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ABSTRACT: Ligand PPh2(p-C6H4−C6F5), LHF, is an example of
monodentate biphenyl phosphine that allows for cis coordination of
two phosphines to Pd, as in complex cis-[PdPf2Pd(L

HF)2] (A) (Pf =
C6F5). At 25 °C, complex A undergoes easy reductive elimination to
decafluorobiphenyl and, competitively, isomerizes to trans-[Pd(C6F5)2Pd-
(LHF)2] via functionally three-coordinate intermediates cis-[PdPf2(L

HF)-
(S)] with the fourth position empty or weakly protected (S= THF, OH2,
or π-aryl). Unexpectedly, the direct reductive C6F5−C6F5 elimination is
faster from the four-coordinate complex A than from the intermediates
with only one strong LHF. The reason for this is that two cis LHF ligands play the role of a chelate with a large bite angle and
some tetrahedral distortion. As a matter of fact, using LHF in excess (Pd:L≪ 1:2), a Pf−Pf coupling barrier ΔG‡

Pf−Pf = 23.1 kcal·
mol−1 is measured, which ranks its efficiency for coupling and formation of the corresponding Pd0 catalyst as better than
XantPhos or PhPEWO-F and about the same as tBuBrettPhos. On the other hand, complex (μ-Cl)2[Pd2Rf2(L

HF)2] (B) (Rf =
C6F3Cl2 = 3,5-dichloro-2,4,6-trifluorophenyl), obtained by reaction of (μ-Cl)2[Pd2Rf2(tht)2] (tht = tetrahydrothiophene) with
LHF, presents in the 19F NMR COSY spectrum a very intriguing through-space coupling pattern of the Fortho atoms of the C6F5
group in LHF and the 3-5-C6F3Cl2 group on Pd. The intermittent coupling mechanism proposed is based on the switching of
π−π-stacking of C6F5 from one Ph group to another Ph group of LHF, which gives rise to enantiomers at the chiral P atom.
Rotation around the P−biphenyl bond under hindered rotation around the C−C6F5 bond produces the intriguing selective
coupling observed.

■ INTRODUCTION

Recently, we reported a procedure to evaluate the ability of
different ligands to facilitate difficult C−C couplings in Pd. It
uses the so-called couplimeter complex cis-[PdPf2(THF)2] (1)
(Pf = C6F5; THF = tetrahydrofuran), which allows ΔG‡

Pf−Pf,
the activation energy of the coupling step producing Pf−Pf
upon addition of the ligand, to be measured experimentally.
This leads to ranking the ligands according to their
corresponding ΔG‡

Pf−Pf values.
1 Ligands tBuXPhos (ΔG‡

Pf−Pf
= 21.8 kcal·mol−1 at 0 °C) and PhPEWO-F (ΔG‡

Pf−Pf = 22.3
kcal·mol−1 at 25 °C) are among the most active ligands for
coupling at 0−25 °C, certainly more efficient than the typical
large bite angle ligand XantPhos (ΔG‡

Pf−Pf = 24.2 kcal·mol−1 at
25 °C). The coupling product of the reaction, Pf−Pf, is only
hardly reactive; hence, complex 1 can be used as a convenient
precursor to generate [Pd0Ln] catalysts in situ.1

The ability of RPEWO-F ligands to induce C−C coupling is
due to the presence of a strongly electron-withdrawing double
bond: it lowers the coupling activation energy by withdrawing
the increasing electron density on Pd as the reduction from
PdII to Pd0 progresses.2−6 In fact, the ligand PhPEWO-F,
shown in Figure 1, left, induces much faster coupling than the
related nonfluorinated PhPEWO-H, with H atoms instead of F
atoms, because its olefin function is a stronger EWO group.1

