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ABSTRACT: Ligand PPhy(p-CsHy-C4Fs). L™ is an example of monodentate biphenyl phosphine that allows for cis coordination
of two phosphines to Pd, as in complex cis-[Pd(C6F5)2Pd(LHF)2] (A). At 25 °C complex A undergoes easy reductive elimination to

decafluorobiphenyl and, competitively, isomerizes to

trans-[Pd(C6F5)2Pd(LHF)2] via a 3-coordinated intermediate
[Pd(C6F5)2Pd(LHF)]. Unexpectedly the direct reductive CgFs—CgFs elimination

: ; . . Pf LHF HF Pf LHF
is faster from the 4-coordinated complex A than from the 3-coordinated in- \Pd/ L™ excess > \Pd/
termediate. The reason of this is that two cis L"* ligands play the role of a  pf”  Sgopy pi~~  NLHF
chelate with a large bite angle with tetrahedral distortion. As a matter of Ko 775105 &1
fact, using L" in excess gives AGIPf_Pf =23.1 kcal.mol'l, which ranks SOW“ - Solv P_ xaves
its efficiency for coupling and formation of the corresponding Pd’ HF

Pf L™ k=235x105 s

catalyst as better than XantPhos or PAPEWO-F, and about the same as Spg”
‘BuBrettPhos. On the other hand, complex (u- c1)2[Pd2(c6F5)2(L“F)2] (B),

Pf-Pf + “Pd(0)”

P N

obtained by reaction of (u-Cl),[Pd,(C¢Fs)y(tht),] with L, presents in the “F

NMR COSY spectrum a very intriguing through space coupling pattern of the Fq, atoms of the C¢Fs group in L"F and the
C4¢F3Cl1,-3,5 group on Pd. The intermitent coupling mechanism proposed is based on the switching of -1 stacking of C¢Fs with
one or another Ph group of L"*, which gives rise to enantiomers at the chiral P atom. Rotation around the P-biphenyl bond under
hindrance of rotation around the C—C¢F;s 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-[PdPf,(THF),] (1)
(Pf = C¢Fs; THF = tetrahydrofurane), which allows to measure
experimentally AGipf_Pf, the activation energy of the coupling
step producing Pf—Pf upon addition of the ligand. This leads to
ranking the ligands according to their corresponding AGipf_Pf
values.! Ligands ‘BuXPhos (AGIPf_Pf =21.8 kcal.mol™ at 0 °C)
and PhAPEWO-F (AG*pepr = 22.3 keal.mol” at 25 °C) are
amongst the most active ligands for coupling at 0-25 °C, cer-
tainly more efficient than the typical large bite angle ligand
Xantphos (AGin_pf =24.2 kcal.mol™ at 25 °C). The byproduct
of the reaction, Pf—Pf, is only hardly reactive, hence complex
1 can be used as convenient precursor to generate [Pd’L,]
catalysts in situ.!

The coupling ability of PEWO-F ligands to induce C—C cou-
pling, is due to the presence of a strongly electron-withdrawing
double bond: it lowers the coupling activation energy by with-
drawing the increasing electron density on Pd as the reduction
from Pd" to Pd’ progresses.”® In fact the ligand PhAPEWO-F,
shown in Figure 1 left, induces much faster coupling than the
related non-fluorinated PAPEWO-H, with H atoms instead of
F atoms, because its olefin function is a stronger EWO group.1

PPh,  Ph PPh,
Ho— F
F / (6] } /
F F PhPEWO-F LHF

Figure 1. Partially fluorinated PEWO (PhPEWO-F) and PPh,(p-
CeH4-CgFs, L.

