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Mechanistic Origin of Antagonist Effects of Usual Anionic Bases

(OH", CO;*") as Modulated by their Countercations (Na™, Cs™

, KT) in

Palladium-Catalyzed Suzuki-Miyaura Reactions

Christian Amatore,* Anny Jutand,* and Gaétan Le Duc'®

Abstract: The mechanism of the reac-
tion of trans-ArPdBrL, (Ar=p-Z-
CH,, Z=CN, H; L=PPh;) with
ArB(OH), (Ar'=p-Z-CH,, Z'=H,
CN, MeO), which is a key step in the
Suzuki-Miyaura process, has been es-
tablished in N,N-dimethylformamide
(DMF) with two bases, acetate
(nBu,NOAc) or carbonate (Cs,COs)
and compared with that of hydroxide
(nBu,NOH), reported in our previous
work. As anionic bases are inevitably
introduced with a countercation M™
(e.g., MTOH"), the role of cations in
the transmetalation/reductive elimina-
tion has been first investigated. Cations
Mt (Na*, Cs*, K*) are not innocent
since they induce an unexpected decel-
erating effect in the transmetalation via
their complexation to the OH ligand in
the reactive ArPd(OH)L,, partly inhib-
iting its transmetalation with
Ar'B(OH),. A decreasing reactivity

Introduction

The cross-coupling of aryl halides (ArX) with arylboronic
acids (Ar'B(OH),) or aryltrifluoroborates (Ar'BF,") is cata-

order is observed when M™ is associat-
ed with OH: nBuN*t> K*> Cs* >
Na*. Acetates lead to the formation of
trans-ArPd(OAc)L,, which does not
undergo transmetalation with
Ar'B(OH),. This explains why acetates
are not used as bases in Suzuki-
Miyaura reactions that involve
Ar'B(OH),. Carbonates (Cs,CO;) give
rise to slower reactions than those per-
formed from nBu,NOH at the same
concentration, even if the reactions are
accelerated in the presence of water
due to the generation of OH™. The
mechanism of the reaction with carbo-
nates is then similar to that established
for nBu,NOH, involving ArPd(OH)L,
in the transmetalation with Ar'B(OH),.

Keywords:  anionic bases
arylboronic acid - cations - reaction
mechanisms - palladium

Due to the low concentration of OH™
generated from CO;*" in water, both
transmetalation and reductive elimina-
tion result slower than those performed
from nBu,NOH at equal concentra-
tions as Cs,CO;. Therefore, the overall
reactivity is finely tuned by the concen-
tration of the common base OH™ and
the ratio [OH J/[ArB(OH),]. Hence,
the anionic base (pure OH™ or OH™
generated from CO,*") associated with
its countercation (Na*, Cs*, K*) plays
four antagonist kinetic roles: accelera-
tion of the transmetalation by forma-
tion of the reactive ArPd(OH)L,, ac-
celeration of the reductive elimination,
deceleration of the transmetalation by
formation of unreactive Ar'B(OH);”
and by complexation of ArPd(OH)L,
by M™.

We recently reported kinetic data on the transmetalation/
reductive elimination steps of Suzuki-Miyaura reactions,

lyzed by palladium in the presence of a base (NaOH, TIOH,

KOH, R,NOH, TIOEt,

Ag,0, K,PO, Na,CO;, K,CO;

Cs,CO;, TLCO;)!M (Scheme 1). This reaction is a key step in

the total synthesis of natural products.”
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thus revealing an unprecedented triple role of the base OH™
(Scheme 2).P' Two of them are positive: 1) formation of the
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Scheme 2. Mechanism of the Suzuki-Miyaura reaction when the base is

OH associated with nBu,N*.’!

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

@WILEY i@

ONLINE LIBRARY

These are not the final page numbers! 77



CHEMISTRY

A EUROPEAN JOURNAL

reactive trans-ArPd(OH)L, (L =PPh;) involved in the rate-
determining transmetalation with Ar'B(OH), and 2) acceler-
ation of the reductive elimination from trans-ArPdAr'L,
(Scheme 2). The third role is negative: 3) formation of in-
trinsically unreactive aryl borates ArB(OH);” leading to
two kinetically antagonist effects of hydroxide, controlled by
the ratio [OH)/[ArB(OH),]."! The reactivity of ArB(OH),
with  ArPd(OH)(PPh;), and lack of reactivity of
Ar'B(OH);~ with ArPdX(PPh;), evidenced in our previous
workP! was soon after confirmed by Carrow and Hartwig.
We recently established that fluoride anions play the same
three roles as those established for hydroxides, with ArPdF-
(PPh;), as the key complex involved in the transmetalation
with Ar'B(OH),.F”

The role of the base (e.g., carbonates) in reactions involv-
ing Ar'BF,” has been studied. Batey and Quach have made
the hypothesis that anionic Ar'BF;_,(OH),” (n=1, 2) must
be formed from Ar'BF;™ in the presence of hydroxides gen-
erated from the base.” The successive basic hydrolysis of
Ar'BF;” to eventually Ar'B(OH), was established by Molan-
der 4 Hutton,*! Lloyd-Jones,®! and their co-workers. The
latter proposed a reaction of ArB(OH), with ArPd(OH)L
species in a transmetalation step.[”

The role of cations (Na*, K*, Cs*, Ag*, TIt) introduced
as counterions of anionic bases or with Ar'BF;~ (mainly K*
) has not been fully investigated. We used nBu,NOH to vol-
untarily by-pass the role of cations and to focus on the role
of the base. nBu,NOH is indeed fully dissociated in DMF
into OH™ and the innocent nBu,N*.Bl As pioneered by
Kishi,™™ some countercations of bases, Ag* in Ag,O or
more interestingly TI*"! in TIOH, TIOEt, and T1,CO; have
a beneficial effect on Pd-catalyzed Suzuki reactions, com-
pared with KOH. This is rationalized by the formation of in-
soluble AgX or TIX in THF/H,O, inducing a shift of the
equilibrium ArPdXL,/ArPd(OH)L, (Scheme 2) towards the
reactive ArPd(OH)L, whose concentration increases, lead-
ing to a faster reaction. Some anionic bases as carbonates!!!
are often introduced with other countercations (e.g.,
Na,CO;, K,CO;, or Cs,CO;) whose influence on the mecha-
nism of the catalytic reaction has never been investigated.