In X-ray diffraction structures of “three-coordinate”
palladium complexes with biphenyl phosphines, one carbon

atom of the distal aryl group is located at a short distance of
the Pd atom; similarly, in some PEWO-F complexes, one
carbon atom of the olefin group is a short distance from the Pd
atom.7 These common features, suggestive of some similarity
of the respective EWO or biphenyl interactions with the Pd
center, call for more detailed examination.
The electron density on the biphenyl of PR2(biaryl) ligands

has been reported to strongly affect the rate of reductive
elimination from palladium(II) complexes. The frequent
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Figure 1. Structures of tBuXPhos, XantPhos, and the partially
fluorinated PhPEWO-F and PPh2(o-C6H4−C6F5) (L

HF) ligands.
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presence of electron-donating groups on the distal arene is
detrimental for the reductive elimination rate.8 We hypothe-
sized that ligand fluorination at the distal aryl of the biphenyl
might increase their similarity with our PEWO-F ligands.
Although some partially fluorinated biaryl phosphines have
already been reported and their catalytic performance was not
particularly good when compared with that of nonfluorinated
analogues,9−13 these results are not necessarily informative
about the reductive elimination step. In this context, we
decided to synthesize and examine the behavior of a new
PR2(biaryl) ligand fluorinated at the distal aryl group, LHF

(Figure 1, right) and immediately set to estimate its coupling
potential, measuring ΔG‡

Pf−Pf with the standard protocol
reported in ref 1. Unexpectedly, LHF behaved very differently
from other biphenyl phosphines such as tBuXPhos or
diphosphines such as XantPhos that were previously submitted
to this protocol.1 In these, the addition of free ligand to cis-
[PdPf2(THF)2] above the L:Pd = 1:1 ratio did not alter the
coupling rate measured for L:Pd = 1:1. In contrast, for LHF,
successive additions of free ligand over the 1:1 ratio produced
progressively attenuated increases of the coupling rate. This
effect ceased for a L:Pd ratio well above 2:1, when the coupling
reaction reached was about 3-fold the initial one. This behavior
is compatible with the formation of a mixture of [PdPf2(L

HF)]
and cis-[PdPf2(L

HF)2], at variance with
tBuXPhos or XantPhos,

which form only cis-[PdPf2(L)] in both cases. Yet, the
accelerating effect upon addition of free ligand is unusual on
an isolated coupling process: deceleration or no effect is
usually observed for PdII.14 This work aims at supporting and
explaining in detail the different behavior of LHF compared to
that of many other biarylphosphines.

■ RESULTS AND DISCUSSION

Synthesis of the Ligand. LHF was synthesized from 2′-
lithium-2,3,4,5,6-pentafluoro-1,1′-biphenyl and PPh2Cl and
was chemically characterized in solution by 1H, 19F, 31P, and
13C NMR as well as computationally. Its 19F NMR spectrum
shows the typical AA′XX′Z spin system found for symmetrical
C6F5 groups. The

31P{1H} NMR signal is a triplet by coupling
to the F1 and F5 ortho atoms (JF−P = 27 Hz) as shown by a
19F−31P HSQC correlation. This supports that a fast rotation
of the fluoraryl group around the C−C bond is taking place in
solution at 25 °C. Values of about 30 Hz are typical for
3J(Fortho−P) couplings (e.g., P(C6F5)3 or P(C6F5)2Ph),

15,16 and
smaller values are found in other fluoroaryl phosphines such as
PhPEWO-F (3JF−P ≈ 15 Hz)17 and in fluoroalkylphosphines.18

Coupling constants 5J(19F−31P) are usually very small or
unobservable, but exceptions are dicyclohexyl(2′,6′-difluoro-
[1,1′-biphenyl]-2-yl)-phosphine (JF−P = 24 Hz) and LHF.11

The simplest explanation for these anomalous values is that
there is some “through-space” coupling contribution to
coupling, strongly dependent on the distance between
nuclei,19−21 in addition to the 5J scalar coupling contribution.
In the palladium complexes of LHF (see below), this 19F−31P
coupling is not observed.
The structure of LHF in the gas phase has been calculated by

