LANL2 basid® and corresponding
(8) (a) Wilke, G.; Schott, H.; Heimbach, Rngew. Chem., Int. EA.967, 6, pseudopotentil was used for all calculations. Such level of theory
92-93. (b) Amatore, C.; Aziz, S.; Jutand, A.; Meyer, G.; CocoliosNBw was proven to provide reliable results both for thermochemical and

J. Chem.1995 19, 1047-1059.
(9) Sheldon, R. A.; Kochi, J. K. Activation of Molecular Oxygen by Metal

Complexes. IrMetal-catalyzed Oxidations of Organic Compounédsa- (12) Frisch, M. J.; et alGaussian 03Revision B5; Gaussian, Inc.: Pittsburgh,
demic Press: New York, 1981; Chapter 4, pp-719. PA, 2003.
(10) For a review on palladium peroxo complexes as intermediates in catalytic (13) Adamo, C.; Barone, VJ. Chem. Phys1999 110, 6158-6170.
reactions, see: Stahl, S. Sngew. Chem., Int. EQ004 43, 3400-3420. (14) Perdew, J. P.; Burke, K.; Ernzerhof, Mhys. Re. Lett 1996 77, 3865
(11) (a) Grushin, V. V.; Alper, HOrganometallics1993 12, 1890-1901. (b) 3868.
Grushin, V. V.; Alper, H.Organometallics1996 15, 5242-5245. (c) (15) Adamo, C.; Barone, MChem. Phys. Lettl997, 274, 242—-250.
Amatore, C.; CarreE.; Jutand, A.; M'Barki, M. A.; Meyer, GOrgano- (16) Dunning, T. H., Jr.; Hay, P. J. Modern Theoretical ChemistrBchaefer,
metallics1995 14, 5605-5614. (d) Matos, K.; Soderquist, J. A. Org. H. F., lll, Ed.; Plenum: New York, 1976; pp-128.
Chem.1998 63, 461-470. (17) Hay, J.; Wadt, W. R. Xhem. Phys1985 82, 299-310.
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Scheme 4 center, e.g. as observedtiansArPdX(PPh), (X = I, Br, Cl)
0 v . i .
P PPhy), + O, CI)\/Pd(PPh3)2+ 2 PPhs complexeg? This suggests the formation of aryl-palladium(ll)
o 4 complexes.
-2 PPhy 0, The reaction of the arylboronic acids,b with isolated
PA°(PPha), _Oz)Pd_(PPb)z 4, synthesized as in Schemef3 4wa_s also
investigated. When an excess of the arylboronic atasr 1b
Scheme 5 was added to a solution of the peroxo complér chloroform,
02Pd(PPhs), the aromatidH NMR signals of the aryl-palladium complexes
22— )—BOH: +0, CHC A Y detected above were observed. Concomitantly,3#ReNMR
1a Z=0OMe 2a 59% 3a 16 % singlet of the peroxo comple (33.2 ppm in CDQ, 33.4 in
b Z2=H 2b 40 % b 19% DMF) disappeared, and a new singlet was observed, charac-

teristic of a palladium ligated to two magnetically equivalent
spectroscopic propertié.No symmetry constraints were imposed P PR sitting in a trans position (Table 1). The structure of one
during structural optimizations, and the nature of the optimized Of the new aryl-palladium(il) complexegransPhPd(OH)-
structures and energy minima were defined by subsequent frequency(PPh)2 5b, formed in the reaction of-O2)Pd(PPh). with 1b
calculations. Basis set superposition errors were evaluated using the(Scheme 6), was determined by comparinglits 3P NMR,
standard Counterpoise correction, the largest being of the order of 6 and ESI MS spectra to those of the authentic complex. The latter
kcal/mol. Additional calculations were performed using the larger was generated by reacting the dimesidiydroxo complexes
6-311G(d) basis set (hereaf@82basis) on O, P, and B atoms, to test  ¢js. andtrans{PhPdf-OH)(PPh)]. (3P NMR: ¢ = 33.66 and
basis set dependence of energetic and structural features. The result§2_96 ppm) with 10 equiv of PRhas reported by Grushin and
are collected in Table 4 and in the Supporting Information. Finally, Alper (Scheme 7312bThe same comple&b was also formed

the effect of addition of a diffuse function on oxygen atoms (i.e., . . )
6-311+G(d)) was also tested. If not differently specified, all values by _reactmgtransPthI(PPlg)z with n-Bu;NOH in chloroform
(this work) or DMP¢ or THF 11d

discussed in the following correspond to those obtained with the ) ) )
LANL2DZ basis. At this level, we have established that a fast reaction occurred

between the peroxo-palladium compkeand arylboronic acids
lab. Nevertheless, a crucial question arises about the mecha-
nism of this reaction. Wheta—c (0.5 equiv) were added to a
solution of 4 in chloroform, i.e., under substoichiometric
conditions, thé'P NMR spectrum exhibited, besides the singlet
of complex4, two doublets of equal magnitude (Table?2T.his
suggests the formation of new compleXas-c possessing two
magnetically nonequivalent phosphines (Scheme 8).