We report herein kinetic data which show that less halo-
philic cations, such as Na*, K*, and Cs* (associated to
OH") also play an important but decelerating role in the
transmetalation step of Suzuki-Miyaura reactions. The
mechanistic role of another anionic base such as carbonate
(always associated with those countercations) has been in-
vestigated as well.

Results and Discussion

The present mechanistic investigations were performed by
means of electrochemistry® associated with NMR spectros-
copy, as in our previous work dealing with the role of hy-
droxide anion (from nBu,NOH) in the Suzuki-Miyaura re-
actions.”! The simultaneous use of the two methods allows
the characterization of the reactive ArPd" complex generat-
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ed from ArPdX(PPhs),, the intermediate ArPd"Ar and the
cross-coupling product ArAr’, all exhibiting a known charac-
teristic reduction signal.”! The palladium(0) formed in the
reaction was characterized by its oxidation signal. Moreover,
the rate of formation of the palladium(0) was monitored by
an electrochemical technique that takes advantage of the
fact that the oxidation current is proportional to the concen-
tration.”) The present experiments were performed under
conditions representative of one cycle of a real catalytic se-
quence. Indeed, the kinetics were investigated from trans-
ArPdX(PPh;), complexes in the presence of large excesses
of ArB(OH), (from 10 to 100 equiv vs. Pd") and a base to
mimic catalytic reactions involving 10 to 1 mol% -catalyst,
respectively.

Decelerating effect of cations: To compare the kinetics of
the transmetalation performed in the presence of bases
MOH (M*=Na®, K*, Cs%) to that performed in the pres-
ence of nBu,NOH in our previous work,”! the same reagents
were investigated: trans-4-CN-C¢H,-PdBr(PPh;), (1) (C,=
1.9 mm) and PhB(OH), (2) (BC,) (Scheme 3). mOH was in-

L
Kob:
NC—@—F:’d—Br + PhB(OH); + m*OH +2L — & NC—@—Ph +
OMF, 25°C

L

1 2 L = PPhs PdOL3 + B(OH)3 + M*Br
Co BCo aCqp
Scheme 3.

troduced at aC, concentration (in the range 14-40 mm) from
mother solutions in methanol (1m), as for nBu,NOH."! The
reactions were performed at 25°C, in DMF (a solvent which
is used in catalytic reactions,"™>7 as well as methanol!"),
in the presence of excess PPh; (2 equiv) to observe the for-
mation of a stable and soluble Pd°(PPh,);, characterized by
an oxidation wave (E;,= +0.1 V vs. SCE) at a rotating disk
electrode whose oxidation plateau current was proportional
to the Pd°(PPh;), concentration at any time.

Figure 1a exhibits the kinetics of formation of Pd°(PPh;),
in a reaction involving 1 (1.9 mm), 2 (f=20equiv), and
NaOH (a=10 equiv). Pd’(PPh,); (characterized by its oxi-
dation signal and quantified from the value of the current at
the oxidation peak) was formed in 94 % yield. The cross-
coupling product 4-CN-C4H,-Ph, (characterized by its reduc-
tion peak potential at —2.01 V and quantified from the value
of the current at the reduction peak) was formed in 95%
yield.

As it was established in our previous work,! Pd°(PPh,); is
formed in a reductive elimination from intermediate trans-
ArPdAr'(PPh;),, which is faster in the presence of OH~
than the rate-determining transmetalation reaction, in which
trans-ArPdAr (PPh;), is formed (Scheme 2). Pd°(PPh;); and
ArAr (here 4-CN-C4H,-Ph) were thus formed at the same
rate as the rate-determining transmetalation step. In other
words, Pd’(PPh;); was formed at the same rate as 1 disap-
peared in the transmetalation. The plot of Inx versus time
was linear (Figure 1b) (x = (ij,—i,)/iy, Where i, =final oxi-

Chem. Eur. J. 0000, 00, 0-0
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Figure 1. Kinetics of the reaction of trans-p-CN-C,H,-PdBr(PPh;),
(1.9 mm) with PhB(OH), (20 equiv) in the presence of PPh; (2 equiv) and
NaOH (10 equiv). a) Variation of the oxidation current i of Pd’(PPh,);
versus time: i was determined by chronoamperometry at a rotating gold
disk electrode (d=2mm) polarized at +0.05 V. b) Plot of Inx versus
time: X = (iym—1,)/isim; iym = final oxidation current of Pd"(PPh,),; i,=oxida-
tion current at time t c¢) Comparison with the reaction involving
nBu,NOH (10 equiv)”® instead of NaOH. All reactions were performed
in DMF containing nBu,NBF, (0.3m) at 25°C.

dation current of Pd°(PPh;),, i,=oxidation current at time ¢).
The value of the observed rate constant k, of the transme-
talation was obtained from the slope of the straight plot:
Inx=—kgyt (Figure 1b). k,=0.0096s" (=20, a=30,
DMEF, 25°C).