DFT (wB97XD/6-31G// wB97XD /SDD, details in Support-
ing Information (SI)). Its most stable atropisomer is shown in
Figure 2a and shows the biaryl group roughly oriented toward
the lone pair of the P atom. In this conformation, one of the
P···Fortho distances is as short as 3.305 Å, close enough to
display a through-space contribution to coupling. A Pf−Ph π-

stacking is observed, with Pfcentroid−Phcentroid distance = 3.654
Å. The less stable atropisomer, shown in Figure 2b, adopts a
conformation with the biaryl roughly opposite to the lone
electron pair of the phosphorus atom. In this conformation, the
two P···Fortho distances are 4.210 and 4.227 Å, minimizing the
through-space contribution to coupling. Note also in Figure 2b
the existence of a very efficient Pf−Ph π-stacking, with
Pfcentroid−Phcentroid distance = 3.426 Å. As far as this π-stacking
is operative, it makes the P atom temporarily chiral; if the Pf−
Ph π-stacking is moved to the other Ph group, it produces the
other enantiomer. This is relevant later in the LHF Pd
complexes.

Coordination of LHF to Palladium(II). Scheme 1 shows
the syntheses of complexes 2−5, prepared for the study. Other
complexes appearing or being formed in solution are discussed
later, as they are required.

Ligand LHF (1 eq per palladium) reacts with PdCl2(NCMe)2
to produce the dimer (μ-Cl)2[PdCl(L

HF)]2 (2). The use of
excess of LHF yields the monomer trans-[PdCl2(L

HF)2] (3),
which is better obtained by the reaction of [PdCl2(1,5-COD)]
with 2 eq of LHF. Both complexes show in the IR spectrum the
typical ν(35Cl−Pd) stretching band of terminal Pd−Cl bonds
close to 360 cm−1 and the ν(37Cl−Pd) shoulder at 353 cm−1.
The dimer shows additional absorptions for bridging chlorides,
at lower wavenumbers (304 and 294 as well as 272 and 264
cm−1).
The X-ray structure of 2 shows a coplanar arrangement of

their two square-planar halves.22 The LHF conformation is
somehow similar to the most stable conformation of the free
phosphine, at least in the solid state: the modest out-of-plane
steric hindrance of the chloro ligands allows for the distal
pentafluorophenyl group of the biphenyl to occupy the space
above and below the Pd coordination planes, lying almost
parallel to them (Figure 3). Bond distances and angles are
conventional, but it is worth noting the short distance from Pd
to the Cipso (C1) of Pf (3.142 Å). This kind of biphenyl
arrangement with similar distances has been studied for linear

Figure 2. (a) Most stable conformation of free LHF. (b) Less stable
conformation for free LHF, which can be preferred in complexes.

Scheme 1. Synthesis of Complexes 2−5
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AuI complexes (note that AuI and PdII have almost identical
radii).23,24

The 31P{1H} NMR spectrum of 2 at 25 °C displays one
singlet (ν1/2 = 5 Hz), where no 5JF−P is observed. In the 19F
NMR spectrum, the two Fortho nuclei and the two Fmeta nuclei
are equivalent, meaning that there is fast rotation of the C6F5
group about the C−C bond. Obviously, this requires that the
Pd coordination plane and the distal Pf group, observed in
close parallel arrangement in the X-ray structure, get separated
in solution in order to allow for rotation around the P−C and
C−Pf bonds. The coalescence temperature is not still reached
down to −30 °C, suggesting that the rotational barriers in 2
must be very small.
Similar 19F NMR behavior is found for the monomeric trans-

[PdCl2(L
HF)2] (3). The trans structure of 3 was assigned

based on the observation in the IR spectrum of νassim(Pd−35Cl)
and νassim(Pd−37Cl) bands at 360 and 351 cm−1, respectively.
The dimeric complex (μ-Cl)2[PdRf(L