At this stage, théH NMR spectroscopy did not reveal the
presence of complexes of tyje nor biaryls2, nor phenols3.

The two doublets oba—c and the singlet of the nonreacted
peroxo complex disappeared with time, and only the phosphine
oxide (O)PPb was observed at long times. Similar sets of
doublets were also observed in DMF containing 10% acetone-
ds as well as from the estdrb (Table 2).

When an excess dib was added to a solution in chloroform
exhibiting the two doublets oéb, the latter disappeared, and
the singlet of complexrans5b was observed, suggesting that
complex6b might be an intermediate complex generated on
the way to complexeb. When an excess of peroxo compkéx
was added to the previous solution, the two doublets of complex
6b were recovered. This establishes that com@bxs only
observed under substoichiometric concentrations of ArBEOH)
and that an excess of ArB(OHlis required to yield complex
5b. Similar reactions were observed by reactitawith the
peroxo complex4. Complex trans5c was not observed in
chloroform, whereaéc was observed. Due to the low solubility

Results and Discussion

Homocoupling of Arylboronic Acids Catalyzed by (7%-O5)-
Pd(PPhs),. Moreno-Mdras et al. have observed that the
homocoupling of arylboronic acids catalyzed by’ @®Ph), in
toluene was more efficient in the presence of dioxyfen.
Interestingly, the complex P@PPh), is known to react with
dioxygen to generate the peroxo complexQ,)Pd(PPh), 452
via PP(PPh), (Scheme 4§° Complex4 was isolated as a stable
greenish complex.

This prompted us to investigate the homocoupling of aryl-
boronic acids in the presence offRal(PPh), (20%) as a catalyst
(Scheme 5). In nonoptimized test reactions, yields of 59% and
40% were obtained fa2a and2b, respectively, after 10 min in
chloroform. The corresponding phenda and 3b were also
obtained as byproducts. The biargt was not formed in
chloroform due to the low solubility ofic in this solvent,
whereas it was generated in DMF.

The peroxo compleX thus appears to be a true catalyst for
the homocoupling reaction of arylboronic acids. This prompted
us to fully investigate its reaction with arylboronic acids.

Rate and Mechanism of the Reaction ofif2-O,)Pd(PPhy)
with Arylboronic Acids 1a —c. Characterization of the Aryl-
Palladium(ll) Complexes Formed in the Reaction of {?-
O,)Pd(PPhg), with Arylboronic Acids or Esters. As recalled
in the Introduction, we could not observe any reaction between
PdP(PPh)4 and the arylboronic acid4a,c, at room temperature,
in chloroform or DMF under argon. However, when the same
reaction was performed in the presence of dioxygen, i.e. from (19) No reaction occurs by bubbling dioxygen in a solutionlaf-c, in the

2-0,)Pd(PP enerated in situ, new signals for aromatic absence of palladium.
(7°-O,)Pd(PPB). ge ' SI9 (20) Fitton, P.; Rick, E. AJ. Organomet. Cheni971, 28, 287-291.
protons appeared in tHel NMR spectra, in the range 5:%.6 (21) Other peaks at 753 fdsa or 723 for 5b were also observed. MS/MS

i i i experiments orba and5b showed that (O)PRhwas released, suggesting
ppm,'WhICh differed from those of H)]e arylbor.omc acltisb, the formation of ArPd(PR)((O)PPh)*. This is due to the ESI MS
the biaryls2ab or the phenols3a,b.'® These signals, located technique in which the ionization also produces some triphenylphosphine

upfield, characterized an aryl group attached to a palladium(ll) 22 ‘(’;‘)"fr;’"n*q‘é%ig"&f‘%fﬁg?;ﬁf,g?m’g;gn';f’,\;:gﬂéxﬁ,leixms’ R.; Roglans,

A. J. Org. Chem1999 64, 3592-3694. (b) Moreno-Maas, M.; Pleixats,

(18) (a) Ciofini, I.; Laire P. P.; Bedioui, F.; Adamo, Cl. Am. Chem. Soc. R.; Spengler, J.; Cherin, C.; Estrine, B.; Bouquillon, Sinkie F.; Pla-
2004 126, 10763-10777. (b) Ciofini, I.; Adamo, CJ. Phys. Chem. A Quintina A.; RoglansEur. J. Org. Chem2003 274-283.
2001, 105 1086-1092. (23) Some phosphine oxide was also detected at 29.2 ppm.
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Table 1.

