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Electrochemical studies carried out in conjunction with *'P NMR spectroscopy on the palladium(II)/
palladium(0) halogeno complexes of the tetraphosphine 1,1',2,2'-tetrakis(diphenylphosphino)-4,4'-di-terz-
butylferrocene, termed Fc(P,)'Bu, are reported. Fc(P,)'Bu was chosen with regard to its good performances
in pallado-catalyzed cross-coupling reactions, which resulted in catalytic turnover numbers (TONs) up
to 1 000 000 [Organometallics 2003, 22, 4490-4499]. The complexes [PdX,{Fc(P),Bu}] (X = CI, Br,
I) are described with their X-ray molecular characterization in the solid state and multinuclear NMR in
solution. The electrochemical behavior of Fc(P,)'Bu and [PdX,{Fc(P)s'Bu}] complexes was investigated
by cyclic voltammetry and electrolysis: a formulation of the corresponding electro-generated Pd° species
formed is proposed on the basis of their NMR characterization. The oxidative addition reaction of phenyl
iodide on these zerovalent palladium/ferrocenyltetraphosphine complexes was also studied by combining
electrochemistry and *'P NMR. The Pd(II) species that result from phenyl iodide oxidative addition are
described, and their rate of formation under standard conditions is given; the halogeno phenyl products
obtained are identified and characterized. These results are discussed in light of the knowledge existing
for more classical systems combining Pd(II) halides or zerovalent palladium with » monodentate tertiary
phosphines (n = 2—4). In this respect, the system using Fc(P4)'Bu is relevant since its four triarylphosphine
groups (Ph,PCp) are formally similar to a 4-fold excess of the triarylphosphine triphenylphosphine (PPhs)
as ligand. However, the phosphorus atoms of the tetraphosphine ligand present a mutual spatial proximity
that is absent in monophosphines, due to their implantation on the ferrocene platform. Therefore, the
possible effects of multidentarity are discussed. Finally, the importance of palladium anionic species is
confirmed in this study, and the rate value of Ph—I oxidative addition (130 & 10 ms) on Pd(0) confirmed
both the good reactivity and the enhanced stability provided to palladium species by the ferrocenyltet-
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raphosphine ligand.

Introduction

Palladium-based catalysts emerged as powerful tools in
reactions aimed at coupling organic halides with organometallic
substrates based mainly on boron (Suzuki—Miyaura reaction),
tin (Stille reaction), zinc (Negishi reaction), silicon (Hiyama
reaction), copper (Castro—Sonogashira reaction), or magnesium
reagents (Kumada—Corriu reaction).'

The development of ligand chemistry has been decisive in
this prospect, and much progress was done on the fine
understanding of the relevant catalytic cycles due to the
systematic studies of Hartwig,> Fu,> Amatore and Jutand,* and
others. These mechanistic studies mainly concerned palladium
catalytic systems incorporating classical ligands such as PPhs,
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dppp (=1,3-diphenylphosphinopropane), AsPhs, or bi- and
monodentate electron-rich phosphines. Besides traditional cata-
lytic auxiliaries and bulky electron-rich phosphine ligands, other
systems of interest in catalytic cross-coupling have been
identified to address specific issues.” Recent investigations of
the catalytic activity of various polyphosphines have highlighted

(1) For reviews on palladium-based cross-coupling reactions see: (a)
Doucet, H.; Hierso, J.-C. Angew. Chem., Int. Ed. 2007, 46, 834-871. (b)
Corbet, J.-P.; Mignani, G. Chem. Rev. 2006, 106, 2651-2710. (c) Christ-
mann, U.; Vilar, R. Angew. Chem., Int. Ed. 2005, 44, 366-374. (d) Zapf,
A.; Beller, M. Chem. Commun. 2005, 431-440. (e) Dupont, J.; Consorti,
C. S.; Spencer, J. Chem. Rev. 2005, 105, 2527-2571. (f) Nicolaou, K. C.;
Bulger, P. G.; Sarlah, D. Angew. Chem., Int. Ed. 2005, 44, 4442-4489. (g)
Beletskaya, I. P.; Cheprakov, A. V. J. Organomet. Chem. 2004, 689, 4055—
4082. (h) Farina, V. Adv. Synth. Catal. 2004, 346, 1553—1582. (i) Bedford,
R. B.; Cazin, C. S. J.; Holder, D. Coord. Chem. Rev. 2004, 248, 2283~
2321. (j) Negishi, E.-I.; Anastasia, L. Chem. Rev. 2003, 103, 1979-2017.
(k) Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457-2483.

(2) (a) Roy, A. H.; Hartwig, J. F. J. Am. Chem. Soc. 2003, 125, 13944~
13945. (b) Roy, A. H.; Hartwig, J. F. J. Am. Chem. Soc. 2001, 123, 1232—
1233. (c) Stambuli, J. P.; Incarvito, C. D.; Biihl, M.; Hartwig, J. F. J. Am.
Chem. Soc. 2004, 126, 1184-1194.
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Figure 1. Polyphosphine ligands efficiently used under low
palladium loading conditions.

several examples of polydentate ligands that have been em-
ployed under conditions of very low catalyst loadings. Various
cross-coupling reactions carried out in the presence of catalyst
amounts ranging from 10" to 10~® mol % have been therefore
described (Figure 1).° The main advantage of this class of ligand
is to provide high catalytic turnover numbers (TONs) consis-
tently with the use of very low [metal/ligand] loadings. The
comparison of catalytic activity with some classical systems
incorporating mono- or bidentate phosphines (such as PPhs, dppe
= 1,2-diphenylphosphinoethane, and dppb = 1,4-diphenylphos-
phinobutane) often indicated a higher efficiency for the systems
based on polyphosphines. These performances have been
generally attributed to a better stability under the reaction
conditions, which is consistent with their efficiency during long
periods of time (=20 h) at relatively high temperatures (=100
°C). From a mechanistic point of view only a few *'P NMR
studies of Pd(II) precatalytic systems are available so far to
account for their behavior.*" In general, their good performance
results have been hypothetically attributed to the catalyst
longevity: the presence near the metal of several phosphorus
coordinative sites might prevent catalyst deactivation and
metallic palladium precipitation.

Electrochemical studies have greatly contributed to the
mechanistic understanding of catalytic cross-coupling reactions,
and electrochemistry encompasses valuable methods to inves-
tigate mechanistic features of Pd(II)/Pd(0) catalytic systems.*
The present work is the first account of a research program
aimed at identifying the parameters at the origin of the catalytic
activity of palladium systems incorporating polyphosphines. The
tetraphosphine 1,1',2,2'-tetrakis(diphenylphosphino)-4,4'-di-fert-
butylferrocene, Fc(Py)'Bu (see Figure 1), was chosen from
different ferrocenylpolyphosphines® for its high performance in

(3) (a) Netherton, M. R.; Fu, G. C. Angew. Chem., Int. Ed. 2002, 41,
3910-3912. (b) Hills, I. D.; Netherton, M. R.; Fu, G. C. Angew. Chem.,
Int. Ed. 2003, 41, 5749-5752. (c) Hills, I. D.; Fu, G. C. J. Am. Chem. Soc.
2004, 726, 13178-13179.