HF)]2 (4) (Rf =
C6F3Cl2, 3,5-dichloro-2,4,6-trifluorophenyl) is easily prepared
by reacting the precursor (μ-Cl)2[PdRf(tht)]2, (tht =
tetrahydrothiophene) with LHF (Pd:LHF = 1:1). It shows IR
bridging chloride bands at lower wavenumbers, at 306 and 296
as well as 284 and 271 cm−1. The X-ray structure of 4·CHCl3 is
shown in Figure 4. The complex displays two square-planar
units making a 135.8° dihedral angle at the (μ-Cl)2 edge. Each
square-planar complex has conventional Pd−Cl (2.388 Å),
Pd−P (2.262 Å), and Pd−C (1.995 Å) distances and angles
and no significant distortion from planarity.25 The Rf group
imposes steric constraints at the coordination plane zone,
which force a conformational change on LHF, pushing the
pentafluorophenyl ring away from the palladium coordination
plane. This different rearrangement from 2 does not alter
significantly the bond distances and angles at the coordination
plane, but the LHF coordinated ligand is involved in two
relatively strong π-stacking interactions: one intraligand Ph−Pf
at 3.117 Å between centroids, reminiscent of what happens in
the free ligand and one extraligand Ph−Rf at 3.212 Å.
The 19F NMR spectrum of compound 4 (see Figure 5 for

spectra and F labeling) is surprising and intriguing. It shows
the expected number of signals for an Rf group with chemically
equivalent halves (two signals in a ratio of 2:1 for F1 and F2)
and for a Pf group with chemically equivalent halves (three
signals in a 2:2:1 ratio for F3:F4:F5). Even assuming that the
two Pd coordination planes of the dimer will fast average to
coplanar in the NMR time scale, the chemical equivalence of
the two F1 atoms in the Rf group is something unusual: It is

very well established that the rotation of Rf groups about the
C−Pd bond is severely restricted in complexes with nonflat
ligands that are not easily dissociable (e.g., PPh3) cis-
coordinated relative to Rf.26 Hence, because the Pd
coordination plane of 4 is not a symmetry plane for the
molecule, the two F1 atoms should be anisochronous.
The 31P{1H} NMR spectrum of 4 shows a triplet (4JF−P = 11

Hz), as expected for a phosphine cis to Rf, provided that the
two F1 were equivalent. Consequently, a mechanism different
from the hindered rotation about the Rf−Pd bound must exist.
The 19F-COSY of 4 in CDCl3 at 25 °C (Figure 5) confirms

the internal F−F coupling between the fluorine nuclei of Pf
and the absence of internal F−F coupling in Rf. Additionally, it
reveals the existence of unexpected (looking at the X-ray
structure in Figure 4) through-space JF−F coupling (J ≈ 10 Hz)
between F1 and F3.21 This produces a deceptive triplet for the
F1 signal. Double irradiation experiments (19F{31P} and 19F-
{19F3}) reveal that this deceptive multiplicity is due to coupling

Figure 3. ORTEP diagram (50%) of (μ-Cl)2[Pd2Cl2(L
HF)2] (2).

Bond distances (Å): Pd−P = 2.226; Pd−C1 = 3.141; Pd−Cl1 =
2.272; Pd−Cl2 = 2.411; Pd−Cl3 = 2.320. Figure 4. ORTEP diagram (50%) of (μ-Cl)2[PdRf(L

HF)]2 (4·CHCl3,
disordered CHCl3 omitted for clarity). Bond distances (Å): Pd−C1 =
1.995; Pd−P = 2.262; Pd−Cl1 = 2.407; Pd−Cl2 = 2.388. Blue arrows
point to π−π-stacking zones: Ph−Rf stacking distance between
centroids = 3.117 Å; Ph−Pf stacking distance between centroids =
3.212 Å. Above: Another view of the angular arrangement of the two
coordination square planes.