A comparison of the kinetic curves obtained in the pres-
ence of NaOH (Figure 1b) or nBu,NOH (Figure 1c¢) at the
same initial concentrations reveals a slower reaction in the
presence of NaOH. The decelerating effect of cations M* =
Na*, K*, Cs* is a general feature (Figure 2a). The antago-
nist effect of OH™ due to the competitive formation of the
reactive ArPd(OH)(PPh;), and the unreactive ArB(OH);,
that results in the bell-shaped variation of k., versus the
OH™ concentration (evidenced in our previous work),” was
still observed for all investigated bases (Figure 2a). When
considering the maximum value of k, for each cation, a de-
creasing reactivity order was established:

nBuy,NOH > KOH > GCsOH > NaOH

As H,0O could be introduced via the base (e.g.,
CsOH-H,0), the effect of H,O on the kinetics of the trans-
metalation was tested, leading to nonsignificant effects (Fig-
ure 2a, open symbols).
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Figure 2. a) Kinetics of the reaction of trans-p-CN-C¢H,-PdBr(PPhs;),
1 (C,=19mm) with PhB(OH), (20 equiv) in the presence of PPh;
(2 equiv) and MOH (a equiv) (M=nBu,N,®! K, Cs, Na). Plots of kg,
versus o (note that k,, was plotted versus the value of the initial amount
of hydroxides introduced into the medium). Effect of H,O: (o) 30 equiv
added to nBu,NOH; (o) 15equiv added to KOH and (V) 30 equiv
added to CsOH. (¢): reaction performed in the presence of nBu,NOH
(15 equiv) and NaBF, (15 equiv). b) Kinetics of the reaction of trans-p-
CN-C¢H,-PdBr(PPh;), (Cy=1.9 mm) with PhB(OH), (20 equiv) in the
presence of PPh; (2 equiv), nBu,NOH (15equiv) and o' equiv of (A)
KBF,, or (e) NaBF, (concentration range for MBF,: 0-42 mwm). Plot of 1/
kops versus [MBF,] expressed in equiv (o) versus Pd" complex 1. All re-
actions were performed in DMF containing nBu,NBF, (0.3m) at 25°C.

Interestingly, the value of k,,, obtained for the reaction of
1 with 2 (20 equiv) in the presence of nBu,NOH (15 equiv)
and NaBF, (15 equiv) was similar to that obtained for the
same reaction performed in the presence of NaOH
(15 equiv); ko =0.0104 and 0.0109m~'s™, respectively (Fig-
ure 2a), thus confirming the specific deceleration effect of
Na*t. This was further confirmed in reactions performed
with nBu,NOH (15 equiv) as the base, in the presence of in-
creasing amounts (o equiv) of KBF, or NaBF, (free ions in
DMF) in the range 0-42 mm (Figure 2b). The decelerating
effect of the cations Na® and K* was definitively estab-
lished by linear plots of 1/k,,, versus the concentration of
M* (Figure 2b): 1/ky,,=a+ba’=a+b[M*]/C,.

A decrease of the concentration of the active ArPd(OH)-
(PPh3), (in equilibrium with ArPdBr(PPh;s),, Scheme 2)
must be at the origin of the decelerating effect exerted by
cations. Cations"” might interfere in the kinetics of the trans-
metalation via formation of ion pairs (in equilibrium with
free ions) such as [MTOH™]. This would decrease the con-
centration of the active ArPd(OH)(PPh;), and consequently
slow down the transmetalation. Cations may also ion-pair
with the anions released during the reaction, such as [M*

www.chemeurj.org
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Br7], leading to increased concentrations of the active
ArPd(OH)(PPh;), and consequently in accelerating the
transmetalation. Ion pairs are not expected to be formed in
polar DMF. Nevertheless, the conductivity of MOH and
MBr was measured in DMF at 25°C. The conductivity of
MOH (M*=Nat%, K*, Cs*) increased linearly with its con-
centrations (in the range: 0-35 mM; see Figures S1-S3 in the
Supporting Information); the conductivity of MBr (M* =
Na*, K*, Cs™) as well for concentrations in the range: 0-
120 mm (Figures S4-S6 in the Supporting Information). This
means that only free ions were present in solution, M*
+OH™ and M*+Br, respectively. The decelerating effect of
cations M ' by formation of ion pairs was thus ruled out.

The 'H NMR spectrum of ArB(OH), (Ar'=p-CN-C4H,,
Ph) in [D;]DMF was not affected by addition of NaBF,
(5 equiv), thus ruling out any interaction of Na* with
Ar'B(OH),. The aromatic protons of ArB(OH);~, nBu,N*
(Ar'=p-CN-CiH,, Ph) in [D,|]DMF were slightly shifted
after addition of NaBF, (5 equiv) but a similar shift was ob-
served upon addition of nBu,NBF, (5 equiv), therefore evi-
dencing that the shift was not due to Na* but to a ionic
strength on the charged borate.

Alkali cations are known to bind oxygen centers as in al-
cohols."” The decelerating effect of the cations in the trans-
metalation might be due their complexation to the hydrox-
ide of ArPd(OH)(PPh;), (3) to form 3-M* [Eq. (1)]. This
would decrease the concentration of the active ArPd(OH)-
(PPh;), involved in the rate-determining transmetalation
step.

L L
I Kwm I
A—PI—OH + M' = A—PI—OH ()
) I
s L st M

The complexation of ArPd(OH)(PPh;), by cation M™
would thus be in competition with its transmetalation by
Ar'B(OH), (Scheme 4). Higher the affinity of the cation for
ArPd(OH)(PPh;),, slower the transmetalation. From the ki-
netic curves in Figure 2a, one predicts that the affinity of
the cations for the OH group of ArPd(OH)(PPh;), must de-
crease in the order: Nat >Cs* >K™, which is in agreement
with the decreasing affinity order of cations for alcohols:

L p L
| M |
Ar—Td—OH + MY —> Ar_;:lvd_QH

3 L 3-M‘ L '\:/P
L
|
ATBIOH), | via | Ar—Fdz 0N

L arZZB(oH),

L

|

Ar—l?d— Ar'
L

Scheme 4. Competitive complexation/transmetalation in the presence of
cations M* (Na*, K*, Cs*) in DMF (solvent voluntarily omitted)."”)
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Na* >KT* established by DFT calculations (however per-
formed in the gas phase).l'”” Theoretical data for the affinity
of Cs* for alcohols are not available.