(4) (a) Amatore, C.; Azzabi, M.; Jutand, A. J. Am. Chem. Soc. 1991,
113, 8375-8384. (b) Amatore, C.; Jutand, A. J. Organomet. Chem. 1999,
576, 254-278. (c) Amatore, C.; Bucaille, A.; Fuxa, A.; Jutand, A.; Meyer,
G.; Ndedi Ntepe, A. Chem.—Eur. J. 2001, 7, 2134-2142.

(5) (a) Hierso, J.-C.; Beaupérin, M.; Meunier, P. Eur. J. Inorg. Chem.
2007, 3767-3780. (b) Hierso, J.-C.; Smaliy, R. V.; Amardeil, R.; Meunier,
P. Chem. Soc. Rev. 2007, 36, 1754-1769.

(6) (a) Hierso, J.-C.; Fihri, A.; Amardeil, R.; Meunier, P.; Doucet, H.;
Santelli, M.; Donnadieu, B. Organometallics 2003, 22, 4490-4499. (b)
Hierso, J.-C.; Fihri, A.; Amardeil, R.; Meunier, P.; Doucet, H.; Santelli,
M.; Ivanov, V. V. Org. Lett. 2004, 6, 3473-3476. (c) Nguyen, D. H.;
Urrutigoity, M.; Fihri, A.; Hierso, J.-C.; Meunier, P.; Kalck, P. Appl
Organomet. Chem. 2006, 20, 845-850. (d) Feuerstein, M.; Doucet, H.;
Santelli, M. Synlett 2001, 1458-1460. (e) Laurenti, D.; Feuerstein, M.; Pepe,
G.; Doucet, H.; Santelli, M. J. Org. Chem. 2001, 66, 1633—1637. (f) Doucet,
H.; Santelli, M. Synlett 2006, 1-15. (g) Schill, H.; de Meijere, A.; Yufit,
D. S. Org. Lett. 2007, 9, 2617-2620. (h) Kondolff, I.; Feurstein, M.; Doucet,
H.; Santelli, M. Tetrahedron 2007, 63, 9514-9521.
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Scheme 1. Mononuclear Palladium Halide Complexes of the
Tetraphosphine Fc(P)4'Bu
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Heck and Suzuki cross-coupling reactions (with TONs up to
1 000 000 observed).®® The electrochemical behavior of the
dihalogeno palladium(II) complexes of Fc(P),'Bu, 1a and 1b
(Scheme 1), is detailed. Electroreduction to the catalytically
important corresponding palladium(0) species, and addition of
Ph—1I in the electrochemical medium has allowed the observa-
tion of the oxidative addition reaction. Quantitative information
on kinetics of oxidative addition was obtained. The halogeno
phenyl products have been therefore isolated and characterized
in this series. We provide herein the first mechanistic informa-
tion on the possible role and behavior of catalytically efficient
polyphosphine ligands. These data are discussed and compared
to available knowledge existing for more classical systems
combining palladium(II) halides or zerovalent palladium with
n monodentate tertiary phosphines (n = 2—4).

Results and Discussion

Palladium(Il) Halide Complexes of the Ferrocenyltetra-
phosphine Ligand: Synthesis and Spectroscopic Character-
ization. The tetraphosphine ligand Fc(P)4'Bu is obtained in a
one-step reaction using FeCl, with 2 equiv of the anionic
cyclopentadienyl (Cp) moiety from [‘BuCp(PPh,),]Li.”* The
cyclopentadienyl lithium reagent results from two successive
phosphorylation/lithiation reactions performed on [‘BuCp]Li.
The salt ['BuCp]Li is obtained from reaction of methyl lithium
with dimethylfulvene.”® Reaction of Fc(P),Bu under high
dilution conditions in chlorinated solvent with [Pd(Hal),(cod)]
precursors (cod = 1,5-cyclooctadiene, Hal = Cl, Br, or I)
selectively affords the expected palladium mononuclear com-
plexes with suitable purity (Scheme 1). The NMR characteriza-
tion and X-ray diffraction study of 1a have been previously
reported.®™® The complex 1b presents analogous features with,
however, some differences: its *'P NMR spectrum is depicted
in Figure 2.

The four nonequivalent phosphorus atoms of 1b give four
multiplets that might be described as a first-order ABMX spin
system (see Scheme 1, P, Py, Py, and PX).9 In the following,
for clarity and accuracy reasons, the detailed peaks of the
spectrum are given rather than the average chemical shift of
the multiplets: 0 (ddd) = 40.08, 40.07, 39.91, 39.90, 39.87,
39.86, 39.70, 39.69 ppm, Jag = 20.6 Hz, Jam = 25.6 Hz, Jax
= 1.9 Hz; 0 (dd) = 37.49, 37.44, 37.32, 37.27 ppm, Jga =
20.6 Hz, Jgm = 5.8 Hz, Oy (ddd) = —24.88, —24.93, —24.98,
—25.02, —25.09, —25.14, —25.19, —25.23 ppm, Jya = 25.6

(7) (a) Broussier, R.; Bentabet, E.; Amardeil, R.; Richard, P.; Meunier,
P.; Kalck, P.; Gautheron, B. J. Organomet. Chem. 2001, 637-639, 126—
133. (b) Broussier, R.; Bentabet, E.; Mellet, P.; Blacque, O.; Boyer, P.;
Kubicki, M.; Gautheron, B. J. Organomet. Chem. 2000, 598, 365-373.

(8) Hierso, J.-C.; Fihri, A.; Ivanov, V. V.; Hanquet, B.; Pirio, N.;
Donnadieu, B.; Rebiere, B.; Amardeil, R.; Meunier, P. J. Am. Chem. Soc.
2004, 126, 11077-11087.

(9) NMR spectra (and g-NMR simulation for 1b) and X-ray data are
available as Supporting Information.
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Figure 2. *'P NMR spectrum of 1b with signal enhancement.

Table 1. Correlation between the Heteroannular P--- P Distance
and Jpp Intensity

P---P distance (A)

coupling constant Jpp (Hz)*

d Pa-+*Puliam 3.6765(12) 25.6
d Py PumlJem 4.4879(13) 5.8
d Pa-+Px/Jax 5.3971(13) 1.9
d Py Px/Jpx 6.7628(13) none

“ Values at £0.1 Hz from spectra simulated with g-NMR.

Hz, Jug = 5.8, Jux = 11.5 Hz; dx (dd) = —27.26, —27.28,
—27.36, —27.37 ppm, Jxa = 1.9 Hz, Jxm = 11.5 Hz. The set
of coupling constants for this kind of highly unsymmetrical spin
system has been thoroughly investigated previously with parent
nickel and palladium coordination complexes, such as 1a, and
was found to originate from strong phosphorus—phosphorus Jpp
through-space spin—spin couplings.® The NMR spectrum of 1b
confirmed the theory we developed, in which the intensity of
the collected *'P NMR Jpp coupling constants for a heteroan-
nular nucleus is related to the through-space distance between
phosphorus nuclei (determined from X-ray crystallographic
data), as summarized in Table 1.° Due to the efficiency of the
overlap of phosphorus’ valence electron clouds, the intensity
of J coupling between phosphorus atoms separated by at least
four bonds increases exponentially with the decrease of the
spatial distances between the phosphorus atoms.®

As formerly observed for 1a,°*® the complex 1b conserves
in solution a cisoid conformation, in which one of the nonco-
ordinated phosphorus atoms is closer to one of the two
palladium-bonded phosphorus atoms. This is evidenced by the
strong through-space coupling constant Jay = 25.6 Hz com-
pared to only the analogous Jgm = 5.8 Hz. This general feature
was supported by the X-ray structure determinations of 1a,**
1b,° and 1¢, which are all similar (Figure 3 displays for example
the molecular structure of 1c).