Figure 5. Above: 19F-COSY of 4 in CDCl3 at 25 °C. Below: Effect of
selective irradiations on the deceptive F1 triplet.
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to the phosphorus (4JF−P = 11 Hz) and to only one F3 atom (J
≈ 10 Hz) of the Pf group (JF−F = 10 Hz) (note that
paradoxically both F3 atoms are spectroscopically equivalent).
Thus, the equivalence mechanism has to be able to explain the
through-space F1−F3 coupling involving only one pair of atoms
at a time and still justify the chemical equivalence of the two
halves of the Pf and Rf groups. In other words: what kind of
fluxional process produces chemical equivalence of the two F3

and still does not produce coupling of each F1 to both F3? This
suggests that the process must be explained under restricted
rotation of Pf around the Pf−C bond or at least a higher
rotational barrier than the fluxionality leading to the through-
space couplings observed.
A closer inspection of the X-ray structure of complex 4

shows that the π-stacking interactions noted above make the P
atom a chiral center. The choice of one or the other Ph ring to
interact with the Pf group determines the P conformation. This
is already seen in the less stable atropisomer of free LHF, where
the lone pair plays the role of Pd in the complex (Figure 2b).
In the complex, the hindrance produced by the π−π-stacked

chiral conformation allows that only one F3 can get close to the
F1 at that side of the coordination plane. The NMR behavior
observed 19F can then be explained as associated with the
switching between enantiomers. The slippage of the Pf group
from Ph1 to Ph2, involving progressive weakening of the π−π-
stacking with Ph1 and strengthening of the π−π-stacking with
Ph2, occurs along a crowded pathway where rotation around
the Pf−C bond is restricted. In the new isomer, the Pf group is
at the other side of the coordination plane (rotation around
the Pd−P bond is forced in the same movement), and it is the
other F1/F3 pair that can get close to produce through-space
coupling. It is interesting to note the fact that the rotation
around the P−C(biphenyl) bond occurs with the restriction
that the Pf−C rotation cannot occur, whereas the rotation of
the phosphine around the P−Pd bond maintains the hindrance
to rotation of the Rf group around the Rf−Pd bond (Scheme
2).

As the spin−spin connection is not lost along the fluxional
movement because there is no phosphine dissociation, the
observed J ≈ 10 Hz is the time averaged value varying along
the fluxional process from a nondetermined maximum value to
zero. As far as we are aware, nothing like this racemization
mechanism associated with π−π-stacking slippage has been
reported before, although it must be taking place in many
related systems, being unobservable or passing unnoticed.
Complex 4 reacts with an excess of LHF to produce trans-

[PdRfCl(LHF)2] (5). The NMR spectra of 5, following the
same clockwork fluxional behavior, behave as just discussed for

4 with a small variation due to the presence of two LHF ligands:
The 31P NMR shows a triplet due to the coupling with two F1

atoms, and the F1 signals appear as deceptive quintuplets in the
19F NMR spectrum because of coupling of two P atoms and
coincidence of JF−P and JF−F values.

Reductive Elimination Reaction. The reductive elimi-
nation of [PdPf2(THF)2] (1) was studied in toluene by adding
different proportions of LHF and monitoring the formation of
Pf−Pf by 19F NMR. The behavior was anomalous to the case
of tBuXPhos, where the coupling rate was independent of the
Pd:L used.1

The study required previously being able to identify in
solution some complexes by NMR: cis-[PdPf2(L

HF)2] (6),
which could also be isolated and its structural details studied
by a combination of defective X-ray diffraction results asa base
for DFT calculation; trans-[PdPf2(L

HF)2] (8), which was also
prepared as a stable solid; and a number of complexes with just
one LHF per Pd, some of them observable under appropriate
conditions, which are species considered functionally three-
coordinate.27 In our case, these can have the fourth
coordination position empty or weakly protected by
interaction with the distal aryl of the biphenyl or with an
easily displaceable molecule (THF, OH2, which are weak
ligands for soft PdII) so that their conversion to that empty
position is not needed or requires very little energy. This
means that for kinetic purposes, they can be approximated
globally, with acceptable approximation, as all being the same
species cis-[PdPf2(L

