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Promoting Difficult C—C Couplings: Which Ligand Does Best?
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Abstract: A Pd complex, cis-[Pd(C¢Fs).(THF),], is proposed as a
useful touchstone for direct and simple experimental measurement
of the relative ability of ancillary ligands to induce C-C coupling. The
procedure ranks this ability for some popular ligands in the order
P'Bus > 0-ToIPEWO-F = tBuXPhos > P(CeFs); = PAPEWO-F > P(o-
Tol); = THF = tBuBrettPhos >> Xantphos = PhPEWO-H >> PPh;
according to their coupling initial rates, whereas their efficiency,
depending on competitive hydrolysis, is ranked tBuXPhos = PtBu; =
o-ToIPEWO-F > PhPEWO-F > P(CgFs); >> tBuBrettPhos > THF =
P(o-Tol); > Xantphos > PhPEWO-H >> PPh;. This “meter” also
detects some other possible virtues or complications of ligands such
as tBuXPhos or tBuBrettPhos.

Pd catalyzed cross-coupling reactions involve several steps, but
reductive elimination is most decisive because it is typically
irreversible, which is the driving force pulling forward the whole
catalytic cycle. ' When the reductive elimination is slow
competitive side-reactions from the [PdR'R®L;] intermediates
formed in the course of the catalytic cycle, such as
homocoupling, B-hydride elimination, hydrolysis, or others,
dramatically decrease the vyield of the desired R'-R? pro
Examples of challenging reductive eliminations are 4hose
forming Ar—N® Ar—0,®! or Ar-F bonds.! The often fagle C-C
couplings are also difficult when they involve perfluoro
perfluoroalkyls (e.g. CF3)®>%.

Along the oxidation step, two electrons of the
involved in the formation of two Pd"-R bon

density. It immediately follows that (for the same R' and
groups involved) ancillary ligands able to withdraw elegtron
density from Pd should favor the
lowering the corresponding activation

PdO + R'-R2 (1)
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the relative ability of ligands to induce reductive
elimination Should be of help for a more rational ligand choice in
catalysis but it is difficult to measure this ability in the context of
an active catalysis. Here we propose the use as “meter” of cis-
THF),] (Pf = CsFs) (1),” on which the rates and activation
ies for the process in Equation 2 can be measured directly
fg¥different ligands.

. +2L
Cis-[Pd(CgF5)2(THF),] oluene (CgFs)z (+ CgFsH) + PdL, (2)
1 T=25°C 2 3

Complex 1 is convenient for a number of reasons: i) the two Pf
groups to be coupled are already in a cis arrangement sparing
the kinetic interference of an isomerization process; ij) THF is a
very weak ligand for Pd, which is displaced fast by even fairly
weak ligands,® so THF substitution by ligand in Chart 1 can be
considered instantaneous compared to reductive elimination.
These two conditions are major requirements for a valid coupling
rate determination; we tried [PdPf(COD)] and found that the
coupling rate is often determined by the COD displacement step
and not by the coupling step itself, making impossible to
measure coupling activation energies. i) complex 1 is
conveniently easy to make, handle and store; iv) the coupling
reaction is easily monitored by '°F NMR in protic toluene, where
the F, and F, signals of 1 and 2 (also 3) can be precisely
integrated; and v) the Pf—Pf coupling rate is slow compared to
conventional aryls, which facilitates kinetic studies for efficient
ligands at room or not very low temperature. The reductive
elimination from 1, either spontaneous (for complex 1) or
induced by addition of the ligands in Chart 1, was studied
monitoring the rate of formation of decafluorobiphenyl (Pf-Pf, 2).
In several cases CgFsH (3) was also detected (Equation 2). It is
formed by slow Pd—Pf hydrolysis by adventitious water in the dry



toluene solvent,® This was confirmed using toluene saturated
with D20 for the reaction in entry 7, which afforded a mixture of
CsFsH and CeFsD (see Sl for details).

Adding PPh;, a most frequent ligand for Pd, produced
immediately cis-[PdPf,(PPhs),],l"” which was indefinitely stable
in solution indicating too high coupling activation energy for
measuring it at room temperature.'"! For the rest of the ligands
the results are shown in Table 1, where AG*(Pf-Pf) values, as
measured from initial reaction rates, are given. The effect of the
comparatively slow competitive formation of C¢FsH on the
measurement of AG¥(Pf-Pf) values is small (except perhaps for
entry 7) because it hardly affects the initial concentrations. The
spontaneous coupling and hydrolysis of cis-[PdPf,(THF),] (1),
just discussed, serves as reference for the different ligands.