Conversely, while the coupling constants between the phos-
phorus attached to the same Cp ring (homoannular) are of the
same order of magnitude for 1a (Jag = 14.7 Hz and Jyx =15.3
Hz), in 1b they are substantially different (Jag = 20.6 Hz, Jux
= 11.5 Hz), showing probably the influence of through-space

Figure 3. ORTEP view of the molecular structure determined
for 1c.

spin—spin transmission contribution in addition to the classical
through-bond 37 couplings (dPa+++Pg = 3.061 A, while
dPy+++Px = 3.754 A). The spatial proximity of the phosphorus
Pm to phosphorus atoms P, and Py is expected to play an
important role in the reactivity of the tetraphosphine ligand
toward a metal center, as confirmed by the electrochemical
studies reported below.

Electrochemical Behavior of the Ferrocenyltetraphos-
phine and of the Pd(II) Halide Coordination Complexes:
Electrolysis to Pd(0) Species and Their Characterization.
Studies on the anodic reactions of ferrocenylphosphine deriva-
tives have been reported,'® but none deals with derivatives
bearing more than one phosphino substituent per cyclopenta-
dienyl ring. Owing to its role in homogeneous catalysis, > most
of these studies have been related to the diphosphine complex
1,1'-bis(diphenylphosphino)ferrocene (dppf)'' and its coordina-
tion complexes with various metallic ions.'?
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Table 2. Half-Wave Potentials (V vs SCE) for the Ligand Fc(P)s'Bu and the Complexes [PdCL{Fc(P);'Bu}] (1a) and [PdBr;{Fc(P)s;'Bu}] (1b)
(oxidation potential for ferrocene is given for comparison, peak potential values recorded by cyclic voltammetry are in parentheses)

on(Fe) Ered(Pd) Ered(Fe)
Ferrocene +0.68 (+0.69) —2.93¢
Fc(P)4'Bu +0.67 (+0.68) —2.37
[PdCl,{Fc(P)4'Bu}], 1a +0.92 (+0.94) —1.30 (—1.37) —2.42 (—2.50)
[PdBr2{Fc(P)4'Bu}], 1b (+1.06)" —1.10 (—1.12) —2.40 (—2.38)

“Recorded by polarography in DMF/NBuyl.!® ® Because the oxidation wave is too close to the discharge to be properly determined, only the peak

potential is given.

The tetraphosphine ligand Fc(P)sBu and the palladium
complexes 1a and 1b were examined in an identical system
[supporting electrolyte/solvent]: 0.2 mol L™' of the salt
[n-BusN][BF,] in THF. The rotating-disk electrode voltammo-
grams (RDE voltammograms) of the three compounds have been
recorded, and the resultant half-wave potentials (E;;) are
collected in Table 2. The oxidation of Fc(P)4;'Bu occurs at a
potential of +0.67 V. Additionally, the RDE voltammogram
of Fc(P)s'Bu displays in the cathodic part a reduction wave at
Eyp = —2.37 V. In comparison, the reduction of ferrocene, in
DMF with 0.2 mol/L NBuyl as supporting electrolyte, was
observed at 10 °C as a well-defined one-electron reversible
polarographic wave located at Ej» = —2.93 (V vs SCE)."* In
Fc(P4)'Bu, this reduction process would mainly concern the
ferrocene moiety, as the —PPh, groups are not expected to be
reduced at this potential range. However, the large shift in
reduction potential between the ferrocene and Fc(P4)'Bu is
thought to result from an electron-withdrawing effect of the
—PPh, groups.'* In oxidation, no similar shift toward a more
positive potential was observed. The oxidation reaction formally
corresponds to the removal of one or several electrons from
the highest occupied molecular orbital (HOMO); since the
HOMO could possibly have a significant atomic orbital con-
tribution from phosphorus, a strict comparison with the ferrocene
is delicate. This is supported by recent reports on multiferrocenyl
phosphines, in which were evidenced HOMOs having a
substantial phosphine character.'**

Upon coordination to palladium halides, the oxidation at-
tributed to the Fc(P),'Bu ligand is shifted toward a more positive
potential (AE, = +0.26 V for 1a and +0.38 V for 1b). A similar
trend was noted for dppf, with a positive shift of +0.39 V
between the reversible oxidation of the ligand compared to its
complex [PdCly(dppf)].'* This is attributed to an electron density
decrease on the electroactive moiety of the ligand due to the
o-donation of bonded phosphorus donors to the palladium. The
larger shift observed with complex 1b incorporating bromides
is indicative of a more important o-donation. In the cathodic
part of voltammograms, for 1a and for 1b, the first reduction
process (referenced as R, potential value Ej, = —1.30 for 1a
and —1.10 V for 1b) is ascribed to the reduction of the Pd(II)

(10) (a) Barriere, F.; Kirss, R. U.; Geiger, W. E. Organometallics 2005,
24, 48-52, and references therein. (b) Fihri, A.; Hierso, J.-C.; Meunier, P.
Coord. Chem. Rev. 2007, 251, 2017-2055.

(11) (a) Miller, T. M.; Ahmed, K. J.; Wrighton, M. S. Inorg. Chem.
1989, 28, 2347-2355. (b) Pilloni, G.; Longato, B.; Corain, B. J. Organomet.
Chem. 1991, 420, 57-65. (c) Gref, A.; Diter, P.; Guillaneux, D.; Kagan,
H. B. New J. Chem. 1997, 21, 1353-1358.

(12) (a) Corain, B.; Longalo, B.; Favero, G.; Ajo, D.; Pilloni, G.; Russo,
U.; Kreiss, F. R. Inorg. Chim. Acta 1989, 157, 259-261. (b) Nataro, C.;
Campbell, A. N.; Ferguso, M. A.; Incarvita, C. D.; Rheingold, A. L. J.
Organomet. Chem. 2003, 673, 47-55.

(13) Mugnier, Y.; Moise, C.; Tirouflet, J.; Laviron, E. J. Organomet.
Chem. 1980, 186, C49-C52.

(14) As a quantifying parameter of this electronic effect, the Hammet
substituent constant op for the (—PPhy) group is 0.19; see: Hansch, C.; Leo,
A.; Taft, R. W. Chem. Rev. 1991, 91, 165-195.
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Figure 4. Cyclic voltammogram in THF on a carbon disk electrode
of 1a (1 mM) at a scan rate of 100 mV s~ ': (a) before electrolysis;
(b) after bielectronic reduction at —1.5 V. Initial potential: O (a)
and —1.6 V (b).