IH NMR (250 MHz, TMS), 3P NMR (101.3 MHz, H3PO,) Shifts and ESI MS of Complexes 5a,b Formed by Reacting

(7?-O2)Pd(PPhg), 4 with the Arylboronic Acids 1a,b in Chloroform (Scheme 6)2

trans-ArPd(OH)(PPhy), 1HNMR 31p NMR
A o ppm (CDCly) o ppm (CDCly) ESI MS#
5aMeO—CgH4 6.42 (d,J = 8.5 Hz, 2H,0-H) 23.5(s) 737 [M-OHT
5.93 (d,J =8.5Hz, 2H,mH) 630 [Pd(PPE)2]*
3.5 (s, 3H, Me)
5b CeHs 6.62 (d,J = 7.3 Hz, 2H,0-H) 23.7 (s) 707 [M-OHY

6.38 (t,J = 7 Hz, 1H,p-H)
6.30 (t,J = 7.3 Hz, 2H,mH)

630 [Pd(PPh2] "

aThe aromatic protons of the PPligand are omitted for clarity.

Scheme 6

%N
| /Pd(PPhs), + ArB(OH),

PPh,

—_— Ar—Pld—OH

The intermediate complex@sare stabilized through the direct
interaction between the boron atom and one of the two oxygen
atoms of the peroxo complex. It is worthwhile to note that in

° PPh our preliminary DFT calculations made usingLPH; as model
4 1a,b trans-5a,b ligand for GPdL, intermediates of typ& were found to be
unstable. Instead, the only adducts which were found to be stable
Scheme 7 were complexes in which the 2dL, was hydrogen bonded
H PPhs through one of its oxygen atoms to one proton of the arylboronic
" Ph> Pd<o> {PP'”3 + PPN, Phba-OH acid. The possibility of having a direct interaction between the
PhsP (o] boron atom and one oxygen atom of the peroxo was ruled out
T PPhs . R S . .
H trans-5b using this simplified model. This highlights the crucial electronic
role of the ligand and the fact that DFT results obtained using
Table 2. 3P NMR Shifts (1013 MHz, H3PO4) of the Intermediate Pl—b as mode| for the PBH|gand cannot be a|Ways Stra|ght_

Complexes 6a—c Formed by Reacting (72-O2)Pd(PPhs), 4 with 0.5

equiv of Arylboronic Acids 1la—c in Chloroform or DMF2

<: :}—B/o )
\O
1'b

6

6

forwardly extrapolated to fully describe the behavior of the real
systemg? For the sake of clarity, it should also be noted that
hydrogen-bonded structures analogous to those found in the case
of PH; were also found to be stable in the case of the systems
containing PPhin the gas phase. However, we expect solvent
effects to be more important in this latter case, so that the two

1 & ppm (CDCl;) & ppm (DMF + 10% acetone-dy) coordination modes of the arylboronic acid could become

1a 31.1 (d,Jpp= 37 Hz, 1P) 31.2 (dJpp= 38 Hz, 1P) competitive in polar or protic solvents, but in favor of complexes
27.3 (d,Jpp= 37 Hz, 1P) 27.3 (dJpp= 38 Hz, 1P) 6. To evaluate bulk solvent effects, single-point calculations on

1b 31.2(d,Jpp= 37 Hz, 1P) 31.1 (dJpp= 38 Hz, 1P) the gas-phase optimized structures (usingBB& basis) were
27.3 (d,Jpp= 37 Hz, 1P) 27.1 (dJpp= 38 Hz, 1P) . . '

1lc 31.6 (d,Jpp= 37 Hz, 1P) 31.3 (dJep= 38 Hz, 1P) performed using the polarizable continuum model (Tabl& 4).
27.6 (d,Jpp= 37 Hz, 1P) 27.4 (dJpp= 38 Hz, 1P) Inclusion of solvent, here chloroform, does not significantly

Ib 31.2(d,Jpp= 37 Hz, 1P) 31.2 (dJep= 38 Hz, 1P) affect the relative stability of the complexes that are computed

27.3 (d,Jpp= 37 Hz, 1P)