HF)(S)] (7). In this respect, no assumption
needs to be made on whether they really dissociate to the real
three-coordinate or they couple directly from the tetracoordi-
nate species 7 with only one LHF ligand. The kinetic treatment
is discussed in detail in the Supporting Information.
Addition to complex 1 in toluene of excess LHF produces

immediately cis-[PdPf2(L
HF)2] (6). This complex is unstable in

solution at room temperature (undergoing reductive elimi-
nation of Pf−Pf), but it can be crystallized from toluene at −35
°C as a colorless solid. The poor quality of the crystals
obtained affects the quality of the X-ray diffraction data and the
reliability of the structure of 6·toluene obtained. This defective
structure (suppressing the toluene molecule) was DFT
optimized in the gas phase, and the valuable geometrical
information obtained (coincident with the X-ray data except
for moderate variations in bond distances and angles) is shown
in Figure 6. The structure confirms that two LHF ligands can
occupy cis positions in Pd. The complex displays tetrahedrally

Scheme 2. Fluxional Process Observed for Complexes 4 and
5a

aFor simplicity, only the Fortho atoms (F1 and F3) are represented.
Green bonds indicate allowed rotations, and red bonds indicate
restricted rotations.

Figure 6. DFT capped-stick structure of cis-[PdPf2(L
HF)2], optimized

from a defective X-ray solution of 6·toluene (see SI). It shows some
tetrahedral distortion of the square plane induced by the biaryl
substituents on P.
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distorted square-planar cis geometry (the two trans Pf−Pd−P
angles are 164.0°). A C2 axis makes the two Pf groups and the
two LHF phosphines symmetry equivalent. The conformation
of LHF shows the biphenyl with its Pf ring away from the
palladium plane, as expected. The repulsion between the two
bulky phosphine ligands forces a P−Pd−P angle of 104.8°, a
bit larger than the same angle in [PdRf2(XantPhos)]·2CH2Cl2
(103.5°).28 Thus, the effect of the two voluminous phosphines
forcing a large P−Pd−P angle is higher than that of XantPhos
(a typical chelate with a large bite angle). Consistently, the C−
Pd−C angle in 6 (81.21°) is smaller than 90° but a bit larger
than in the rigid complex with XantPhos (79.6°), because in
the case of XantPhos, the planar square plane is less distorted.
The coupling promoter effect of ligands with large bite angles
is well-known. In theoretical calculations,14a not only the
reduction of the C−Pd−C angle but also a tetrahedral
distortion of the square plane are features observed in the
structural evolution during C−C coupling in case that the four
ligands are conserved during the reaction.29 Both features are
incipiently observed for cis-[PdPf2(L

HF)2], whereas the
tetrahedral distortion effect is not observed in the complex
with XantPhos, and perhaps, this explains the significantly
higher coupling efficiency of 2LHF (ΔG‡

Pf−Pf = 23.1 kcal·mol−1

at 25 °C, see later) compared to that of XantPhos (ΔG‡
Pf−Pf =

24.2 kcal·mol−1 at 25 °C), in spite of the smaller C−Pd−C
angle defined by XantPhos in its ground state structure.
On the other hand, trans-[PdPf2(L

HF)2] (8) was easily
prepared by reaction of cis-[PdPf2(SMe2)2]