The double bond of Pd complexes of PEWO-F ligands, and
the distal aryl of PdPR,(biaryl) ligands show some similar
features. For instance, the former undergo Pd—aryl insertion
(1,2-addition of the Pd-aryl bond),? and the later undergo
dearomative rearrangement that also starts by 1,2-addition
of a Pd-aryl bond to the distal aryl.” In X-ray diffraction
structures of 3-coordinated palladium complexes with bi-
phenyl 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 at
a short distance of the Pd atom.® These common features,
suggestive of similarity of the respective EWO or biphenyl
interactions with the Pd center, call for more detailed ex-
amination.

The electron density on the biphenyl of PR,(biaryl) ligands has

been reported to strongly affect the rate of reductive elimina-
tion from palladium(II) complexes. The presence of electron
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donating groups on the distal arene is detrimental for the re-
ductive elimination rate.’ Conversely, by similarity with our
PEWO-F ligands, fluorination of the distal aryl of the biphenyl
to make it a better m-acceptor fragment might enhance the
coupling ability of the biaryl phosphine ligand. Although some
partially fluorinated biary phosphines have already been re-
ported, their catalytic performance was not particularly good
when compared with non-fluorinated analogs.lo'14 These re-
sults are not necessarily against our expectations for their
coupling ability, since overall catalytic results are not informa-
tive of how a ligand behaves in the different steps of the cycle.

In this context of activity we decided to synthesize and exam-
ine the behavior of a new PRy(biaryl) ligand fluorinated at the
biary, L (Figure 1, right). In the standard protocol to meas-
ure their coupling potential as AGin_Pf, we found that using 2:1
L"F:Pd ratio the initial coupling rate was k = 2.35x10° s
(AGipf_pf =238 kcal.mol‘l) whereas, contrary to our expecta-
tions, the rate unexpectedly increased to k = 7.7x10° s
(AGIPf_pf =23.1 kcal.mol'l) upon addition of further LHF, The
simple idea that biarylphosphines produce complexes with
only one ligand and facilitate access to 3-coordinate Pd spe-
cies, although probably substantially correct in many occa-
sions, is too schematic, and just few (although excellent) stud-
ies on the avatar of these Pd complexes in solution are availa-
ble.” This work searches for the factors responsible for this
odd ligand dependence of the Pf—Pf reductive elimination rate
induced by L"" addition on cis-[PdPfy(THF),].

Results and discussion

Synthesis of the ligand. L™ was synthesized from 2'-lithium-
2,3,4,5,6-pentafluoro-1,1'-biphenyl and PPh,Cl, and was
chemically characterized in solution by IH, 1gF, 3P and "C
NMR, as well as computationally. Its “F NMR spectrum
shows the typical AA’XX’Z spin system found for symmet-
rical C¢Fs groups. The 31P{lH} NMR signal is a triplet by
coupling to the F' and F’ ortho atoms (Jep = 27 Hz) as shown
by a F2'P HSQC correlation. This supports that a fast rota-
tion of the fluoraryl group around the C-C bond is taking
place in solution at 25 °C. Values about 30 Hz are typical for
*J(Fonno-P) couplings (e.g. P(CgFs); or P(CeFs),Ph),'>'® and
smaller values are found in other fluoroaryl phosphines such
as PhPEWO-F (3JF_p = 15Hz),17 and in fluoroal-
kylphosphines.18 Coupling constants 5J(IOF-“P) are usually
very small or unobservable, but exceptions are dicyclohex-
yl(2',6'-difluoro[1,1'-biphenyl]-2-yl)-phosphine (Jpp = 24 Hz)
and L"F."* The simplest explanation for these anomalous val-
ues is that there is some “through space” coupling contribution
to coupling, strongly dependent on the distance between nu-
clei,"***" in addition to the °J scalar coupling contribution. In
the palladium complexes of L"F (see below) this '’F->'P cou-
pling is not observed.

The structure of L™ in gas phase has been calculated by DFT
(B3LYP/6-31G//B3LYP/SDD, details in SI). The most stable
atropisomer is shown in Figure 2 and shows that the biphenyl
group is oriented opposite to the lone electron pair of the
phosphorus atom. In this conformation the P--F,, distances
are 4.210 and 4.227 A, close enough expect some through-
space contribution to coupling. Note also in Figure 2 the exist-
ence of Pf-Ph stacking, with a Cj, Pf~Ci,,Ph distance of
3.091 A, which makes the P atom transiently chiral.