Scheme 2. Mixture of Three Pd(0) Species in Equilibrium
from Electroreduction
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center since the ferrocenylphosphine ligand is reduced at a more
negative potential.

In the cyclic voltammogram of the palladium halide com-
plexes the corresponding reduction peak R is observed in the
forward scan (Figure 4, line a). The reduction peak R is
irreversible, and the electrogenerated zerovalent complex is
oxidizable, as seen in the backward scan by the oxidation peak
referenced as O in Figure 4 (line a, for a scan rate v = 100 mV
s~', E, = —0.25 V for 1a and —0.12 V for 1b). Thus, the
voltammetry evidences one or several chemical reactions that
follow the electron transfer process and ultimately give a product
oxidized in O. Controlled-potential electrolysis has been per-
formed at the potential of reduction process R. The electrolysis
proceeds with a charge count of 2 Faradays per mole of 1a (or
1b) and leads to the same zerovalent palladium product found
at the voltammetric scale (Figure 4, line b).'> This product was
found moderately stable with a lifetime of less than 1 h. The
characterization by *'P NMR spectroscopy of this zerovalent
Pd(0)/ferrocenylpolyphosphine is difficult since either only weak
peaks (three signals at 36.2, 34.5, and 22.9 ppm) or no signal
at all was observed in our repeated experiments. This could
possibly be due to decomposition of the electrolyzed species in
the short delay between the electrolysis process and the NMR
analysis. As an additional evidence of this uncontrolled evolu-
tion, the electrolyzed solutions for which *'P NMR was silent
did not give any oxidative addition reaction to Pd(0) in the
presence of added Ph—1I, in contrast to the freshly electrolyzed
solutions (vide infra).

In the mechanistic studies by Amatore and Jutand, the halide
ions were shown to play a significant role in the catalytic
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Scheme 3. Formation of Short-Lived Zerovalent Palladium Species A or B in the Absence of Additive
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reaction, providing in the oxidative addition step an easier
energetic pathway.'® Noteworthy, in reactions under catalytic
conditions, large amounts (stoichiometric) of halides are co-
produced from the coupled aryl halide. To provide further
informative data, electrolysis of la was performed in the
presence of an excess of chloride ions (10 equiv of [n-BusN][Cl]
salt). *'P NMR spectra collected after electrolysis repeatedly
showed five ill-resolved signals located at low field (dp = 30.8,
36.4, 37.9, 38.9, and 40.9 ppm, phosphorus atoms coordinated
to palladium) and three other signals at high field (0p = —24.8,
—27.5, and —29.5 ppm, nonbonded phosphorus atoms).’ Due
to the magnetic inequivalence of the phosphorus atoms induced
by bonding of this ferrocenyltetraphosphine (see spectrum of
1b for instance), the eight signals detected in the *'P NMR
certainly reveal two different [Pd%/{Fc(P)4'Bu}/(chloride)] units.
The integration of the eight peaks was found fairly consistent
with the hypothesis of the formation of two products in
approximately equivalent amount. With regard to chemical
shifts, a reasonable postulate is the existence of a first species
for which two phosphines coordinate the palladium center while
the other two remain dangling. Conversely, in the second species
three phosphorus atoms are bonded to palladium, while only
the last remains uncoordinated.

The possible formulation of the zerovalent palladium species
formed in the presence of the ferrocenyltetraphosphine was
examined in light of the Pd(II)/Pd(0) systems that were studied
by complementary electrochemical techniques and NMR spec-

electroreduction
2 X"

Phy —_—

troscopy (as reported by Jutand and Amatore).** In this respect,
the ferrocenyltetraphosphine system is relevant since the four
triarylphosphine groups (Ph,PCp) are formally analogous to a
4-fold excess of the triarylphosphine triphenylphosphine (PPh3).

Formulation of the Electrogenerated Zerovalent Pal-
ladium Species Depending on the Reaction Conditions and
Discussion of Their Structure. Our attention was first attracted
by the resemblance of the electrochemical behavior of 1a and
1b to those earlier reported for complexes Pd"X,(PPh3), (X =
Cl, Br).**'"18 In these systems the electroreduction of Pd(IT)
generated a mixture of three Pd(0) species in equilibrium, in
accordance with the three *'P NMR signals observed at 27.1,
25.2, and 23.2 ppm in THF (species in Scheme 2). The
coordination of halide ions, released during the reductive
process, to the electronically highly unsaturated “Pd°(PPhs),”
was proposed.**!”7

When the reduction was conducted in the presence of 1 equiv
of added PPh3, the halide ions were no longer involved in the
coordination to the Pd® center, and the formation of [Pd°(PPhs);]
was quantitative (singlet at 20.5 ppm'”) according to eq 1.**

PdH _ PPh3 0 -~
(PPh,),X, +2¢~ — Pd’(PPh,), + 2X (1)

In the absence of added halides the electroreduction of
[PdX,{Fc(P),Bu}] is better related to the latter experimental
conditions. Three weak *'P NMR signals were observed (at 36.2,

(15) Voltammetric investigation of the electrolyzed solution shows that
peak O is observed in the first anodic scan (Figure 4, line b). Noticeably,
the backward cathodic scan makes reduction peak R happen: the electrolysis
product can be converted back to 1a by oxidation.

(16) For a review see: Amatore, C.; Jutand, A. Acc. Chem. Res. 2000,
33, 314-321.

(17) Amatore, C.; Azzabi, M.; Jutand, A. J. Organomet. Chem. 1989,
363, C41-C45.

(18) The cyclic voltammogram of each Pd complex bearing PPh;
similarly displays in the cathodic scan a two-electron chemically irreversible
reduction around-1 V vs SCE, which is coupled upon scan inversion to an
oxidation O more positive than R by nearly 1 V.
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Scheme 4. Formation of Stabilized Zerovalent Palladium Species A'/A" or B’ in the Presence of 10 equiv of [#-BuyN][Cl] Salt
[Pd"Cl{Fc(P),'Bu}]
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34.5, and 22.9 ppm, X = Br). The spectra did not show any
other signal of unbound tetraphosphine ligand nor of the starting
complexes [PdX,{Fc(P)4Bu}]. The accurate examination of
phosphorus chemical shifts of the formed species is of special
interest. In the hypothesis of the initial formation of only one
species from electroreduction,'® two phosphorus atoms are of
very similar environment and more closely bonded to palladium
(0 = 36.2, 34.5 ppm, deshielded by stronger o-donation) than
is the third one (0 = 22.9 ppm). The fourth phosphorus atom
is barely detected at high field (an unclear broad signal around
—28 ppm was occasionally found;’ low-temperature NMR
experiments did not allow a better characterization). This species
appears to be more destabilized than [Pd°(PPh3);] with regard
to its instability after electrolysis (vide supra experiments with
Ph—I added on *'P NMR-silent solutions). The problems
encountered in *'P NMR characterization after electrolysis in
the absence of additive support this assessment (in several cases
no signal at all was observed). The structure A depicted in
Scheme 3 is proposed for the formed species based on the elec-
trochemistry/NMR results and on the structure of [Fc(P)4'Bu].
Besides a possible intramolecular triligation due to blocked
conformation of the ligand, another formulation consistent with
the data is an intermolecular tridentate bonding with a neighbor-
ing unit. This would then form dimeric or even oligomeric
compounds corresponding to the formulation B in Scheme 3.2
Whatever the species resulting from electroreduction, *'P NMR
experiments are reasonably consistent with a tridentate coor-
dination of the tetraphosphine ligand. In addition, these transient
species A and/or B are very reactive, in accordance with the
studies of Ph—I oxidative addition described below.