The complexation of the OH group of trans-ArPd(OH)-
(PPh;), by Na* was evidenced by NMR.!""4/ The 'H NMR
spectrum of trans-p-CN-C,H,-Pd(OH)(PPh;), (3a) (20 mm)
in [D,;]DMF exhibited the two doublets of the aryl group
(see the Supporting Information). After addition of NaBF,
(7.5 equiv, 150 mm), the two doublets were slightly shifted
downfield and two new doublets appeared upfield assigned
to the complex 3a-Nat (Equation (1), see Experimental
Section). A new broad singlet for the OH proton of 3a-Na*
was observed at —2.58 ppm. The *'P NMR singlet of 3a
(14 mm) was shifted downfield after addition of NaBF, (o' =
2 equiv, 28 mm) while a new singlet appeared at upper field
assigned to 3a-Na*t (Figure S7 in the Supporting Informa-
tion). The magnitude of its singlet increased at the expenses
of the magnitude of the singlet of 3a after successive addi-
tion of NaBF, up to 105 mm (Figure S7)."® Therefore, Na*
did effectively interact with ArPd(OH)(PPh;), by reversible
complexation of its hydroxide [Eq.(1)]. The equilibrium
constant Ky,=x/[Cy(1—x)(a’—x)] was calculated from the
slope of the linear plot of x/(1—x) versus (a'—x) where x/
(1—x) was given by the NMR ratio of the singlets of 3a—
Na' and 3a, respectively (Figure S8 in the Supporting Infor-
mation). This led to Ky,=75+5m"" (DMF, 27°C). Since
CsBF, is not commercially available, the complexation of
trans-PhPd(OH)(PPh;), (3b) by Cst was evidenced by
3P NMR in the reaction of CsOH with trans-PhPdBr(PPh,),
in [D;]DMF (22.66 ppm for 3b-Cs* vs. 22.41 ppm for 3b).
The experimental decelerating effect of the cation Cs* on
the kinetics of the transmetalation (Na*t >Cs* >K™*) was
found to be inverted with respect to the expected one based
on its ionic radius (Na* >K* >Cs*). No simple explana-
tion seems available other than invoking specific interac-
tions of Cs* with the DMF solvent.!''

The new kinetic law that takes into account the new equi-
librium constant Ky (Scheme5) is displayed in Equa-

PdoLg
-L
A 7| ArAT +LT* ArX
via | r-pa; o Pd°L,
OH fast
L L
_Pd- Ar—Pd- X
L= FPhs Ar Ll|>d A ]

k - J R
B(OH)3 " '.‘ x/}\ M*. OH-
M* Ar—lli‘d-OH

«—%— APB(OH), ¢

o B

«—%— ArB(OH)3" L
unreactive i

Ar— I?d-QH

L M

Scheme 5. Role of the countercation M* (Na*t, K¥, Cs*) of the base
OH™ in the mechanism of the Suzuki-Miyaura reaction (the solvent
DMEF is voluntarily omitted)."”)
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tion (2).l Due to the excess of MOH, the concentration
[M*] may be considered as constant all along the reaction
under these catalytic-like conditions (rate = kp[Pd"] oc)-

B 1 K,[OH]
kops = kB Co (1 T Kop [OH’]) ([x*] + K, JOH|(1 + Ky[M*])
(2)

The theoretical variation of k., versus [OH™] exhibits
a maximum, as experimentally observed in Figure 2a. The
position of the maximum [Eq. (3)] and the value of k™™
depend on the concentration of the cation and the value of
Ky

—max [Xi] 1/2
08 1™ = (it = Ko ?)

The theoretical hyperbolic decay of k., versus [M7]
[Eq. (4)] is in agreement with the decelerating effect of M*
observed in Figure 2b, being consistent with our mechanism.

(e (- xom)
(1+ Kou[OHT))
klm[‘))c()

(4)
x Ky[M*] = d' + b'[M*]

Scheme 5 updates our former mechanism of the Suzuki-
Miyaura reaction through including the role of cations M*
=Na*, K%, Cs* (counterions of the anionic base, here
OH") which in contrast to Ag* or TIt are at the origin of
a decelerating transmetalation via their complexation to the
reactive ArPd(OH)(PPh;),. Hence, the base not only plays
a role via the ratio [OH]/[ArB(OH),] but also via its asso-
ciated countercation M*. Moreover, other sources of cations
need to be considered with care, e.g., Kt when ArBF; K*
are used as precursors of ArB(OH),.l”

Carbonate as base: Carbonate ions are often used as
bases in Suzuki-Miyaura reactions involving arylboronic
acids."%** They are mainly introduced with a countercation,
as in Cs,CO;, K,CO;, or Na,CO; and are moderately soluble
even in sufficiently polar solvents such as DMF."* Their
low solubility is often compensated by the introduction of
a small amount of water.""*® As (nBu,N),CO; was not
available, Cs,CO; was selected because it is more soluble in
DMF than K,CO,.™* However, one has to keep in mind
that that Cs* exerts a decelerating effect in the transmetala-
tion by a factor of about 2.4 when comparing nBu,NOH
and CsOH at similar concentrations (compare the respective
values of k™™ in Figure 2 a).

The reaction of “dry” Cs,CO; (10 equiv) with trans-
PhPdBr(PPh,), (5 mm) was followed by *'P and 'H NMR in
[D,]DMF. No reaction took place, the singlet of trans-
PhPdBr(PPh;), (24.06 ppm) remained unchanged. It was
only after addition of water (10% in volume) that the two
singlets characteristic of c¢is (32.94ppm) and trans
(32.4 ppm) [PhPd(p-OH)(PPh;)], appeared whereas trans-
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L L
DMF/H,0 * !
L = PPhs - Ar—hd-OH

L
* via OH- from the reaction:

CO4% + HO === HCO3 +OH- (5)

Scheme 6.

PhPd(OH)(PPh;),'"¥ was formed in the presence of excess
PPh; (2 equiv; Scheme 6). This evidences that in the pres-
ence of water, Cs,COj; generated low concentrations of OH™
(Equation (5) in Scheme 6)!*'*! which played the same role
vis & vis ArPdXL, as nBu,NOH did.”!