Figure 2. View of the most stable conformation of L"*.

Coordination of L" 10 palladium(II). Scheme 1 shows the
syntheses of complexes 2-5, prepared initially on purpose for
the study. Other complexes appearing or being formed are
discussed later, as they are required.

PdCI,(COD)
2LHFi
cl NCMe | HF c. cC_ M w o LW
“pd” N AL L “Pd.
cl” “NCMe e C Gl LHF  CI
(2) (3)

Rf Ol Mt 5w Rf._CN AL o ke cl_ _LHF
/Pd\ /Pd\ AP P - Pd.
tht Cl Rf LHF Cl Rf LHF Rf
Rf = C4CloF5 4) (5)

Scheme 1. Synthesis of complexes 2-4.

Ligand L (one equivalent per palladium) reacts with
PdCL,(NCMe), to produce the dimer (u-Cl),[PdCI(L*)], (2).
The use of excess of L"F yields the monomer [PdCL(L""),]
(3), which is better obtained by reaction of [PdCl,(1,5-COD)]
with two equivalents of L". Both complexes show in the IR
spectrum the typical v(PdﬁSCl) stretching band of terminal
bonds close to 360 cm™, and the v(Pd—""Cl) shoulder at 353
cm’. The dimer shows additionally absorptions for the bridg-
ing chlorides, at lower wavenumbers (304, 294 and 272, 264
cm‘l).

The X-ray structure of dimer 2 shows a co-planar arrangement
of their two square-planar halves.”? The L"* conformation is
different than for the free phosphine, at least in the solid state:
the modest out-of-the-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 coordi-
nation planes, lying almost parallel to them (Figure 3). Bond
distances and angles are conventional, but it is worth noting
the short distance from the Pd atom to the Ci,, (C1) of Pf
(3.142 A). This kind of biphenyl arrangement is well known
and has been studied for linear Au' complexes.” Note that Au'
and Pd" have almost identical radii.** A similar arrangement is
found for the olefin group of PAPEWO-F in [PdI(C¢H4CF;-
p)(PhPEWO-F)(AsPh3)], where the shortest Pd---C,eq, distance is
3.321(5) A, and corresponds to the carbon connected to the fluor-
inated aryl.> The molecular orbitals of the two complexes being
compared, [PdI(C¢H4CF;-p)(PhPEWO-F)(AsPh3)] and 2 feature
an image suggestive of incipient polarization of electron density
from Pd towards the n* orbitals of the olefin or distal pentafluor-
ophenyl C atom closest to Pd, more evident for the former com-
plex than for 2 (see Figure S4 in SI).

2
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Figure 3. ORTEP diagram (50%) of (u-Cl),[Pd,Cl,(L"),]. Bond
distances (A): Pd-P = 2.226; Pd-C1 = 3.141; Pd—Cl1 = 2.272; Pd—
CI2 =2.411; Pd—Cl13 = 2.320.

The 31P{lH} NMR spectrum of 2 at 25 °C displays one singlet
(vi2 =5 Hz), where no SJF_p is observed. In the '’F NMR spec-
trum the two F4,, nuclei and the two F ., nuclei are equiva-
lent, meaning that there is fast rotation of the C4Fs group about
the C—C bond. Obviously this requires that the Pd coordination
plane and the distal Pf group, observed in close parallel ar-
rangement in the X-ray structure, separate 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 "’F NMR behavior is found for the monomeric trans-
[PACL(L") 5] (3). The trans structure of 3 is assigned based
on the observation in the IR spectrum of two bands corre-
sponding to v(Pd—"Cl) and v(Pd—""Cl) at 360 and 351 cm’,
respectively.