(19) This case is much more probable because of the simplicity of the
voltammograms and NMR spectra obtained.

electroreduction
10 eq. CI-

tBu}n

Q th 38.9
ppm

Ehz 36.4

ppm
ik
+-Bu 3 P

I 380ph,
tBu_ Fe

@\PPM
-24.8

.27.5 PPhy PP
ppm

Conversely, electrolysis in the presence of an excess of
chloride ions (10 equiv of [n-BusN][Cl] salt) resulted in more
stable zerovalent palladium species. As described above, the
3P NMR spectra with five signals located at low field (0p =
30.8, 36.4, 37.9, 38.9, and 40.2 ppm) and three other signals at
high field (dp = —24.8, —27.5, and —29.5 ppm) are consistent
with the formation of two different [Pd%/{Fc(P),'Bu}/(halide)]
units. This would correspond to a first compound in which two
phosphorus atoms coordinate the palladium center and two
others remain dangling. A second species would form, in which
three palladium-bonded phosphorus atoms are observed and one
is free. Consistently with the formulation of A or B, the
formation of the two species A'/A" or of the dimeric assembly
B' is proposed by addition/coordination of chloride (Scheme
4). The chemical shift attribution proposed in Scheme 4 is
consistent with the NMR data obtained for palladium(II) halides
reported in the first section. The “internal” pseudoeclipsed
phosphorus atoms (corresponding to P4 and Py in Scheme 3)
are more deshielded than their corresponding homoannular
paired P atoms in “external” positions (corresponding to Pg and
Px in Scheme 3). In this case as well, a connection can be made
to the PPhj series, where addition of an excess of [n-BusNCl]
on [Pd°(PPhs);] led to a new tetraligated species formulated as
[Pd(PPh3);X] . %

(20) This intermolecular phosphorus bonding process toward palladium
may possibly concern more than two ligand molecules to yield oligomers.
In addition, it is worth noting that the coordination sphere of palladium for
A and B might be completed with a halide ion to form anionic Pd” species;
see ref 4a. However, the values of phosphorus chemical shift are not really
in favor of this hypothesis compared to data reported by Jutand and Amatore
and also to the other NMR chemical shifts obtained in the presence of excess
halides.
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Figure 5. Left: cyclic voltammogram in THF on a platinum disk microelectrode at a scan rate of 100 mV s~ ' of 1a (2 mM) in the absence
of additive (line a) and in the presence of 1 molar equiv of phenyl iodide (line b). Initial potential: O V. Right: variation of the normalized
current peak of O [iox(norm) = 100i, o(with PhI)/i, o(without PhI)] as a function of the scan rate logarithm.

A'/A" and B' could be regarded as resulting from halide
addition on the previously identified species A or B. This
halogenation seems to provide supplementary stability to the
complexes and shifts the chemical equilibrium away from the
highly destabilized “naked” bis-ligated form “Pd°{Fc(P),'Bu}”
(analogous to the “Pd’(PPhs),” earlier postulated*), possibly
preventing the formation of palladium colloids.?’

Electrochemical Studies of the Phenyl Iodide Oxidative
Addition Reaction on the Zerovalent Palladium/Ferroce-
nyltetraphosphine Complexes. The oxidative addition of aryl
halides to palladium(0) complexes as the initiating step of most
of the palladium-catalyzed cross-coupling reactions is often
assumed to be rate-determining.?* This is obviously dependent
on the substrate/catalytic system employed and on the specific
experimental conditions.”®> Consequently, the fine study of
mechanisms and factors that influence the efficiency of oxidative
addition in each system is very important. This topic has led to
numerous relevant investigations on catalytic systems based on
diphosphines and monophosphines.?* Since the use in pallado-
catalyzed cross-coupling of efficient tri- and tetradentate poly-
phosphine ligands is rapidly growing,**>4™" investigations aimed
at elucidating unidentified “multidentarity” effects associated
with this emerging class of ligands are essential. Studies on the
oxidative addition of aryl halides on palladium/polyphosphine
systems are a first step toward this goal.

(21) Fairlamb, I. J. S.; Kapdi, A. R.; Lee, A. F.; McGlackpen, G. P.;
Weissburger, F.; Fries, A. H. M.; Schmieder-van de Vondervoort, L.
Chem.—Eur. J. 2006, 12, 8750-8761.

(22) (a) Espinet, P.; Echavarren, A. M. Angew. Chem., Int. Ed. 2004,
43, 4704-4734. (b) Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457—
2483. (c) de Meijere, A.; Meyer, F. E. Angew. Chem., Int. Ed. Engl. 1995,
33, 2379-2411. (d) Stille, J. K. Angew. Chem., Int. Ed. Engl. 1986, 25,
508-524. (e) Stille, J. K.; Lau, K. S. Y. Acc. Chem. Res. 1977, 10, 434—
442. (f) Ariafard, A.; Lin, Z. Organometallics 2006, 25, 4030-4033, and
references therein. (g) Goossen, L. J.; Koley, D.; Hermann, H. L.; Thiel,
W. Organometallics 2005, 24, 2938-2410.

(23) See for instance the discussion in: Hierso, J.-C.; Fihri, A.; Amardeil,
R.; Meunier, P.; Doucet, H.; Santelli, M. Tetrahedron 2005, 61, 9759—
9766, and references therein.

(24) (a) Barrios-Landerros, F.; Hartwig, J. F. J. Am. Chem. Soc. 2005,
127, 6944-6945. (b) Roy, A. H.; Hartwig, J. F. J. Am. Chem. Soc. 2003,
125, 8704-8705. (c) Stambuli, J. P.; Biihl, M.; Hartwig, J. F. J. Am. Chem.
Soc. 2002, 124, 9346-9347. (d) Casado, A. L.; Espinet, P. J. Am. Chem.
Soc. 1998, 1120, 8978-8985. (e) Casado, A. L.;. Espinet, P. Organometallics
1998, 17, 954-959. (f) Jutand, A.; Mosleh, A. Organometallics 1995, 14,
1810-1817. (g) Hartwig, J. F.; Paul, F. J. Am. Chem. Soc. 1995, 117, 5373—
5374. (h) Paul, F.; Patt, J.; Hartwig, J. F. Organometallics 1995, 14, 3030—
3039. (i) Amatore, C.; Jutand, A.; Suarez, A. J. Am. Chem. Soc. 1993, 115,
9531-9541. (j) Portnoy, M.; Milstein, D. Organometallics 1993, 12, 1665—
1673. (k) Amatore, C.; Pfliger, F. Organometallics 1990, 9, 2276-2282.