Smith et al.!™ reported that K,CO; in THF/H,O gener-
ates OH~ which reacts with ArB(OH), to generate
Ar'B(OH);™. An acceleration of a Suzuki-Miyaura reaction
between ArCl and Ar'B(OH), was observed upon increasing
the amount of water.'* At that time (1994), the accelerat-
ing effect was explained by the formation of ArB(OH);"
which was supposed to be more reactive than Ar'B(OH),.
However, we established in 2011 that Ar'B(OH);™ is intrins-
ically unreactive.”! Hence, the cause of the accelerating
effect must be rather found in the formation of reactive
ArPd(OH)L, as evidenced above (Schemes 1 and 6).

As established in previous works,>*! trans-PhPd(OH)-
(PPh;), (1.9 mm) reacts with p-CN-C¢H,-B(OH), (5 equiv)
in the presence of PPh; (2 equiv) to generate the stable
complex trans-p-CN-C¢H,-Pd-Ph(PPh;), detected in cyclic
voltammetry by its reduction signal (EP.,=—1.47 V). The
addition of “dry” Cs,CO; (2.5 equiv) resulted in the slow
formation of Pd’(PPh;); (f,,=1h 30) together with the
cross-coupling product p-CN-CsH,-Ph, both detected by
their oxidation and reduction signals, respectively. The reac-
tion was considerably slower than that observed when
nBu,NOH was added to the same intermediate trans-p-CN-
C¢H,-Pd-Ph(PPh;), (t;,=2 min).P! This suggests that CO,>~
may favor the reductive elimination from trans-p-CN-C4H,-
Pd-Ph(PPh;),, most probably via OH™ generated by reaction
of carbonates with water traces [Eq. (5)], through formation
of anionic pentacoordinated bisaryl-Pd" complexes
(Scheme 7).%1 This by-passed the classical overall slow re-
ductive elimination due to the endergonic formation of cis-
ArPdAr'L, from trans-ArPdAr'L,.F!

reductive

elimination
IT transmetalation L| OH ™ or CO4%
Ar—Pd—OH + ArB(OH); ——= Ar—Pd—Ar ————= Ar-Ar'+ PdlL,
LI slow | L fast
Ar'
L =PPh3

trans \ L_I_
via |Ar—Pd
LS -
OH (or OCO7 )

Scheme 7. Transmetalation and OH -assisted reductive elimination from
trans-ArPdAr'L,.
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L L= PPh,

| Kobs
NC Pd—Br + PhB(OH), + Cs,C05 + 2L ———
| DMF +H,0,25 °C

L
1 2
Co BCo aCo

3Co

Scheme 8.

It was therefore of interest to investigate the kinetics of
the reaction of trans-ArPdX(PPh;), with arylboronic acids,
Ar'B(OH), in DMF in the presence of “dry” Cs,CO; and
then in the presence of increasing amounts of added water
(Scheme 8).

The kinetics of the formation of Pd’(PPh;), was followed
by chronoamperometry at a rotating gold disk electrode
(see above). The evolution of the oxidation current of Pd’-
(PPh;); (proportional to its concentration) was recorded
with time after addition of 2 (20 equiv) to a solution con-
taining 1 (C,=19mm), PPh; (2equiv) and Cs,CO;
(o equiv). The reaction was first performed with “dry”
Cs,CO; (15 equiv) in the absence of water. Whereas the
same reaction performed in the presence of nBu,NOH
(15 equiv) led to the formation of Pd°(PPh;); and p-CN-
C.H,-Ph with a half-reaction time of t,,=10s! no forma-
tion of Pd’(PPh;); was observed in the presence of “dry”
Cs,CO; (15 equiv), even after long duration times (>3 h). In
the presence of higher amounts of PhB(OH), (50 equiv) and
Cs,CO; (25 equiv), a slow reaction took place (¢;,=14300s;
Figure 3a). The reaction was accelerated (t,,,=3250 s) by in-
creasing both concentrations: PhB(OH), (100 equiv) and
Cs,CO; (50 equiv) while keeping the same ratio o/f (Fig-
ure 3b). Though, the reaction remained slower than those
performed with nBu,NOH" instead of dry Cs,COj; at the
same concentration.

1

3

o o o
EN o ®

o
N

molar fraction x’of Pd°L_—*

o

0 110* 210* 310*
Time/s —

Figure 3. Evolution of the molar fraction x' of Pd°(PPh,); versus time in
the reaction of trans-p-CN-C¢H,-PdBr(PPh;), 1 (1.9mm) with:
a) PhB(OH), (50equiv) and Cs,CO; (25equiv); b)PhB(OH),
(100 equiv) and Cs,CO; (50 equiv). Both reactions were performed in
DMF containing nBu,NBF, (0.3M™) in the presence of PPh; (2 equiv) at
25°C. Molar fraction of Pd’(PPh;);: x'=i/iy, (i,=oxidation current of
Pd’(PPh;), (proportional to its concentration) at time ¢, iy, = final oxida-
tion current). The currents were determined at a rotating gold disk elec-
trode (d=2 mm) polarized at +0.05 V versus SCE.

Interestingly, the formation of Pd’(PPh;), exhibited an in-
duction period (Figure 3) which evidenced the formation of
an intermediate complex, such as trans-p-CN-C,H,-Pd-Ph-
(PPhs), (see above). The latter evolved at longer times to
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afford Pd°(PPh;), and the cou-
pling product p-CN-C¢H,-Ph.
This indicates that in the pres-
ence of “dry” Cs,CO;, under
our experimental conditions,
the time scales of the transme-
talation and the reductive elimi-
nation were close to each other
and that the reductive elimination was not considerably
faster than the transmetalation, in contrast to what was ob-
served when nBu,NOH was used as the base."