27.1 (dJpp= 38 Hz, 1P)

aSame reaction with'b. 2 The 11B NMR broad signal (29 ppm) afb
in CDCl; disappeared after addition dfin excess, but any other signal

was observed, suggesting the formatior6ah equilibrium with 4.

to be likely to be formed also in solution. Finally, from a more
technical point of view we can notice that addition of a
polarization function on O, B, and P atoms does not strongly
change either structure (refer to Supporting Information) or
thermochemistry of the formation of complex@sgn particular,

Scheme 8 : i g i
o PPh adding a diffuse function only on O atoms in the casebbf
oH SpyPPMs  AB(OH), N -
o [ 07" Nppp, —— Ar-Pd-OH has a negligible effect on both structure (about 0.01A) and
,Pd(PPh3)2 + ArB(OH), —>  Ar—Bw 3 | d
o “oH PPhg thermochemistry (about 3 kJ/mol).
4 1 6 trans-5 Kinetics of the Reaction of ¢>-O,)Pd(PPhg), with Aryl-

boronic Acids. The overall reaction in Scheme 8 was monitored

of 1cin chloroform, it could not be added in large excess. Since Py electrochemistry under an argon atmosphere, taking the
the 31P NMR shifts of the two doublets depend on the nature @dvantage that the peroxo complei-O,)Pd(PPh). 4 (2 mM)
of the aryl group, the intermediate complexg@siecessarily ~ €xhibited an oxidation peak &0.63 V vs SCE in chIcS)t:oform
contain one aryl group. This rules out the formation of conta|n|ngn-Bg4NBF4 (0.3 M) (+0.43 V vs in DMF),> at a
complexes such agans{HO)Pd(OOH)L or [Pch(u-OH)(u- steady gold disk electrode and a scan rate of 0.2V $he
OO0)L4] " which might have been generated by the reaction of oxidation peak totally disappeared when an excedmot was
water with ¢2-05)Pd(PPR), 4, as proposed by Sheldon and added to the peroxo compléx In the experiments performed
Kochi? Intermediate complex,e&are proposed on the basis of in chloroform,la—c were introduced as a concentrated solution

o . . on DMF due to their low solubility in chloroform. The kinetics
kinetic data (see below), and their structures were confirmed y
by DFT calculations (Schent Figure 1). Selected computed () Kozuch, 5 Amal Jutand, A Shalk tallie2008
structural parameters of the optimized comple&ese collected 3. Am_. Chem. 5;(02200050515267?'11'1(52&%4_ - nerrmann, 1, L., Hhiel, W
in Table 3. Their computed formation energies and enthalpies (25) (a) Miertus, S.; Scrocco, E.; TomasiChem. Phys1981, 55, 117-129.

. (b) Cossi, M.; Rega, N.; Scalmani, G.; Barone JVComput. Chen2003
are gathered in Table 4. 24, 669-681.

(24) (a) Kozuch, S.; Amatore, C.; Jutand, A.; ShaikOBganometallics2005
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0 PPh
OH  [™>pal ™
\_7" oH

6aZ =MeO
6bZ=H
6cZ=CN

6b

Figure 1. Computed optimized structure for complék (left): B atom (blue); O atoms (red); Pd atom (yellow); P atoms (purple); C atoms (green). The
H atoms are omitted for clarity.

Table 3. Selected Computed Structural Parameters of the Optimized Structures (distances d in A and Angles 6 in Degrees)?

6 d(0:-0y) d(0+-B) d(Pd-0,) d (Pd-0y) 0 (PPAP) 0 (PdO,B) 0 (0,0,8)
6a 1.452 1.653 2.128 2.024 104.5 105.7 112.8
6b 1.452 1.650 2.123 2.025 104.2 106.2 113.0
6¢c 1.455 1.642 2.136 2.021 104.4 105.8 112.8
6'b 1.432 3.193 2.042 2.058 105.8 98.8 97.2

aSee Figure 1 for nomenclature and labeling. See also Supporting Information for computed structural parameterg?édfed(PPh), 4.

Table 4. Formation Energies (AE), Enthalpies (AH), BSSE Energy Correction (BSSE), and Formation Energies in Solution (AEsoent)
Computed for Different Complexes 6 and 6' as a Function of the Substituent (Z) on the Arylboronic Acid?

6 AE AH BSSE AEgoen
6a —28.101 (29.377) —26.788 (-27.153) 29.015 (29.998) (1.713)
6b —33.125 (-34.195) —31.783 (-31.993) 29.025 (32.096) —2.545)
6c ~51.285 (-53.107) —49.432 (-50.834) 29.090 (30.384) —(17.895)
ester6'b —19.633 (-23.523) —18.851 (-21.875) 14.879 (17.611) —9.309)

aValues reported in parentheses correspond tdBth2 basis. All values are in kJ/mol.