The generation of zerovalent palladium species by reduction
of 1a (or 1b) offers the opportunity to investigate the oxidative
addition process on the time scale of voltammetry and elec-
trolysis. In the voltammogram of la (Figure 5 line a), an
oxidation peak O is associated with the oxidation of the low-
stability zerovalent species formed after electroreduction (Scheme
3). In the presence of Ph—I the reduction peak R of 1a remains
unchanged (Figure 5 line b). Conversely, the oxidation peak O
completely disappears at low potential scan rate (100 mV s~
for Figure 5, line b), indicating a fast reaction between phenyl
iodide and the electrochemically generated A or B species.
Raising the potential scan rate shows the progressive recovery
of peak O, until a value of nearly 100 V s~ ! is reached, for
which the oxidation peak O is totally restored.

The plot of the peak current as a function of the logarithm of
the scan rate (peak current normalized as defined in Figure 5)
led to extracting a half-life time #;,, of 130 £ 10 ms* for the
zerovalent palladium species in the presence of 1 equiv of phenyl
iodide under the conditions relevant to Figure 5.

The reaction of Ph—I on electrogenerated zerovalent pal-
ladium was extended at the electrolysis scale to perform
spectroscopic characterization of the resultant species. The
electrolysis of 1a and 1b in the presence of phenyl iodide
proceeded with a transfer of 2 Faradays per mole of starting
complex. The *'P NMR spectra of electrolyzed solutions in the
presence of Ph—I showed a quantitative conversion of the
palladium(II) complexes and of the transiently formed zerovalent
palladium compounds. In the resulting NMR patterns, six signals
of different intensity centered on ¢ 36, 32, 16, 15, —21, and
—27 ppm were observed.’ The signal integration found nearly
double for the upper field signals (—21 and —27 ppm) clearly
evidenced two distinct species with four nonequivalent phos-
phorus atoms that have identical chemical shifts for the
nonbonded phosphorus. Despite the poor resolution of the
spectra (due to a low concentration for NMR spectroscopy),
the signals associated with these species displayed, as expected,
a multiplicity resulting from the existence of various Jpp nuclear
spin couplings (see for instance Figure 6).

For these two species issued of Ph—I oxidative addition the
3'P NMR patterns are differentiated by the four signals of lower
field region. This clearly indicates a structural difference in the
palladium coordination sphere (Figure 6). The comparison of

(25) hp = {(E,,yR— E,'m)) + (Ep,()— E,’,,,,)}/U]/z; EPYR: peak potential of R,
Ep0: peak potential of O, Ejy: inverting potential of the scan, Vy;: rate
corresponding to inormo = 50%.
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Figure 6. Lower field region of the *'P NMR spectra in acetone-ds of the reductive electrolysis product originating from 1a (top) and 1b

(bottom).

Table 3. Relative Intensity of the Resonances Observed in the Product of Oxidative Addition of Ph—I on Pd’ Formed after Electrolysis, as a
Function of the Starting Reagent

entry palladium complex additive PhI equiv (vs Pd) O (ppm)
36¢ 32 15° —21 —27
1 1a 1 0.48 0.59 1.10 1.0 1.14
2 1a 0 0.49 0.54 1.07 1.01 0.99
3 1b 1 0.52 0.39 0.35 0.49 1.00 0.99
4 la H,0 (100 uL) 1 0.42 0.54 1.08 1.02 0.98
5 la n-BuyNCl (10 equiv vs Pd) 1 0.91 0 1.01 1.00 0.95
6 [Pd’(dba)]5 Fc(P)4'Bu (1 equiv vs Pd) 3 0 0.87 1.10 1.00 1.11

“The chemical shifts of signals are clearly different if X = Cl (6: 36.2 ppm, entries 1, 3, 5, and 6) or X = Br (J: 35.6 ppm, entries 2 and 4). * Nota
bene that at this chemical shift two different signals are observed between 15 and 16 ppm (with no more overlapping in the cases of Pd/bromide
product). © Starting from a Pd° reagent, no electrolysis was necessary in this case.

the NMR patterns resulting from electrolysis of the [PdX,-
{Fc(P)4Bu}] complexes 1a (X = CI) and 1b (X = Br) in the
presence of Ph—I revealed in both cases the shift of only one
set of signals (with the mark O in Figure 6). These signals are
attributed to a compound incorporating chlorine in the first case
(Figure 6a) and bromine in the second case (Figure 6b).
Consistently, the unchanged signals (with the mark * in Figure
6) can unambiguously be attributed to a palladium(II) complex
that does not contain chlorine or bromine, since the correspond-
ing signals are common to both spectra.

Electrolysis of 1la or 1b was conducted under modified
conditions, and each of the two species originally observed could
successfully be obtained as the only product. Table 3 sum-
marizes the experiments performed with the integration of all
3P NMR signals related to chemical shifts, depending on the
electrolysis conditions.”

The electrolysis of 1a in the presence of 1 or 10 equiv of
Ph—I (entries 1 and 2) led to the same mixture of two species:
a first one incorporating chlorine (dp 36.2, 15.5, —21.4, —27.4
=+ 0.1 ppm) and the other without (dp 32.1, 15.3, —21.4, —27.4
=+ 0.1 ppm). The electrolysis of 1b under the same conditions
(entry 3) led to the formation of the same halogen-free species
(op 32.2, 15.2, —21.3, —27.3 ppm) and a product analogous to

the previous cases but incorporating bromine (dp 35.6, 15.7,
—21.3, —27.3 £ 0.1 ppm). The halogen-free species (chlorine
and bromine-free) was quantitatively obtained (dp 32.2, 15.4,
—21.4, —27.3 ppm) from addition of 3 equiv of Ph—I to a
mixture of zerovalent [Pd,(dba);] with two Fc(P),'Bu (entry 6,
dba = trans,trans-dibenzylidene acetone). Conversely, this
chlorine-free species is no longer formed when the electrolysis
is conducted in the presence of an excess of [n-BusN][Cl] salt
(entry 5): only the first species incorporating chlorine (p 36.4,
15.4, —21.4, —27.3 ppm) is quantitatively formed. We addition-
ally observed that the presence of water does not affect the
formation of the mixture of species (entry 4). From this set of
experiments a picture could be proposed for the formation of
oxidative addition products depending on the conditions.

Formulation of the Palladium Species from Phenyl Iodide
Oxidative Addition and Reaction Rate under Standard
Conditions. The NMR experiments conducted after electrolysis
of 1a and 1b in the presence of phenyl iodide without any
additive indicated the formation of two species. The first one is
produced independently of the nature of the electroreduced
palladium(II) halide: as a consequence, the formation of the cis
four-coordinate palladium(IT) complex 2 (Scheme 5) is proposed
from the insertion of zerovalent palladium into the C—I bond
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Scheme 5. Palladium Complexes Resulting from Ph—I Addition to Electrogenerated Pd(0) Species
[Pd"Xa{Fc(P)s'Bu}]
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Scheme 6. Pd Complexes Resulting from Ph—I Addition to Electrogenerated “Pd°PPhs” Species
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of phenyl iodide. This formulation was supported by the direct
synthesis of 2 from zerovalent [Pd(dba)s;]*® and Ph—T in the
presence of 2 equiv of ferrocenyltetraphosphine. Different
possibilities can be envisioned for the formulation of the second
species, whose formation depends on the starting Pd"(halide).
Taking into account that this species was quantitatively formed
in the presence of an excess of chlorides ([#-BuyN][C]] salt), a
reliable formulation is either the anionic five-coordinate complex
3 from addition of X~ or the neutral four-coordinate complex
3’ that results from a substitution of iodide by X~ (Scheme 5).