When the same reaction was performed in the presence
of added H,O (8 =25 equiv), the induction period was short-
ened (compare Figure 4a and b) and the Pd’(PPh;), forma-
tion became faster. Both effects were reinforced in the pres-
ence of a larger amount of water (0=1750equiv; Fig-
ure 4c¢).

p-CN-CgHa-Ph
+ PdOLy +B(OH); +Br

n »790——0
< og s 2
50 s
2 06 $
c
9o
3 04
s
8 02
g
OJ *e L ',
210 310

Times/s —

Figure 4. Evolution of the molar fraction x' of Pd"(PPh,); versus time
formed in the reaction of trans-p-CN-C,H,-PdBr(PPh;), 1 (1.9 mm) with
PhB(OH), (50 equiv) in the presence of Cs,CO; (25equiv) and PPh,
(2 equiv): a) without any water, b)in the presence of H,O (25 equiv),
c) in the presence of H,O (1750 equiv). All reactions were performed in
DMF containing nBu,NBF, (0.3m) at 25°C. Molar fraction of Pd’(PPh,);:
x' =i/iy, (i,=oxidation current of Pd"(PPh,); (proportional to its concen-
tration), i, =final oxidation current). The current intensities were deter-
mined at a rotating gold disk electrode (d=2 mm) polarized at +0.05 V
versus SCE.

All these experiments established that the transmetalation
resulted very slow in the presence of “dry” Cs,CO; because
of the lack of a significant concentration of OH™ which con-
sequently led to a low concentration of the reactive trans-p-
CN-C4H,-Pd(OH)(PPh;),. The reductive elimination was
also slow due to the lack of OH™. The half-reaction time of
the reductive elimination was estimated to ¢,,=7x10*s by
considering the part of the kinetic curve at longest times in
Figure 4a. In the presence of increasing amounts of water,
i.e., in the presence of increasing amounts of OH™ [Eq. (5)],
the transmetalation was accelerated through increasing
ArPd(OH)(PPh;), concentration. The reductive elimination
was accelerated as well because promoted by OH™ (com-
pare the kinetic curves at long times in Figure 4). Neverthe-
less, reactions involving Cs,CO;, even in the presence of
large amounts of water, were considerably slower than those
involving nBu,NOH at equal concentrations. This cannot be
attributed to the decelerating effect of the cation Cs* (a de-
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celerating effect of a factor 2.4 was expected, see Figure 2a)
but to the low concentration of hydroxides generated from
Cs,CO; in water [Eq.(5)]. Once again, the rates of the
transmetalation and reductive elimination were controlled
by the concentration of hydroxides. However, accurate ki-
netic data could not be obtained since the concentration of
hydroxides generated from Cs,COj; could not be evaluated
with certainty.[“] Moreover, reaction rates were found to be
very dependent on the quality of Cs,CO;, “dry” or not,
bought from different companies, a feature already observed
by Meyers et al. in palladium-catalyzed C—N cross-coupling
reactions.['”]

Therefore, Suzuki-Miyaura reactions performed in the
presence of ‘dry“ carbonates as base are considerably
slower even in the presence of water than those performed
in the presence of hydroxide (nBu,NOH) at identical con-
centrations. However, the mechanism remains similar, in-
volving the same reactive ArPd(OH)L, (Scheme 9). The re-
actions are slower due to the low concentration of OH™ gen-
erated from carbonates which is at the origin of 1) a slow
transmetalation because of the low concentration of the re-
active ArPd(OH)(PPh;), and 2) a slow reductive elimination
because promoted by hydroxides present at low concentra-
tions (Scheme 9).

PdULa

Al‘ T
L

via |Ar- Pd ArAr

COz% =— -, OH"

Hco,
Ar—Pd Ar Af—Pd X
L =PPh3
H,0
B(OH)B /\OH- -— CO3
Ar—Pd OH
ArB(OH)2
2
OH — C03
HCOy
unreactive ArB(OH)s™

Scheme 9. Mechanism of the Suzuki-Miyaura reaction when the base is
carbonate in DMF/water. The role of the countercation (here Cs*) is not
mentioned in this Scheme (see Scheme 5 for the role of the countercat-
ion).

Acetate as base: Acetate ions are used as base in cross-cou-
pling reactions of aryl halides ArX and (RO),B-B(OR),
leading to Ar-B(OR),.'"! Miyaura and Suzuki reported that
the reaction of trans-PhPdBr(PPh;), with (RO),B-B(OR),
((RO),=pinacolato)!'* which generates PhB(OR), was ac-
celerated in the presence of acetate ions (KOAc in DMSO),
via the formation of trans-PhPd(OAc)(PPh;), by Br/OAc ex-
change.l** 81 A transmetalation of trans-PhPd(OAc)(PPh;),
by (RO),B-B(OR), was supposed to generate trans-PhPd-
B(OR),(PPh;), and then PhB(OR), by subsequent reductive
elimination. Surprisingly, PhB(OR), did not further couple
with trans-PhPd(OAc)(PPh;), to generate PhPh,'™! as it
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should do in a classical Suzuki-Miyaura reaction. According
to other authors, an extra base as OH™ is required to per-
form the second cross-coupling, suggesting that acetates are
not a good base for cross-coupling of Ar'B(OR),.['*!*?%] Up
to our knowledge, acetates are not an efficient base for the
Suzuki-Miyaura reaction performed from Ar'B(OH),.['>2%]
This incited us to investigate the role of acetates in Suzuki-
Miyaura reactions. They were introduced as nBu,NOAc in
order to by-pass the role of countercations as Nat or K+
(see above).

The formation of trans-PhPd(OAc)(PPh;), by reversible
reaction of nBu,NOAc with trans-PhPdX(PPh;), (X=I, Br,
Cl) has been already evidenced in our group [Eq. (6)] and
the equilibrium constant Kyoa, determined in DMFE.I'®!

L
_ Kxionc ||‘
Ar—Td—X + A0 —> Ar—Fl’d—OAc + X ®
L L
L L

X—> A— IlDd— Ar ()

|
Ar— F|>d— OAc + ArB(OH), |

L L
T ) L
Ar—l|3d—A|’ + AcO  —X—> Ar-Ar + PdL; 8)

L

As observed in our previous work,F! no reaction took
place between trans-PhPdBr(PPh;), (1.9 mm) and p-MeO-
C¢H,-B(OH), (B=20equiv) in the presence of PPh;
(2 equiv) in DMF at 25°C. Addition of nBu,NOAc (from
a=10 to 50 equiv) did not lead to the formation of the cou-
pling product p-MeO-C¢H,-Ph neither at 25°C, nor at 50°C
(Scheme 10). Similarly, no reaction took place between

DMF, 25°C
trans-AtPdXLy + ArB(OH); + nBuiNOAc+ 2L —X— Arar + PdOL,
Co BCo «Co L =PPh;
Scheme 10.

trans-p-CN-C4H,-PdBr(PPh;), (1.9 mm), PhB(OH), (from 10
to 20equiv) in the presence of PPh; (2equiv) and
nBu,NOAc (from to 10 to 50equiv) in DMF at 25°C
(Scheme 10).