0 05, 061
c °
-0.2 4l 05- A
N —~ 0.4}
04 15
S -06 5% . _ﬁ 03} .
08 £ 02t
-25 L
A 0.1
12 : [ % 0.0005 0.001
ot 0 1 2 3 4 5 -46 -44 -42 -4 -38-36-34 [1a']2 (MZ) .
Time (s) In([1a]) (M)
Figure 2. Kinetics of the reaction of the arylboronic acid with (2-O,)Pd(PPk), 4 (Co = 2 mM) in chloroform (containingr-BsNBF,, 0.3 M) at 25°C,
as monitored by amperometry at a rotating gold disk electrodel&h) 20 mM. Variation against time of Ir (x = [4]¢/[4]o = itlio; it = oxidation current

of 4 att, ip = initial oxidation current ofd). In x = —kgps x t. (b) Determination of the reaction orderlm: plot of In(kop9 against In(Lal): In(kopy = 1.9
x In([1a] + 6. (c) Determination of the reaction order 1 plot of kos against Lal2 kops = Kapp x [18]2

of the reaction was followed by amperometry performed at a 2b,c). This suggests the occurrence of a mechanism involving
rotating gold disk electrode polarized on the plateau of the sequentially two molecules df, as reported in Scheme 9.
oxidation peak o# (+0.48 V in DMF,+0.70 V in chloroform). The arylboronic acid is involved both in the reversible
After addition ofla—cin excess, the decrease of the oxidation formation of comple)6 and in the irreversible evolution of this
current of4 (proportional to its concentration) was recorded complex to complexis-7. The latter may evolve to complex
with time, up to total conversion. A plot of IR (x = [4]/[4]o transs5 either by routeA or B (Scheme 9). The water involved

= ldlio; iy = oxidation current of att, io = initial oxidation in route A andB may result from the formation of a boroxine
current of4) against time was linear (Figure 2a) indicating @ from the arylboronic aci@® Whatever the relative weight of
first-order reaction of the peroxo complex. The observed rate route A or B, neither route affects the overall rate of disap-
constankons was determined from the slope of the straight line pearance of. This latter assumption was confirmed by the fact

in Figure 23, viz. evidencing the rate law: = —Kond. that, in the reaction of with 1 in excess, no sets of two doublets
The reaction order ida was found to bet2, as evidenced
by the observed dependencelgfs kops = kapd1a]? (Figure (26) Lappert, M. FChem. Re. 1956 56, 959-1064.
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Scheme 9
OH O~ PP
L [ 07PN pphs Ki = kylk
I /Pd(PPh3)2+ ArB(OH), &—> Ar—B 1= KK
ka ‘oH
4 1 6
ka _jphs AorB ;th’
6 + ArB(OH), —> ArPdPPhy ——=,  Arl Id—OH
OOB(CH)2 PPhg
<|)H O\ /_LH: cis-T trans-5
via Ar—B O)g
Yo /B\OH
OH
PPhs
A Ar-Pd-O0B(OH), “H0
j’Pha PPhs - HOOB(OH)> PPhs
Ar-Pd-PPh; trans-T A ,Jd_OH
OOB(OH)2

PPh3

PPhs trans-5

Ar—dd—PPh

cis-T

/

Table 5. Rate Constants Kik. for the Reaction of the Peroxo
Complex 4 with Arylboronic Acids 1a—c in Chloroform@and DMF at
25 °C (Scheme 9)

- HOOB(OH)Q

cis-§

Kik, (M~257%)
solvent la (Z = OMe) 1b(Z=H) 1c (Z=CN)
CDCl3 600 2500 n.d.
DMF 5.8 1025 46000

aContaining 1% DMF.

were observed which would have characterized? or cis-5,
whenever either of these species would accumulate.
Therefore, the peroxo complex must be activated by the
arylboronic acid before it undergoes a transmetalation with
another molecule of ArB(OH)Scheme 9). We indeed observe
from the calculations that one P® bond has been elongated
(by ca. 10 pm, Table 3) due to the coordination of the boron
atom. The kinetic law corresponding to the formatiorcis-7
is complex and highly dependent on the excessldfsee
Supporting Information). However, for large excesse$,dhe
formation of 6 is fast and equilibrated and continuously
displaced by the formation dfis-7. Under those conditions,
the rate-determining kinetic law for Scheme 9 is given in eqs
a,b under specific conditions which apply here. Our experimental
results are in total agreement with egs a,b. The valuk;&f
was determined from the slope of the straight line in Figure 2c
(Table 5)%7

kko[4][1]?
- %_]” = K ky[4][1]? (@)
Inx = —K[4[ 4% = ~kepJ 11t = —kypd  (b)

The kinetics of the reaction of the peroxo compfewith 1la—c
was similarly investigated in chloroform or DMF. The values
of Kik, are collected in Table 5 (Figures S2 in Supporting
Information).