To account for the formulation of 3, in the PPh; series the
anionic five-coordinate arrangement was observed as a kinetic
product slowly evolving toward the trans aryl palladium(II)
complex by chloride release (Scheme 6).%*' In the present case,
the energy barrier to change from 3 to 2 is expected to be much
lower since the cis conformation is geometrically imposed by
the chelating tetraphosphine. The formation of this anionic
species would constitute another key common point with the
results obtained for electrochemical studies of Pd/n[PPhs]
systems (n = 2). Noteworthy, by employing dppf as ligand and

(26) Macé, Y.; Kapdi, A. R.; Fairlamb, I. J. S.; Jutand, A. Organome-
tallics 2006, 25, 1795-1800.

[Pd(dppf),] as palladium(0) source, the addition of Ph—I leads
to the neutral 1,1'-bidentate cis complex comparable to 2.%’

The value of #;, = 130 ms for the half-life of zerovalent
bis-ligated “Pd®{Fc(P);'Bu}” obtained from electroreduction of
1a (Scheme 3) and due to oxidative addition of Ph—I has to be
compared with the rate of 80 ms found in the PPh; series under
similar conditions.**'” The value obtained indicates a reactivity
ca. 200 times more important than the chemically stable
[Pd°(PPh3)4] (1 = 30 s)'7 and 1.5 times slower than for the
zerovalent “PdO(PPh3)2” and its anionic halide derivatives.
Considering Scheme 3, and before a detailed kinetic investiga-
tion, “Pdo{Fc(P)4‘Bu}” is certainly the more active species for
oxidative addition of Ph—1.?® With monodentate PPhs, the
oxidative addition operates on the anionic three-coordinate
halide-ligated [Pd’(PPh;),Cl]~,** generated by reduction of the
palladium(II) precursor [Pd(PPh3),Cl,]. In the present case, as
outlined in Scheme 3, in the absence of deliberately added halide

(27) (a) Amatore, C.; Broeker, G.; Jutand, A.; Khalil, F. J. Am. Chem.
Soc. 1997, 119, 5176-5185. (b) Alcazar-Roman, L. M.; Hartwig, J. F.;
Rheingold, A. L.; Liable-Sands, L. M.; Guzei, I. A. J. Am. Chem. Soc.
2000, 722, 4618-4630.

(28) Indeed, for diphosphines of moderate basicity the reaction has been
established to proceed via insertion of the bis-ligated Pd°(L-L) (L-L =
diphosphine) into the Cyom—X bond; see ref 27.
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salt, the halide ions were not found to play a role since
spectroscopic evidence was more in favor of a triligation of
palladium with phosphorus atoms, via either intra- (A) or
intermolecular (B) processes. The effect of the equilibrium with
A (or B) is to diminish the concentration of highly reactive
“Pd°{Fc(P)4Bu}” and might be at the origin of the slight
decrease of oxidative addition rate compared to the PPhj series.
Therefore reorganization of A or B certainly participates in the
higher value of f;, in our system compared to processes
involving n PPh; monophosphines (n = 2-4). This clearly
constitutes the first quantitative evidence of the stabilization of
zerovalent palladium species due to the phosphine arrangement
in polyphosphine ligands: in this particular ferrocenyltetraphos-
phine the palladium(0) center is in close proximity with at least
three phosphorus donors.

Summary and Conclusions

Polyphosphine ligands can be at the origin of high catalytic
performances in Heck and Suzuki cross-coupling reactions with
TONSs up to 1 000 000, while under similar low catalyst loading
conditions classical mono- and diphosphines are ineffective.
Electrochemical studies combined with NMR spectroscopy on
the mononuclear palladium(II) halide complexes of the poly-
dentate tetraphosphine 1,1",2,2'-tetrakis(diphenylphosphino)-4,4'-
di-tert-butylferrocene, [PdX,{Fc(P),'Bu}] (1a,b), provided sev-
eral valuable insights into palladium(0/IT)/ferrocenyltetraphosphine
interactions and activity toward the oxidative addition of aryl
halides. Hypotheses for further investigations are also envisioned:

(i) The 1,2-P bonded palladium complexes [PdX,{Fc(P);Bu}]
(la—c¢, X = Cl, Br, I) have in the solid state and in solution
analogous structures, in which is evidenced the proximity of
one dangling phosphorus (Py) with the coordination area Pd/
(Pa, Pp).

(ii) The electroreduction of 1a and 1b quantitatively leads to
the formation of destabilized zerovalent palladium species of
short lifetime (“Pd°{Fc(P)4;'Bu}”, and A or B). The electrore-
duction conducted in the presence of an excess of chlorides
stabilizes these zerovalent palladium species under an anionic
form (A'/A" in possible equilibrium,?® or B'). For these species
two different kinds of palladium coordination sphere incorporat-
ing either two or three phosphorus donor atoms were evidenced.
The involvement of three phosphorus donors in the coordination
process is expected to be either intramolecular (species of A
type) or intermolecular (species of B type).

(iii) In any case, the result is that a half-life time of 130 ms
was observed for the zerovalent species in the presence of the
oxidative reagent phenyl iodide. The half-life time obtained for
Ph—I oxidative addition “Pd°{Fc(P),'Bu}” species indicates a
reactivity ca. 200 times greater than the chemically stable
[Pd°(PPhs)4] and 1.5 times weaker than the zerovalent desta-
bilized “Pd’(PPhs),” and its anionic halide derivatives. Although
a quantitative description of the kinetics must await further
investigation, this was presumably attributed to the effect of
stabilization provided by the reversible formation of A and/
or B.

(iv) The formation of a mixture of palladium(II) compounds
2 and 3 (or 3') is proposed from electroreduction in the presence
of Ph—I. These species can be independently produced upon
tuning of the electroreduction conditions.

Several connections were obtained in the present work with
the pioneering electrochemical studies by Jutand and Amatore.

(29) The exchange energy barrier from A’ to A" is expected to be rather
low.

Evrard et al.

The presence of excess halide, for instance, is of primary
importance for the stability of the Pd® species of anionic form.
However, one very important conclusion of this work is the
involvement of the third phosphorus atom in the Pd® coordina-
tion sphere; the benefit is to preserve the Pd’ complex from
metal aggregation and possibly catalytic deactivation. Consis-
tently, the oxidative addition rate we found revealed a stabilized
system in comparison to zerovalent “Pd°(PPhs),”; nevertheless,
that rate evidenced also a system much more reactive than
[Pd’(PPhs)q].