Addition of nBu/NOAc (5equiv) to p-CN-C¢H,-PdBr-
(PPh;), (1.9mm) before introduction of PhB(OH),
(10 equiv) did not lead to any reaction, despite the detection
of the complex p-CN-C,H,-Pd(OAc)(PPhs), formed by reac-
tion of AcO~ with p-CN-C4H,-PdBr(PPh;),, as attested by
their reduction peak potentials (EP,,=-1.91 Vand —1.80 V
respectively) [Eq. (6)]. The intermediate complex trans-
ArPdAr'L, (Ar=p-CN-C¢H,, Ar'=Ph) was not formed
since its reduction peak (at EP,.,=—1.47V, see above) was
not observed. Consequently, trans-ArPd(OAc)(PPh;),
formed by reaction of acetate with trans-ArPdBr(PPhs;), did
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not undergo any transmetalation with Ar'B(OH), [Egs. (6)-
.

Even if the intermediate trans-ArPdAr’'L, was not formed
[Eq. (7)], it was nevertheless of academic interest to test the
effect of AcO™ on the fate of this stable intermediate that
easily undergoes reductive elimination in the presence of
OH", as evidenced in our previous work.’! The complex
trans-p-CN-C¢H,-Pd-Ph(PPh;), was generated by reacting
trans-p-CN-C¢H,-Pd(OH)(PPh;), (1.9 mm) with PhB(OH),
(10 equiv) in the presence of PPh; (2 equiv) (Figure S9). No
Pd°(PPh,;); was formed upon addition of nBu,NOAc
(15 equiv) after 1 h. It is only after addition of nBu,NOH
(15 equiv) that Pd’(PPh;), and p-CN-C4H,-Ph were formed,
in agreement with our previous results (Figure S9 in the
Supporting Information).”! Therefore, even if the intermedi-
ate complex trans-ArPdAr'L, were formed in the transmeta-
lation, it did not undergo any reductive elimination in the
presence of acetate ions [Eq. (8)]. This definitively explains
why acetates are not good bases for Suzuki-Miyaura reac-
tions performed from arylboronic acids.['>-2*]

Conclusion

Cations M* (Na*t, K*, Cs") inevitably introduced as coun-
tercations of anionic bases in palladium-catalyzed Suzuki-
Miyaura reactions exert an unexpected decelerating effect
in the transmetalation step (a key step in Suzuki-Miyaura
reactions) with the following decreasing reactivity order:
nBuNOH >KOH >CsOH >NaOH. This results from
a complexation of the hydroxoligand of the reactive
ArPd(OH)(PPh;), complex by the cation M* (Scheme 5).
Though decreased, the overall reactivity remains finely
tuned by the concentration of the base OH™ and the ratio
[OH ]/[ArB(OH),].

The mechanism of the transmetalation/reductive elimina-
tion already established when the base is nBu,NOH has
been investigated for other bases, carbonates and acetates.
Acetates (from nBu,NOAc) are not an efficient base.
Indeed, they react with trans-ArPdX(PPh;), to form trans-
ArPd(OAc)(PPh;), which did not transmetalate with
Ar'B(OH),. This explains why acetates are not used in
Suzuki-Miyaura reactions performed from ArB(OH),.

Even if the reactions are accelerated upon addition of
water, carbonates (from Cs,CO;) lead to much slower reac-
tions than those performed from nBu/NOH at the same
concentration. However, they proceed through a similar
mechanism, that is via the formation of the reactive trans-
ArPd(OH)(PPh;), from hydroxide ions generated through
the reaction of carbonates with water (Scheme 9 to be com-
pared with Scheme 1). Carbonates (via hydroxides) promote
the reductive elimination from intermediate trans-ArPdAr'-
(PPh;),. However, due to the relatively low concentration of
hydroxide ions generated from carbonates in water, both
transmetalation and reductive elimination result slower than
those performed in the presence of nBu,NOH (at the same
concentration as carbonate). Noteworthy, this deceleration
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results more intense on the reductive elimination leading to
the observation of an induction period for the generation of
Pd’(PPh,)s.

In Suzuki-Miyaura reactions involving a fast oxidative ad-
dition (aryl iodides and bromides), one needs to increase
the rate of the rate-determining transmetalation. This re-
quires: 1) to select the best base: OH™ >CO;* > AcO",
2) to optimize the ratio [OH™)/[Ar'B(OH),], and 3) to select
the best countercation of the anionic base: TI™ or Ag* >
nBu,N*t >K* >Cs* >Na'. This optimization is of course
less crucial if the oxidative addition is rate determining as
for aryl chlorides. However, the mechanism of the transme-
talation/reductive elimination, elucidated in the present
work for carbonates and in our previous work for hydrox-
ides® remains valid.

Experimental Section

Reaction of NaBF, with trans-p-CN-C¢H,-Pd(OH)(PPh;), (3a) as Moni-
tored by 'HNMR (250 MHz, [D,]DMF) and *'P NMR (101 MHz,
[D;]DMF): The two doublets at 7.16 and 6.72 ppm of the aryl group of p-
CN-C¢H,-Pd(OH)(PPh;), (3) (10 pmol, 20 mm) in 0.5 mL of [D,;|DMF
(see the Supporting Information) were slightly shifted of 0.025 ppm
downfield after addition of 8 mg (75 umol, 7.5 equiv) of NaBF,. Two new
doublets appeared at upfield at 7.01 ppm (d, Jyz=8 Hz) and 6.63 ppm
(d, Jyy=8 Hz), assigned to the complex 3a-Na*, formed by complexa-
tion of the OH of 3a by Na* [Eq. (1)]. The OH singlet in 3a-Na™ was
observed at —2.58 ppm.