(27) In the time scale investigated here, the two doublets of the intermediate
complexes$a—c were observed in chloroform and DMF (without the singlet
of complextransba—c) when less than one equiv @éb—c was added to
the peroxo comple®. This supposes th&i[4] > k;[6]. Since §] and [6]
are then very similar at low substoichiometric conditions, one must have
ky > ko. with k—1 > ky[1]. See also Supporting Information.
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Whatever the solvent, the following reactivity order was
observed: K;NON > K HkH > K,OMek,OMe The reaction of
the second molecule dfmay be considered as a transmetalation
of complexes6 by the arylboronic acid (Scheme 9). This
suggests that,®N < kH < k,OMe, viz. because the arylboronic
acid is expected to be more nucleophilic when the aryl group
is substituted by an electron donor group. One then deduces
that K;N > K;H > K;OMe in agreement with the decreasing
Lewis acidity of the arylboronic acid when going from CN to
OMe (Table 4). The reaction was faster in chloroform than in
DMF, suggesting a competitive solvatation of ArB(QHyy
DMF.

Transmetalation on ArPd(OH)(PPhs), (trans-5a,b) Com-
plexes. Thus far we have identified and characterized the
formation of complexes ArPd(OH)(PB) (transbab, Scheme
9) through the fast reaction of the peroxo comple%Q,)Pd-
(PPh), with 2 equiv oflab, respectively. It was of interest to
investigate the role of such complexes in the context of the
palladium-catalyzed homocoupling of arylboronic acids. The
complextrans-Ce¢Hs-Pd(OH)(PPB), (transbb), generated by
reaction oflb with 4, was reacted with 1.5 equiv of 4-CN-
CesH4-B(OH), (1¢) and the reaction monitored Bl NMR. The
recorded spectrum exhibited two different aryl groups on'a Pd
center, in the range 6:26.8 ppm. The 2D NMR spectrum
allowed the identification of the three different protons of the
CsHs group associated with the two different protons of the
4-CN-GsH4 group (Table 6, Figure 3). Th8P NMR spectrum
exhibited one sharp singlet (Table 6), attesting a trans coordina-
tion of the two phosphines. The reaction gave the new complex
trans-8bcin a reaction which is a transmetalation step (Scheme
10). The same spectrum was observed when startingtfiaoms-
5b synthesized in situ as in Scheme 7.

This reaction was confirmed by reactimigansba with 1c
leading to trans-8ac (Schemel10, Table 6). The coupling
products GHs-CgH4-CN-4 and 4-MeO-gH4-CeH4-CN-4 were
also formed and characterized By NMR and mass spectrom-
etry. They could only be formed by a reductive elimination from
cis-8bc andcis-8ac (Scheme 11). The detection of complexes
trans-8bc andtrans-8ac indicates that they were rather stable
vis-a-vis a reductive elimination in agreement with the fact that
this must proceed from the uphdlis-8bc andcis-8bc complexes,
respectively.

This confirms the observation made by Aliprantis and
Canary?® when monitoring Pd-catalyzed Miyaur&uzuki
cross-coupling reactions by ESI MS. Indeed, complexes ArPd-
Ar'(PPh), formed in the transmetalation step were clearly
observed in their work and assumed to adopt trans configura-
tion.28 It is worthwhile to note that the reaction of ArPd(OH)-
(PPh), with Ar'B(OH), observed here may also occur in the
Miyaura—Suzuki cross-coupling reaction performed in the
presence of hydroxyl bases which were found to react with
ArPdX(PPh), (X = 1,11¢ Brl1d) to form ArPd(OH)(PP})..