The dimeric complex (p-CI),[PARE(L"")], (4) (Rf = C¢F5Cl,,
3,5-dichloro2,4,6-trifluorophenyl) is easily prepared reacting
the precursor (u-Cl),[PdRf(THT)],, (THT = tetrahy-
drotiophene) with L (Pd: L = 1:1). It shows IR bridging
chloride bands at lower wavenumbers, at 306, 296 and 284,
271 cm™. The X-Ray structure of 4-CHCl; is shown in Figure

pd  Cl1 s
Cl<

Cl2

Figure 4. Left: ORTEP diagram (50%) of (p-Cl),[PdRf(L"")], (4-
CHCl;, CHCI; omitted for clarity) Bond distances (A): Pd-C1 =
1.994; Pd-P = 2.260; Pd-CIl = 2.407; Pd-C12 = 2.390; Ph-Rf
stacking = 3.117; Ph-Pf stacking = 3.212. Right: angular arrange-
ment of the two coordination square planes.

The complex displays two square-planar units making a 135.8°
dihedral angle at the (u-Cl), edge. Each square planar complex
has conventional Pd—Cl, (238.8 A) Pd-P, (226.2 A) and Pd-C
(199.5 A) distances and angles, and no significant distortion
from planarity.25 The Rf group imposes steric constrains at the
coordination plane zone, which force a conformational change
on LY 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 L" coordinated lig-
and is involved in two relatively strong m-stacking interac-
tions: one intra-ligand Ph—Pf at 3.117 A, reminiscent of what
happens in the free ligand, and one extra-ligand Ph—Rf at
3.212A.

The ""F NMR spectrum of compound 4 (see Figure 5 for spec-
tra 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 ratio 2:1 for F' and Fz) and
for a Pf group with chemically equivalent halves (three signals
in 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 timescale, the chemical equivalence of the two F'
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 non easily dissociable
and non flat ligands (e.g. PPh;) coordinated in cis relative to
Rf.* Hence, since the Pd coordination plane of 4 is not a
symmetry plane for the molecule, the two F' should be an-
isochronous. The *'P{'H} NMR spectrum of 4 shows a triplet
(4J(19F_31P) = 11 Hz), as expected for a phosphine cis to Rf,
provided that the two F' were equivalent. Consequently, a
mechanism different from the hindered rotation about the Rf-
Pd bound must exist

F1 F2 =] F5 F4
| L L1
o . 170
| ]
' v -160
— L] 1)
Rf-: F2 150
of 1. . , 140
-130
4 3
F F ) -120
Pi-: FS -110
A {137.0, -92.0} 100
— v -90
90 110  -130  -150  -170
Jrp=11Hz Jer=10 Hz
Fl
15F NMR 19F {19F3) NMR__ 19F {31p} NMR

9190 -9196 -92.02 -92.08

Figure 5. Above: '"F-COSY of 4 in CDCl; at 25 °C. Below:
Effect of selective irradiations on the deceptive F' triplet.

-91.90 -91.95 -92.00 -92.05 -91.90 -91.96 -92.02 -92.08

The ""F-COSY of 4 in CDCl, 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 3) through space Jrr coupling (J = 10 Hz) between F'
F**' This produces a deceptive triplet for the F' signal. Double
irradiation experiments (19F{31P} and 19F{lgF3}, reveal that this
deceptive multiplicity is due to coupling to the phosphorus
(4JF_P =11 Hz) and to only one F’ atom (/= 10 Hz) of the Pf
group (Jrr= 10 Hz) (note than paradoxically both F? atoms are
spectroscopically equivalent). Thus the equivalence mecha-
nism has to be able to explain the through space F'-F’ involv-
ing only one pair of atoms at a time, and still justify the chem-
ical equivalence of the two halves of the Pf and Rf groups. In
other words: what kind of fluxional process produces chemical

3
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equivalence of the two F? and still does not produce coupling
of each F' to both F*? 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 fluxionali-
ty leading to the through space couplings observed.