30 with a stoichio-
metric amount of LHF in dichloromethane and isolated as a
stable solid (details in SI). With the spectroscopic data of 1, 6,
and 8 in hand, the evolution of the reactions 1 + nLHF could be
studied.
The NMR spectra of mixtures of 1 and LHF in different

proportions, prepared and recorded at −20 °C in order to
prevent coupling, reveal the existence of the complexes and
equilibria shown in Scheme 3. Above 0 °C, two processes are
observed: the reductive elimination to Pf−Pf and the

isomerization of 6 to trans-[PdPf2(L
HF)2] (8). The reductive

elimination behavior at 25 °C can be analyzed based on the
existence of these equilibria and the kinetic monitoring of the
processes in different LHF:Pd ratios. Data related to the
characterization of these equilibria at different temperatures are
discussed in the SI.
(1) With a large excess of LHF([LHF]:[PdPf2(THF)2] ≥

4:1), initially the only significant Pd species in solution is cis-
[PdPf2(L

HF)2] (6, red dots) plus at least 2 eq of free LHF and 2
eq of free THF). The reductive elimination to Pf−Pf (blue
dots) is the only process observed at 25 °C. The
concentration/time plots (Figure 7 fit very well first order

kinetics (kelim = 7.7 × 10−5 s−1, ΔG‡
Pf−Pf = 23.1 kcal·mol−1 at

25 °C), and the observed rate does not change when
increasing the concentration of LHF, confirming that the
coupling is taking place on the four-coordinated complex,
induced by the large bite angle defined by the two phosphines
in cis.
Thus, in this proportion, LHF performs better to form the

corresponding Pd0 catalyst than XantPhos or PhPEWO-F and
about the same as tBuBrettPhos.2 The 31P spectra in toluene at
25 °C show independent signals for free LHF (δ = −11.1 ppm)
or coordinated to Pd0 (δ = 45.6 ppm), and integration
supports the composition Pd(LHF)3 for the Pd0 complex,
regardless of the excess of LHF used, as far as it is ≥3.
It is also worth noting that competing formation of PfH,

observed for some other ligands,1 was not detected in these
experiments. Furthermore, an experiment in the presence of 4-
fluoroiodobenzene as a reoxidant to prevent formation of
Pd(LHF)3 gave the same kelim, demonstrating that the low
ΔG‡

Pf−Pf observed is due to the destabilization of the ground
state structure with two LHF ligands and not the stabilization of
the Pd0 complex with an extra ligand.

Scheme 3. Equilibria Observed in Toluene Solution at −20
°C and Evolution to 8 at 0 °Ca

aNote that “dry” toluene contains a small amount of residual water
(about 5 pm).31 The initial complex 1 is represented as cis-
[PdPf2(THF)(S)] to include molecules where THF has been
substituted by water in the solvent. For details of the kinetic study,
see SI.

Figure 7. Concentration/time plots and best least-squares fitting
(continuous line) for reductive elimination of 6 in toluene under
selected concentrations of LHF at 298 K. Red dots: cis-[PdPf2(L

HF)2]
(6); blue dots: Pf−Pf. Starting conditions: (a) [1] = 0.02 M + [LHF]
= 0.08 M (1:4), kobs = 7.7 × 10 −5 ± 8 × 10 −8 s−1; (b) [1] = 0.018 M
+ [LHF] = 0.14 M (1:8), kobs = 7.44 × 10 −5 ± 1 × 10 −7 s−1; (c) [1] =
0.018 M + [LHF] = 0.22 M (1:12), kobs = 7.36 × 10 −5 ± 4 × 10 −7

s−1; (d) [1] = 0.018 M + [LHF] = 0.22 M (1:12) and [FC6H4I] =
0.054 M (1:3), kobs = 7.38 × 10−5 ± 1.69 × 10−7 s−1.
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(2) For [LHF]:[PdPf2(THF)2] = 2:1 or with the isolated
complex cis-[PdPf2(L

HF)2] (6), the evolution shows more
complex kinetics. In addition to the coupling product, Pf−Pf,
the reaction produces also: (i) isomerization to trans-
[PdPf2(L