Experimental Section

General Comments. *'P and ' H NMR spectra were recorded
at the “Centre de Spectroscopie Moléculaire” of the “Université
de Bourgogne” on a 300 MHz Bruker Avance and a 600 MHz
Bruker Avance II spectrometer, operating respectively at 300.13
and 600.13 MHz (in CDCl;, CD,Cl,, or acetone-dc). All manipula-
tions were performed using Schlenk techniques in an atmosphere
of dry oxygen-free argon gas. The supporting electrolyte (tetrabu-
tylammonium tetrafluoroborate) was degassed under vacuum before
use and then solubilized at a concentration of 0.2 M. For cyclic
voltammetry experiments, the concentration of the complexes was
set at 10> M. Voltammetry was carried out in a standard three-
electrode cell with a Tacussel UAP4 unit cell. The reference
electrode was a saturated calomel electrode (SCE) separated from
the solution by a sintered glass disk. The auxiliary electrode was a
platinum wire. For all classical voltammetric measurements, the
working electrode was a vitreous carbon electrode (® = 3 mm).
Under these conditions in THF, the formal potential for the
ferrocene ™ couple is found to be +0.56 V vs SCE. High scan
rate measurements were performed on a platinum disk electrode
(® = 1 mm) using a Autolab 50 potentiostat. The controlled
potential electrolysis experiments were performed with a Amel 552
potentiostat coupled with a Tacussel IG5-N integrator. High-scale
electrolysis was performed in a cell with three compartments
separated with medium-porosity sintered glasses. A carbon gauze
was used as the working electrode, a platinum plate, as the counter-
electrode, and a saturated calomel electrode, as the reference
electrode.

Chemicals. All solvents were purchased from Aldrich and
purified according to standard procedures. Tetrabutylammonium
tetrafluoroborate was purchased from Fluka and used without further
treatment. The tetraphosphine ligand Fc(P),'Bu and the [Pd(cod)Cl,]
complex were prepared according to literature procedures.®*3-!

Synthesis of [Pd(cod)Br;]. [Pd(cod)Cl,] (0.35 mmol, 100 mg)
was dissolved in 50 mL of acetone. After addition of excess KBr
(3.36 mmol, 400 mg), the solution was stirred overnight. Filtration
to remove KCI and evaporation to dryness of the resulting filtrate
yielded [Pd(cod)Br:] (99 mg, 75% yield) as an orange powder,
which was washed twice with water and ether. "H NMR (CDCl;):
6.39 (s,4H, -CH=CH—),2.80 (d, 4 H, —CH H,—CH H,—), 2.44
(q, 4 H, —CH,H,—CH,H,—).

Synthesis of [PdCL{Fc¢(Py)'Bu}], 1a. To [Pd(cod)Cl,] (0.35
mmol, 100 mg) in a CH,Cl, solution (30 mL) was added Fc(P), Bu
(0.35 mmol, 362.5 mg). The solution was stirred for 4 h and
evaporated to dryness. The red-orange residue was washed with
vigorous stirring overnight in 20 mL of hexane. The filtration of
the mixture afforded pure complex 1a as a red powder (318.5 mg,
75% yield). Anal. Calcd: C 65.4, H 5.2. Found: C 65.2, H 4.9. 'H
NMR (CDCl5): 6 6.40-8.90 (m, 40 H, Ph), 4.79, 4.55, 4.31, 4.28
(s, 1 Heach, Cp), 0.80, 0.71 (d, Jyp = 1 Hz, 9 H each, ‘Bu). *'P{'H}

(30) (a) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. R. Purifications
of Laboratory Chemicals; Pergamon Press: Oxford, 1966. (b) Gordon, A. J.;
Ford, R. A. The Chemist’s Companion, a Handbook of Practical Data,
Techniques and References; Wiley: New York, 1972; p 436.

(31) Schultz, R. G. J. Organomet. Chem. 1966, 6, 435-436.
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NMR (CDCls): 6 41.7 (dd, J = 14.3, 24.0 Hz), 39.2 (dd, J = 14.3,
6.4 Hz), —22.5{pseudoheptuplet (ddd), J = 24.0, 15.7, 6.4 Hz},
—26.3 (d, J = 15.7 Hz). >*C{'H} NMR (CDCls): 6 30.8 and 31.6
(s, 1C each, ‘BuCCH3), 31.8 and 31.9 (s, 3C each, ‘BuCHj3), 66.7
and 70.4 (d, 1C each, CpCH), 66.7 and 70.4 (d, 1C each, CpCH,),
71.4 (d, 1C, CpCH), 75.6 (m, 1C, CpCH), 80.0 (m, 2C, CpCP),
81.4 (dd, 1C, CpCP), 91.5 (dd, 1C, CpCP), 108.5, 119.5, 127-137
(CeHs).

Synthesis of [PdBr,{Fc(P;)'Bu}], 1b. This compound was
obtained in a similar way to 1a, in a 60% yield (0.03 mmol, 40
mg) after purification by employing [Pd(cod)Br,] (0.05 mmol, 19
mg) instead of [Pd(cod)Cl,], in 5 mL of CH,Cl,. Single crystals
suitable for X-ray analysis were obtained from slow evaporation
of a concentrated chloroform solution (see Supporting Information).
"H NMR (CDCl): 6 6.40-8.60 (m, 40 H, Ph), 4.67, 4.54, 4.21,
4.18 (s, 1 Heach, Cp), 0.71, 0.62 (s, 9 H each, '‘Bu). 3Ip{'H} NMR
(CDCl,): 6 39.9 (ddd, J = 20.6, 25.6, 1.9 Hz) 37.35 (dd, J = 20.6,
5.8 Hz), —25.1 (ddd, J = 25.6, 5.8, 11.5 Hz), (dd) —27.3 (dd, J =
1.9, 11.5 Hz). "*C{'H} NMR (CDCls): 6 30.4 and 31.4 (s, 1C each,
"BuCCH3), 31.8 and 31.5 (s, 6C, 'BuCH3), 66.2, 69.8, 69.9, 71.0,
75.4 (1C each, CpCH), some resonances missing in the area
80.0-90.0 ppm, 127-137 (CeHs).

Synthesis of [PdI{Fc(Ps)'Bu}], le. The synthesis of the
precursor [Pd(cod)l;] from [Pd(cod)Cl,] and KI or Nal was

Organometallics, Vol. 27, No. 11, 2008 2653

unsuccessful. Therefore, this complex was quantitatively obtained
at NMR scale from the reaction of 2.6 equiv of Nal with 1a in
acetone-dg. Single crystals were grown in the NMR tube by slow
evaporation of acetone, and X-ray experiments were carried out
that confirm a structure analogous to 1a° and 1b.? Excessively
disordered solvent unfortunately precludes a proper report of the
X-ray structure: while resolution for the main molecule was of good
quality (ORTEP drawing is given), disordered solvent could not
be solved (work is ongoing to resolve these problems with acetone
solvent molecules). "H NMR (CDCl5): 6 6.55-8.85 (m, 40 H, Ph),
4.90, 4.62, 4.62, 4.43 (s, 1 H each, Juy = 1.5 Hz, HCp), 0.88, 0.80
(s, 9 H each, ‘Bu). *'P{"H} NMR (CDCls), due to signal broadness
the accuracy of Jpp is poor: ¢ 36.08 (dd, / = 15 and 29 Hz), 34.2
(dd, J = 15 and 4 Hz), —27.0 (m), —28.4 (dd, J = 24 and 4 Hz).
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