A closer inspection of the X-ray structure of complex 4 shows
that the m-stacking interactions commented 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 free L™ where the lone pair plays
the role of Pd in the complex (Figure 2).

In the complex, the hindrance produced by the m-m stacked
chiral conformation allows that only one F’ can get close to
the F' at that side of the coordination plane. The NMR behav-
ior observed "’F can then be explained as associated to the
switching between enantiomers. The slippage of the Pf group
from Ph' to Ph’, involving progressive weakening of the -1
stacking with Ph' and strengthening of the n-n stacking with
Ph* occurs along a crowded pathway were 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
F'/F pair the one that can get close to produce through space
coupling. It is interesting to note the facts that the rotation
around the P—C(biphenyl) bond occurs with the restriction that
the Pf—C rotation cannot occur, while the rotation of the phos-
phine around the P—Pd bond maintains the hindrance to rota-
tion of the Rf group around the Rf-Pd bond (Scheme 2). Since
the spin-spin connection is not lost along the fluxional move-
ment because there is no phosphine dissociation, the observed
J = 10 Hz is the time averaged value varying along the flux-
ional process from a non-determined maximum value to zero.
As far as we are aware, nothing like this racemization mecha-
nism associated to m-m stacking slippage has been reported
before, although it must be taking place in many related sys-
tems, being unobservable or passing unnoticed.

nF3

F1
~Pd<p... Ph2

e 7!
gt YA

P /-'/ijf
T

B
Scheme 2. Fluxional process observed for complexes 4 and 5. For
simplicity only the Fq, atoms (F1 and F*) are represented. Green
bonds indicate allowed rotations and red bonds restricted rota-
tions.

Complex 4 reacts with excess of L" to produce trans-
[PARFCI(L"),] (5). The NMR spectra of 5 behave as just
discussed for 4, following the same clockwork fluxional be-
havior observed in, with a small variation due to the presence
of two L*F ligands: The *'P NMR shows a triplet due to the
coupling with two F' atoms, and the F' signals appear as a
deceptive quintuplets in the F NMR spectrum, due to cou-
pling of two P atoms and coincidence of Jrp and Jrr values.

The reductive elimination reaction. The reductive elimination
of [PdPL,(THF),] (1) was studied in toluene, adding different
proportions of L" and monitoring the formation of Pf—Pf by
"F NMR. The behavior was anomalous compared to the case

of ‘BuXPhos, where the coupling rate was independent on the
Pd:L used.' This led us to study the case in more detail.

The addition of two or more equivalents of L per palladium
to complex 1 produces immediately cis-[PdPfy(L""),] (6). This
complex is unstable at room temperature and undergoes reduc-
tive elimination of Pf—Pf, but it can be crystallized from tolu-
ene at -35 °C as a colorless solid. The poor quality of the crys-
tals obtained affects the reliability 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 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 complex has cis square-planar tetrahedrally
distorted (the two trans Pf~Pd—P angles are 164.0°) geometry.
A C, axis makes the two Pf groups, and the two L phos-
phines symmetry equivalent. The conformation of L" 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 [PdRf,(Xantphos)]-2CH,Cl, (103.5").27 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 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 cou-
pling promoter effect of ligands with large bite angles is well
known. Moreover, 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.”®
Both features are incipiently observed for cis-[Pdez(LHF)z].
The tetrahedral distortion effect is not observed in the complex
with Xantphos and perhaps this explains the significantly
higher coupling efficiency of 2 | (AGipf_Pf =23.1 kcal.mol™
at 25 °C, see later) compared to Xantphos (AGipf_pf =242
kcal.mol™ at 25 °C), in spite of the smaller C—Pd—-C angle
defined by Xantphos in the ground state structure.

Figure 6. DFT capped-stick structure of cis-[PdPf,(L"),], opti-
mized from a defective X-ray solution of 6-toluene (see ESI). It
shows some tetrahedral distortion of the square planar structure
induced by the biaryl substituents on P. Pd: blue; P: orange; F:
yellow-green.