When trans5b PhPd(OH)(PP)), was reacted withla
4-MeO-GH4-B(OH); (1.3 equiv), the mixed completrans-
8ba was not observed (Scheme 10), but the coupling biaryl
CsHs-C4Hs-OMe-4 was produced together with 4-MeQHz-
Pd(OH)(PPH),. The catalytic cycle was completed via the
successive transmetalation and reductive elimination to generate

(28) A||prant|s A. O,; Canary, J. WI. Am. Chem. S0d.994 116, 6, 6985~
698
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Table 6. H (250 MHz, TMS) and 3P NMR (101.3 MHz, H3PO,4) Shifts (6 ppm) of Complexes 8 Formed by Reacting Complexes 5 with
Arylboronic Acids 1 in CDCl; (Scheme 10)@
4-Y-CeHy-Pd-CeHi-Z-4(L), H NMR HNMR
L = PPh, 4-Y-CH-Pd Pd-CgH,-2-4 ap NMR
8bc(Y =H, Z=CN) 6.61 (d,J =7 Hz, 2H,0-H) 6.61 (d,J = 6.7 Hz, 2H,m-H) 22.40
6.37 (t,J= 7.5 Hz, 1H,p-H) 6.44 (d,J = 6.7 Hz, 2H,0-H)
6.22 (t,J = 7.3 Hz, 2H,mH)
8ac(Y = OMe, Z= CN) 6.41 (dJ = 7.4 Hz, 2H,0-H) 6.8 (d, 2H,0-H) n.d.

6.14 (m, 2Hm-H)
3.56 (s, 3H, Me)

6.27 (d,J = 8.8 Hz, 2H,m-H)

aThe aromatic protons of the PPligand are omitted for more clarity. The terms; m, andp are defined relative to the Pd atom.
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Figure 3. H—1H (250 MHz, TMS) of complex8bc formed by reacting

complex5b with 1cin CDClz (Scheme 10).

Scheme 10

L
| CHCl3, it
L

[
1

trans-8bc
trans-8ac

n.o.

Ar

L
cis-8

L =PPh3
trans-5b Y =H 1c Z=CN
trans-5a Y = OMe 1¢ Z=CN
trans-8b Y=H 1a Z=OMe
trans-5a Y = OMe 1b Z=H
Scheme 11
L L
ArF’:d—OH + ArB(OH); — Ar—l-J*Id—Ar' — Ar-Flld-L — ArAr + PdL,
L L
trans-5 1 trans-8

the biaryl together with a Pacomplex (Scheme 11). The peroxo
complex QPd(PPHh),, formed by reaction of PgPPh), with
dioxygen, reacted again with exce$a to generate 4-MeO-
CeH4-Pd(OH)(PPB),, as established in the first part of this work.
Then, the intermediate complé&éans-8ba could not be observed
because it was involved in a fast reductive elimination via the o obtained, suggests that the reductive elimination frans-
cis-8ba and consequently could not accumulate, as complexesA“;,dAr:(ppm2 8 via cis-ArPdAr (PPh), was fast in this case
trans-8bc andtrans-8acdid. Similarly, whentransba 4-MeO-
CeH4-Pd(OH)(PPH), was reacted withb PhB(OH}) (1.3 equiv),
the mixed complexrans-8ab was not observed (Scheme 10)
but the coupling biaryl 4-MeO-§Hs-CeHs was produced
together withtransPhPd(OH)(PP4),. This indicates that once

Scheme 12
L L
Ar—Pd—OH  ———» Ar—Pd—Ar + B(OH)z
/>
L Ar—B(OH), L
L= PPhs

the catalytic cycle was closed, the excesslbfreacted with
the peroxo complex &d(PPh), to form transPhPd(OH)-
(PPh)2.

All these results suggest that the overall reductive elimination
from complexedrans-8 is slower when one aryl is substituted
by a CN group. However, we could not establish whether this
slow kinetics was due to a more endergotmans/cisisomer-
ization from trans-8 (Scheme 11) or/and to intrinsic effects
related to the reductive elimination from tle&s-8 complexes.

We now have experimental evidence for the formation of
transArPdAr'(PPh), complexes in a transmetalation step
performed frontrans-ArPd(OH)(PPhk), and ArB(OH),. How-
ever, because the transmetalation and reductive elimination
might be simultaneous steps, the rate and mechanism of the
transmetalation could not be investigated in detail. A mechanism
is proposed (Scheme 12) on the basis of Miyaura’s proposal
for the reaction of AIB(OH), with ArPd(OAc)(PPh)2.2° In a
theoretical work (DFT calculations), Ujaque, Maseras éf al.
gave further evidence of the involvement of a transmetalation
step between vinyl-B(OH) and transvinyl-Pd(OH)(PH).
complexes.