Table 1. Experimental activation barriers AG*(Pf-Pf) for the reductive
elimination of cis-[PdPf,(THF),] promoted by different ligands in Chart 1,
at T = 25 °C (except for entries 1-3, at T = 0 °C), and products obtained.

Entry Ligand AGH(Pf-Pf) Products!® Time (h)

(kcal.mol™)  Pf-Pf%:Pf-

H%

1 P'Bus 20.7"! 98.0:2.0 4
2 o-TOlPEWO-F  21.69 97.7:23 1.4
3 tBuXphos 21,80 100: 0 2.6
4 P(CoFs)s 22.2 95.5:4.5 8
5 PhPEWO-F 22,5 93.7:6.3 5.6
6 P(o-Tol)s 23.0 416:2.1 6
7 THF 23.1 48.0:7.2 8
8 tBuBrettphos ~ 23.3" 49.0:0 8
9 Xantphos 24.2 19.1:0 8
10 PhPEWO-H 24.6 15.3:0.8

[a] Measurement of initial rates was performed at T =
precision. [b] 3 eq. of p-FCsHyl were added. [c] In toluene, at
Yields obtained by F NMR integration using PhCF; as internal stan
[d] After 8 h or times indicated when the reaction is practically finished.

All the curves of formation of 2 are regular except fo
tBuXphos where 2 is first formed and tgen consumed durin
the process because the para C-F
add to the Pd°(tBuXphos) formed
details). This complicates the measurement
Addition of p-FCsHal prevents thgs effect by quick
Pd°(tBuXphos) to non-interfe d"(tBuXphos)(
thus this additive wasfpo a neral precaution.
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Figure 1. Percentages of Pf-Pf not a&ﬁg Arl by promoted by ligands in

Chart 1. The line with THF is kept as in Figure 2 for reference.
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The evolution of formation of 2 upon addition of each of the
ligands, in the conditions specifie able 1, is regular for

> P(o-Tol); = THF = tBuBr
H >> PPh;."”
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In addition to ranking their coupling ability, the results of eq.
(2) wncover other interesting aspects of the behavior of the
i . These are discussed with the help of Scheme 1,
summarizes the pathways observed to operate in the
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Scheme 1. Reaction products formed by reaction of 1 with different
ligands.

First of all, the meter complex cis-[PdPf,(THF)] (1), which
can be easily prepared and handled in THF, decomposes
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slowly but spontaneously when dissolved in non- PEWQO2 (Scheme 1, path i) share an identical Tr-acceptor moiety
coordinating solvents: THF is poorly coordinated to Pd", and but have PR, fragments of very different size. Consistently, the
dissociates easily in the absence of external THF, probably one with larger substituents (P shows a remarkably

facilitating coupling from a tricoordinated cis-[PdPf,(THF)] faster coupling rate.
(Scheme 1, path iii)"" Concomitant hydrolysis from
adventitious cis-[PdPfx(THF)(OH:)] molecules compete with Quite unexpectedly, considering its ilarity with
Pf-Pf coupling, more favorably in this case than in any of the tBuXphos, tBuBrettphos pr fficient for coupling. At
others according to Table 1. Since the reductive elimination variance with tBuXphos, the of formation of 2 with
has a moderate rate and the presence of molecules with tBuBrettphos in Figure 1 i ut slow, and using p-
coordinated water (more acidic) is more abundant than in FCHal the profile ch i ter stages of the
the other entries of Table 1, spontaneous decomposition of reaction (Figure 2). i o a different cause of the
1 affords the highest PfH proportion (Pf—Pf:Pf-H = 48:7.2). problem, which ca istence of two possible
bond isomers fo bound and P,C-bound
For Xantphos coupling is one of the slowest, but no PfH is  (Scheme 2). In fact und complex was found

detected. The immediately formed cis-[PdPf;(Xantphos)] by X-ray diffr.
(Scheme 1, path iv), which gives reductive elimination only very  having (by
slowly, also prevents thermodynamically coordination of any  reductive elimina
OHa, thus blocking formation of PfH. Although the facilitation of  higher than its non o
reductive elimination processes by Xantphos at 80 °C is well

established,®" this ligand cannot deal with the Pf-Pf coupling at fpif

room temperature, showing that 1our coupling-meter complex is a 1y (BuBretiphos BuXphos .
very demanding for the ligands. " very fast very fast

. bond .
| isomerization
Pr

Bu, very slow

e-p)(CF3)(CyBrettphos)],
activation energy towards
of F3C-CsH4CO,Me-p about 5 kcal.mol™
ed by NMR P,C-bound isomer.®