The NMR spectra of mixtures of 1 and L" in different pro-
portions, 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

4
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to trans-[PdPf, (LHF)Z] (9). The reductive elimination behavior
at 25 °C can be analyzed based on the existence of these equi-
libria and the kinetic monitoring of the processes in different
L"F:Pd ratios. Data related to the characterization of these
equilibria at different temperatures are discussed in the SI.

HF HF
Pi _Solv LMF PI_ _L LHF Pf /L
Pd —_— /Pd\ —“_ /Pd\
Pt~ sov - LHF Pf Solv
(1)
LHF (. m
Solv y Solv \//L“F el
Pf\ /
/ \Q ellm Pf.Pf

4L +Pd(0)’

Pl _LHF HF Pl _L"F
Pd —_— “Pd (9)
O T e

Scheme 3. Equilibria observed in toluene solution at -20 °C, and
evolution to 9 at 0 °C. Note that “dry” toluene contains a small
amount of residual water (about 5 ppm).”® For simplicity the
possible contribution of complex 1 to the formation of Pf-Pf is
not shown.

1) With a large excess of L"" ([L""]:[PdPf,(THF),] > 4:1 the
solution contains initially cis- [PdeZ(LHF)Z] (6) plus two or
more equivalents of free L ¥ and two equivalents of THF) the
reductive elimination is the only process observed at 25 °C.
The concentration/time plots (Figure 8) fit very well a first
order kinetics (keim = 7.7 10° s, AG*pgpe = 23.1 keal.mol™ at
25 °C), and the observed rate does not change increasing the
concentration of L™, confirming that the coupling is taking
place on the 4-coordinated complex, induces by the large bite
angle defined by the two phosphines in cis.

2
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Figure 7. Concentration/time plots and best least square fitting
(continuous line) for reductive elimination of 6 in toluene under
selected concentrations of LYF at 298K. Red dots: cis-
[PAPL,(L™),] (6); Blue dots: Pf—Pf. Starting conditions: a) [1] =
0.02M + [L"F]=0.08 M (1:4), kops = 7.7 1075 £ 8 10 s7'; b) [1]
=0.018 M + [L7F] = 0.14 M (1:8), kpps = 7.44 1075 £ 1 107 s71;
) [1]=0.018 M + [LHF] = 0.22 M(1:12), k,ps = 7.36 1075 + 4

107 7' d) [1]1=0.018 M + [LF] = 0.22 M (1:12) and [FCeH,I] =
0.054 M (1:3). kops = 7.38 10757 £ 1.69 1075

An experiment in the presence of 4-fluoroiodobencene as re-
oxidant gave also the same k.. Thus in this proportion | ol
performs better to form the corresponding Pd’ catalyst than
XantPhos or PhPEWO-F, and about the same as
‘BuBrettPhos.” The *'P spectra in toluene at 25 °C show inde-
pendent signals for L" free (6 =-11.1 ppm) or coordinated to
Pd’ (8 = 45.6 ppm), and integration supports the composition
Pd(L""); regardless of the excess of L"* (> 3) used. It is also
worth noting that competing formation of PfH, observed for
some other ligands, ' was not detected.

2) For [LHF] [Pdez(THF)ﬂ 2:1, or with the isolated complex
cis- [PdeZ(L )2] (6), the evolutlon shows a more complex
kinetics. In addition to the coupling product, Pf—Pf, the reac-
tion produces also: i) isomerization to trans-[PdPf,(L""),] (9)
by a dissociative mechanism,30 more easily accessible for
crowded complexes; and, ii) if 6 has been made in situ from 1,
and THF is present in the solution, regenerates some complex
[PdPf,(THF),] (1). The latter is as a consequence of the capa-
bility of palladium(0) complex Pd(L""), to sequester L"*
forming Pd(L""),, so that some 1 is formed from 6 (Scheme
3). The values obtained from the '°F integrals corresponding to
the Pd® 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 re-oxidant, the fast for-
mation of trans-[Pd(C(,H4F-p)I(LHF)2] precludes formation of
of Pd(LHF)3 and also prevents formation of 1 from 6.