In another experiments, the *'P NMR singlet of p-CN-C¢H,-Pd(OH)-
(PPh;), (3a) (7 pmol, 14 mm) at 22.41 ppm was shifted to 22.68 ppm after
addition of 1.5 mg (14 umol, 2 equiv, 28 mm) of NaBF,, while a new sin-
glet appeared at upper field at 21.82 ppm for complex 3a-Na™*, in the
ratio 3a-Na*/3a=0.93 (Figure S7 in the Supporting Information). After
addition of again 3.1 mg (total 28 pmol, 4 equiv, 56 mm) of NaBF,, the
ratio became 3a-Na*/3a=3.1 (Figure S7). Further addition of 2.7 mg
(total 52.5 umol, 7.5 equiv, 105 mm) of NaBF, gave 3a-Na*/3a=7.39.
The equilibrium constant Ky, was calculated from the *'P NMR data (see
above and Figure S8 in the Supporting Information).

The same reaction was performed in the presence of 42 mg (125 pumol,
250 mm) of nBu,NBF, without any effect on the 'H NMR, ruling out any
effect of the ionic strength.

No significant effect of KBF, was observed at 150 mm. This establishes
that the affinity of Na* for 3a is considerably higher than that of K*, ex-
plaining why the rate of the transmetalation was more affected by Na*
than by K* (Figure2a and b). Experiments with higher amounts of
KBF, could not be done because of the lack of solubility of KBF,.

Typical Procedure for the kinetics of the reaction of p-CN-CH,-PdBr-
(PPh;), with PhB(OH),, in the Presence of MOH, as monitored by chro-
noamperometry at a rotating disk electrode at 25°C: All experiments
were performed under argon atmosphere at 25°C in a thermostated
three-electrode cell connected to a Schlenk line. The counterelectrode
was a platinum wire of ca. 1 cm? apparent surface area; the reference was
a saturated calomel electrode (SCE) separated from the solution by
a bridge filled with 2 mL of a 0.3m nBu,NBF, solution in DMF. 16 mL of
degassed DMF containing 0.3m nBu,NBF, were poured into the cell, fol-
lowed by 24 mg (0.03 mmol, 1.9 mm) of p-CN-C4H,-PdBr(PPh;),, 16 mg
(0.06 mmol) of PPh; and 73 mg (0.6 mmol) of PhB(OH),. The kinetic
measurement was performed at a rotating gold disk electrode (d=2 mm,
inserted into a Teflon holder, EDI 65109, Radiometer) with an angular
velocity of 105 rad.s™! (Radiometer controvit) at 25°C. The rotating elec-
trode was polarized at +0.05V on the oxidation wave of Pd’(PPh,),.
300 puL (0.3 mmol) of NaOH (1M in MeOH) was then added into the cell
and the increase of the oxidation current of Pd’(PPh;); was recorded
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versus time up to a constant limit value, attesting to the end of the reac-
tion. The solution turned to yellow, the color of Pd°(PPh;), in DMF. A
cyclic voltammetry at the same steady electrode was then first performed
towards oxidation potentials and revealed the oxidation peak of Pd’-
(PPh;);. Its yield (94 %) was determined from the increase of its oxida-
tion peak current after addition of 21 mg (0.0185 mmol) of an authentic
sample of Pd’(PPh;),. A cyclic voltammetry was then performed towards
reduction potentials and revealed the reversible reduction peak of p-CN-
C¢H,-Ph. Its yield (95%) was determined from the increase of its reduc-
tion peak current after addition of 6.6 mg (0.037 mmol) of an authentic
sample of p-CN-C4H,-Ph (commercially available).

In other experiments, the amount of base was varied and the nature of
the base (KOH, CsOH) as well.

Typical procedure for the kinetics of the reaction of p-CN-C,H,-PdBr-
(PPh;), with PhB(OH),, in the presence of carbonate (Cs,CO;), as moni-
tored by chronoamperometry at a rotating disk electrode: The same cell
as above was employed. 16 mL of degassed DMF containing 0.3m
nBu,NBF, were poured into the cell, followed by 24 mg (0.03 mmol,
1.9 mm) of p-CN-C¢H,-PdBr(PPh;),, 16 mg (0.06 mmol) of PPh; and
244 mg (0.75 mmol) of dry Cs,CO;. The solution was stirred during
30 min. The rotating gold disk electrode was polarized at 4+0.05 V on the
oxidation wave of Pd’(PPh;),. 183 mg (1.5 mmol) of PhB(OH), were then
introduced into the cell. The oxidation current of the resulting Pd’(PPh,);
was recorded versus time. After an induction period, the current grew up
to a constant limiting value, attesting to the end of the reaction. Mean-
while, the solution turned to yellow, the color of Pd’(PPhs), in DMF.

Similar reactions were performed in the presence of 13.5 uL (0.75 mmol)
of water introduced just after Cs,CO;. The amount of water was then in-
creased up to 52.5 mmol.
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Palladium-Catalyzed Suzuki-Miyaura Reactions

Not that innocent: Unexpectedly, some
countercations (Na*t, Cs*, K¥) of the
anionic bases used in the Suzuki—
Miyaura reactions decelerate the trans-
metalation reaction in comparison with
inert countercations such as nBu,N¥,
due to a competitive complexation of
the reactive ArPd(OH)(PPh;), by M*
(see scheme).

PdOLs
V'a ArAr* +L¢ L
Ar Pd PdOL,
OH~
L=pph; A '?d Ar A E'd %
L L
B(OH): L % N
(>\Ar—éd-on W, o
Ar'B(OH)2 L Same mechanism
for carbonate via:
OH- ur\n 5, H0
CO3* —= OH"
ArB(OH)sz L HCO3
unreactive g Pd OH
M* = Na*, Cs*, K* Lo
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Effects of Usual Anionic Bases (OH",
CO;*") as Modulated by their Counter-
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