Catalytic Cycle for the Pd-Catalyzed Homocoupling of
Arylboronic Acids in the Presence of DioxygenThe reaction
of ArB(OH), with the peroxo complex followed by transmeta-
lation and reductive elimination steps is summarized in Scheme
13. However, such mechanism was established step by step,
and the intermediate complexesans5 and trans8, were
characterized at long times, which excluded the observation of
the intermediatecis-5 and cis-8 complexes under our experi-
mental conditions.

The @7?-O,)Pd(PPHR).-catalyzed homocoupling of ArB(Ok)
lab under dioxygen worked readily, and the complexes
observed at the end of the reaction weaas-ArPd(OH)(PPB),
(transba,b) which accumulated due to lack of reagent. The fact
that trans-ArPdAr' (PPh), (trans-8ba) could not be observed
when the substituent on one aryl group was MeO, whereas ArAr

and that the mechanism of the catalytic cycle may thus involve

(29) (a) Ishiyama, T.; Murata, M.; Miyaura, N. Org. Chem1995 60, 7508
7510. (b) Miyaura, NJ. Organomet. Chen2002 653, 54—57.

(30) Braga, A. A. C.; Morgon, N. H.; Ujaque, G.; Maseras JFAm. Chem.
Soc.2005 127, 9298-9307.
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Scheme 13. Mechanism Based on Observed 4, 6, trans-5, and
trans-8 Complexes
Pd’L, L = PPhs
\ L
PdL, 0, ?\Pd L ArB(OH);
-L 07 L 1
+L\‘
\ PdL, 4 ka
ArArr>/ K4
oL _ L
W g &P
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| OH
is-8 A
cis r ke vV_\Ar?(OH)z
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L
Ar-Pd-L
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L L H,0
B(OH)3 | a | HOOB(OH
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Scheme 14
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OOB(OH), Ar
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transb and trans-8 complexes as intermediate complexes
(Scheme 13).

However, in the real catalytic reactions, the catalytic cycle
may involve only reactive cis complexes. Indeed, at high ArB-
(OH), concentrations, theis-5/transb isomerization (route

Scheme 15

HOOB(OH), + HO —  B(OH)s + H02

Hy0, + ArB(OH),
of ArB(OH), over 3 days. It has been suggested that phenols
could be produced by reacting hydrogen peroxide with arylbo-
ronic acids®5 PhOH was indeed generated upon addition of
H»0, to a solution of PhB(OH)in chloroform. This suggests
that HO; is produced in the Pd-catalyzed homocoupling of
arylboronic acids in the presence of dioxygen. A reasonable
route for HO, production would consist in the subsequent
hydrolysis of HOOB(OH) (Schemes 9 and 15).

Conclusions

— > B(OH); + ArOH

The palladium-catalyzed homocoupling of arylboronic acids
(4-Z-CgH4-B(OH),, Z = MeO, H, CN) in the presence of
dioxygen proceeds via the peroxo complg?-Q,)PdL, (L =
PPh), generated in the reaction of dioxygen with the Pd(0)
catalyst. The peroxo complex is indeed at the origin of the
formation oftrans-Ar-Pd(OH)L; via an activation of one of its
Pd—-0 bond by the arylboronic acid, followed by a transmeta-
lation step by a second arylboronic actdans-Ar-Pd(OH)L,
complexes react with the arylboronic acid to girans-Ar-
PdArL, complexes in a second transmetalation step. The biaryl
is formed in a reductive elimination. Because of the common
intermediate P, the palladium-catalyzed homocoupling
reaction may compete with the Miyaur&uzuki cross-coupling
if the work atmosphere is not inert. Work is in progress to extend
this oxidative couplingto other nucleophiles, i.eorganostan-
nanes derivatives. Farina et al. have indeed observed as a side
reaction the homocoupling of arylstannanes in palladium-
catalyzed Stille reactions performed in the presence of dioxy-
gen3! The palladium-catalyzed homocoupling of organostan-
nanes under oxygen (or air) has been reported laté? on.
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Mechanism of the Formation of Phenol as Byproduct.
ArOH is often a byproduct in the Pd-catalyzed homocoupling
of arylboronic acids in the presence of dioxygen (Schente 4).

We observed that (i) phenol was formed together with the biaryl,

(if) phenol was not formed from complexéa or 6b when they
were observed in absence of complexasnd5b respectively,
(iii) phenol was not formed frontransPhPd(OH)(PP¥), 5b,

(iv) phenol was not formed upon bubbling dioxygen in a solution
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of the reaction of GPd(PPh), with arylboronic acidsla—c in
chloroform or DMF, complementary structural information from
DFT calculations and complete ref 12. This material is available
free of charge via the Internet at http://pubs.acs.org.
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