3) Finally, for ([LHF]:[Pdez(THF)Z] in the range 1-2, a mix-
ture of complexes is formed in solution, that evolve as shown
in Figure 8: cis-[Pdez(LHF)z] (6) is consumed relatively fast,
during the first 30 minutes in which Pf—Pf is formed slowly.
Also, cis-[PdP,(L"F)(THF)] (7), in equilibrium with 6 and
L"F, is consumed at slower rate (Figure 8).
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Figure 8. Concentration/time plots (dots) and best least square
fitting (continuous lines) for the reductive elimination in toluene
(0.5 mL) from (1) (0.019 M) + L*¥ (0.030 M) (1:1.5) at 298K,
monitored by '’F NMR. Red dots: cis-[PdPfy(L""),] (6); Purple
dots: cis-[PdPE,(L*F)(THF)] (7); green dots: trans-[PdPf,(L"),]
(9); blue dots: Pf-Pf; orange dots: [PdPfy(THF),] (1). Black lines
represent the kinetic simulation obtained by fixing the same rate
for the reductive elimination from complexes 6 and 7. Colored
lines represent the kinetic simulation obtained by fitting the equa-
tions optimized with different values for k,,, from 6 and from 7.

The main product of the reaction is trans-[Pdez(LHF)z] ),
and, during the experiment, cis-[PdPf,(THF),] (1) is also
formed. Knowing the rate constants for the formation of Pf—Pf
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from 6 and from 1, it is possible to calculate k,, for the reduc-
tive elimination from 7, (no assumption about the pathway
was made); a value k., = 2.3 107 s was obtained. A kinetic
simulation visualizes how fast Pf—Pf would be formed if the
rates of the reductive elimination were the 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 results fit very well the mecha-
nistic proposal in Scheme 3, and show that: a) in the absence
of excess L™ to prevent phosphine dissociation, the isomeri-
zation of 6 to 9 is faster than the reductive elimination process.
Since the most plausible mechanism of isomerization is
through a T-shaped tricoordinate intermediate, that means that
this intermediate is energetically accessible and that the reduc-
tive elimination from it is not very fast; and b) the reductive
elimination takes place faster from the crowded 6 than from
the less crowded 7 or from the related 3-coordinated putative
intermediate.

Conclusions

Ligand L" is an example of monodentate biphenyl phosphine
with a size that allows coordination to Pd of two phosphines in
a cis arrangement, although in the absence of extra L"" one
L"" is easily dissociated, or displaced by a weak smaller lig-
and such as THF or OH,. When the two phosphines L"F are
coordinated in cis positions, the inter-ligand repulsions close
the Pf—Pf angle to about 81.21° and induce a tetrahedral dis-
tortion of the square-planar coordination. These two distor-
tions make the reductive elimination transition state more
accessible from this tetracoordinated species than from a tri-
coordinated one, and much more than from square planar
complexes with regular ligands. As a matter of fact, the use of
L™ in excess reduces the coupling barrier to AGin_Pf =231
keal.mol”', which ranks its efficiency for coupling and for-
mation of the corresponding Pd’ catalyst as better than
XantPhos or PAPEWO-F, and about the same as ‘BuBrettPhos.
The contribution of the bulkiness of the two ligands to push
the structure towards tetrahedral distortion seems to help for
an easier coupling. This suggests that the design of chelating
ligands forcing tetrahedral distortions at Pd might be catalyti-
cally productive.

The studies on L"F in this paper uncover some unusual chemi-
cal aspects of their Pd complexes that could be interesting to
take into account as they might have been overlooked in some
related cases. Other studies on structurally related ligands are
in progress.
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