HF)2] (8) by a dissociative mechanism,32 which is
more easily accessible for crowded complexes, and (ii) if 6 has
been made in situ from 1, and THF is present in the solution,
the reaction regenerates some complex [PdPf2(THF)2] (1).
The latter is as a consequence of the capability of palladium(0)
complex Pd(LHF)2 to sequester L

HF, forming Pd(LHF)3, so that
some 1 is formed from 6 (Scheme 3). The values obtained
from the 19F integrals corresponding to the Pd0 complex with
respect to the internal standard suggest that the number of
coordinated phosphines is between 2 and 3. In the presence of
4-fluoroiodobencene as a reoxidant, the fast formation of trans-
[Pd(p-FC6H4)I(L

HF)2] precludes formation of of Pd(LHF)3
and also prevents formation of 1 from 6.
(3) Finally, for [LHF]:[PdPf2(THF)2] = n:1 with 2 > n > 1, a

mixture of complexes is formed in solution, which evolves as
shown in Figure 8: cis-[PdPf2(L

HF)2] (6) is consumed

relatively fast, during the first 30 min, in which Pf−Pf is
formed slowly. Also, cis-[PdPf2(L

HF)(THF)] (7), in equili-
brium with 6 and LHF, is consumed at a slower rate (Figure 8).
The main product of the reaction is trans-[PdPf2(L

HF)2] (8),
and during the experiment, cis-[PdPf2(THF)2] (1) is also
formed. Knowing the rate constants for the formation of Pf−Pf
from 6 and from 1, it is possible to calculate kobs for the
reductive elimination from 7 (no assumption about the
pathway was made); a value kobs = 2.3 × 10 −5 s−1 was
obtained. Kinetic simulation visualizes how fast Pf−Pf would
be formed if the rates of the reductive elimination were
approximately identical for 6 and for 7 (black lines in Figure
8). The rate of formation of Pf−Pf would be noticeably faster
than observed experimentally.
In summary, the experimental observations fit well the

mechanistic Scheme 3 well and show that, in the absence of
excess LHF, which allows for LHF dissociation from 6, the
isomerization of 6 to 8 is faster than the reductive elimination

process. The most plausible isomerization mechanism is via a
three-coordinate intermediate 7empty, which means that this
intermediate is energetically accessible from the other
functionally three-coordinate species and that the reductive
elimination from 7empty is not extremely fast. On the other
hand, the sum of contributions of all the functionally three-
coordinate species (the cis species with one LHF) produces (for a
ratio of 1:LHF < 1:1.5) an apparent reductive elimination rate
that is less than one-third the coupling rate from the cis species
with two LHF (6) (2.12 × 10−5 vs 7.7 × 10−5 s−1). More
detailed discussion is available in the SI).

■ CONCLUSIONS
Ligand LHF is an example of monodentate biphenyl phosphine
with a size that still allows for cis coordination to Pd of two
phosphines. In the absence of sufficient extra free LHF, there
are equilibria of LHF dissociation or displacement by a weak
smaller ligand such as THF or OH2 or by the distal aryl of the
biphenyl of the phosphine that remains coordinated. When the
two phosphines LHF are coordinated in cis positions, the
interligand repulsions close the Pf−Pf angle to about 81.21°
and induce a tetrahedral distortion of the square-planar
coordination. These two distortions destabilize the ground
state, making the reductive elimination transition state more
accessible than expected. As a matter of fact, the use of LHF in
excess makes it very efficient (ΔG‡

Pf−Pf = 23.1 kcal·mol−1),
better than XantPhos or PhPEWO-F and about the same as
tBuBrettPhos.1

The tetrahedral distortion caused by overcrowding seems to
be an important reason for the easier coupling. This suggests
that the design of chelating ligands (not necessarily bulky)
forcing tetrahedral distortions at Pd might be catalytically
productive. Other studies on structurally related ligands are in
progress.
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Peŕez-Temprano, M. H.; Casares, J. A.; Ujaque, G.; de Lera, A. R.;
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