Very interestingly, the two phosphines P'Bus and P(CeFs)s are
quite efficient for coupling (Scheme 1, paths v and ii), in spite of
being electronically very different, although slower coupling and
higher percentage of PfH is observed for the latter. T

iPr
MeO P\ /F’f
Pd

/N
o Pf

represent the two possible and apparently contradictory m Me
that favor coupling by reducing the activation energy: a) F,O-bound F,C-bound
and strongly o donor Iigands that force fu i Scheme 2. Dilerent coordination behavior of tBuXphos and tBuBrettphos.

tricoordinated complexes by rising the ground state en
starting complex as compared to four coordinatio
poorly a-donor but strongly mr-acceptor ligands th
TS by minimizing electronic repulsions in the ev,

The "°F NMR spectra of the Pd complex formed in our case is
ically very complex, providing less precise structural
ation, but the kinetic behavior observed strongly suggests
i) the isomer formed with tBuBrettphos in Scheme 2 is the
-bound isomer, from which reductive elimination is occurring
lowly; ii) P,O-bound to P,C-bound isomerization does not occur
after long time at room temperature or it would provoke a sharp
increase in coupling rate that is not observed; i) the
Pdo(tBuBrettphos) complex formed upon reduction at room
temperature probably remains P,O-bound since, in contrast with
Pd°(tBuXphos), it is not able to activate C—F oxidation of the
decafluorobiphenyl; iv) P,0O-bound to P,C-bound isomerization
occurs only upon oxidation with p-IC¢HsF, as supported by the
cation X-ray structure of [Pd(CsHsCF3)(tBuBrettphos)l[(u-
1)2(PdPf,),] (Chart 2 and Sl), which was crystallized from the
mother liquors of the reaction in entry 8 of Figure 1.

.
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that PhH is formed in both cases from cis-[PdPfy(PR3)(
complexes (entries 1 and 4), the acidiig of the coordinated

e efficient in
(o-TolPEWO-F,
6.3% PfH in 5.6 h; Table 1,
O-H with a less - acceptor
olefin fragment in 8 h). However, this
inconvenience is ir higher coupling rates,
which lead to better f/PfH ratios in the order o-ToIPEWO-F > ) ) .

X Chart 2. Cation and anion structures of the ionic complex
PhPEW - Interestingly PhPEWO-F and  pyc ,F)tBuBrettphos)L,[(1-1)(PdPf.);] found by X-ray diffraction (see Sl).
PhPE i identical size and their remarkably
differ the enormous effect of the
fluorinated aryl ring on the T-atteptor effect of the PEWO2 and
PEWO1 olefinic fragment. On the other hand, PEWO1 and

Overall the formation
complexes with a strongl
2.3% PfH in 1.4 h; PhPE
entries 2 and

OMe



Concerning the absence of PfH in reactions with the ligands
tBuXphos and tBuBrettphos, this result suggests that the former
prevents coordination of water to the P,C-bound species more
efficiently that any of the other ligands helped by steric
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hindrance, while the later, acting as P,O chelate, does not offer
an available coordination position to water (a case similar to the
P,P-chelate Xantphos).

Overall, particularly considering the undesired competing

hydrolisis, the efficiency for coupling may be ranked tBuXPhos =
PtBus = o-TolPEWO-F > PhPEWO-F > P(CeFs); >>
tBuBrettPhos > THF = P(o-Tol); > Xantphos > PhPEWO-H >>
PPhs. Obviously this preference should not be generalized to [
the whole catalytic cycle because other steps can be rate

determining or fail; to mention just an obvious case, THF would

not keep the catalyst alive through the Pd° stage. [3]

1

In conclusion, complex cis-[PdPfy(THF)2] (1) is a convenient
touchstone that only requires the time of monitoring the
formation of the coupling product Pf-Pf (2) to have quick
information on old or newly synthesized ligands. Our protocol is 4
useful to measure and rank experimentally the ability of ligands
to promote electronically difficult couplings, isolated from other
processes or steps. Moreover, the hydrolysis product 3 informs
of the rate of this competitive unwanted process. In addition, our
system happens to detect some side reactions with useful
meaning: The consumption of 2 in the case of tBuXPhos rep
on the extremely good performance of this ligand in the oxi
addition step; the initially deceptive data of tBuBrettPhos ‘might
suggest to use it on a Pd® and not on a Pd" catalyst pre
try to get a more active P,C-isomer from the beginning
The scale of relative AG*(Pf-Pf) values, to which o
may be incorporated in the future, can help for a
understanding of the phenomena associat
couplings. It is not unreasonable that the ligan
with this meter could approximately apply to of
couplings, or to easier homo- or hetero-coupling
measurable because they are too fast.
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