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Table 1. Consumed) for RX Activatior?

QP mol of electron/

molar ratio mol of
RX RX/Pdy(dppm)(CO)(CRCO,)t  Pdy(dppmy(COY+

n-BuBr 1.1 no reactivity
Me,CHBr 1.1 no reactivity
Me;CBr 15 0.86
PhCHBr 1.1 0.80
Mel 1.1 0.39

10 0.18
Etl 1.1 0.72
PhCHCH.I 1.2 0.70
n-Bul 1.1 0.81
CHal, 1.1 0.45
MesCl 11 0.16

a Only the data for the starting material fadbpm)}(CO)(CRCO,)*
are summarized. ForL= CI~ or Br-, reactivity with R-X is also
observed, but not quantifiedQ is determined for systems at comple-
tion by using the same electrochemical cell and electrodes. Note that
the common R-Cl molecules are not activated.

Simple ligand substitution processes represent the very basis

of many important organometallic reactivities and catalyses.

containing 0.2 M NBYPFR as supporting electrolyte. The

However, these processes can be very slow or impossible for aelectrochemically induced reactions proceed according to eq 1,

given metal at a given oxidation state. Upon a one-electron
reduction or oxidation, the substitution may become very fast.
These well-known catalytic processes are called “zero electron”
processe< and have recently been described for organometallic
systems by Amatore et &l.

We now wish to report an unprecedented electron-transfer chain
catalyzed ligand substitution reactivity for a Pd cluster, specifically
applied for C-Br and C-1 bond activation. The reductive
cleavage of the €X bonds (X = halogen) represents a very
important topic of research, particularly for polyhalogenated
compounds. During the course of this work, the formal identi-
fication of the reactive key intermediate,Rtppm}CO", is made.
This complex is the first confidently characterized paramagnetic
Pd cluster.

The relatively fast reactions between fRipbpm}CO](CR-
CO,),® and various RX substrates have been monitored by cyclic
voltammetry, coulometry, anélP NMR spectroscopy in THF
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(4) Amatore, C.; Jutand, A.; Thouin, L.; Verpeaux, J..lNactualité chim.
1998 43.

(5) Fry, A. J.; Singh, A. HJ. Org. Chem1994 59, 8172.

(6) (a) X-ray crystallographic data and hesjuest binding measurements
indicate that one of the GEO,™ anions is located inside the cavity described
by the dppm-phenyl groups above the unsaturategfd#®c The binding
constants are weak and the cluster is best formulated Addpdny(COY -+
(CRCO,)™. For the analogue [Rlppm)}(CO)](PFs),, the larger counteranion
PR~ is not found in the cavity® The corresponding halide adducts $£XCl,

Br, 1) exhibit much stronger binding constafitand are appropriately referred
to as Pe(dppmy(CO)(X)". An exhaustive study shows thatdthpmy(COY"

in the presence of RF, CRCO;~, or X~ exhibits either a single two-electron,
or two one-electron reduction waves. The occurrence of one or the other
depends on temperature, solvent, and anion concentfétigrhile the reactive
intermediate is issued from a one-electron reduction gfdpgpmy(CO)(Cks-
CO,)", the bulk two-electron electrolysis experiments show no reactivity
toward these halocarbons. Selected electrochemical data for theaR#
CR;CO;™ salts are the following: Rppmy(COYt (as Pk~ salt), B2

= —0.29V, E;," = —0.66V vs SCE; Pgdppm}(CO)(CRCO,)" (as
CR;CO; salt), Ey*t° = —0.48V vs SCE, both in THF solutions containing
0.2 M n-Bu/NPF. (b) Provencher, R.; Aye, K. T.; Drouin, M.: Gagnon, J.;
Boudreault, N.; Harvey, P. Dnorg. Chem1994 33, 368. (c) Harvey, P. D.;
Hierso, K.; Braunstein, P.; Morise, Xaorg. Chim. Actal996 250, 337. (d)
Gauthron, |.; Mugnier, Y.; Hierso, K.; Harvey, P. Ban. J. Chem1997, 75,
1182. (e) Lemdre, F.; Brevet, D.; Vallat, A.; Lucas, D.; Mugnier, Y. In
preparation.
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Pdy(dppm)(CO)(L)" + RX =
Pd,(dppm)(CO)(X)" +“R™ + L~ (1)

where ' = CRCO,” and X = Br~, I". This reaction also
applies for L = CI~ and Br.

The cluster products are readily identified by the comparison
of the cyclic voltammograms andP NMR spectra of authentic
sampleg2while evidence for “R” has been provided by GCM3,
Coulometric measurements indicate that less than one electron/
mole of cluster Q) is necessary to complete the electrolysis (Table
1). When the quantity of RX substrates is increas@dgepro-
ducibly decreases, consistent with the increased rate of reactivity.
By injecting a small amount of electricity (0.04 equiv/cluster for
1.1 equiv of substrate Mel for instance), and stopping the
electrolysis before the current reaches zero, the substitution
reactions go to completion after 1 h. Doing so, the turnover
number for this specific example becomes 24 +(D.04)/0.04)
vs 1.5 ((1— 0.39)/0.39) for the exhaustive electrolysis (Table 1,
entry no. 5).

This electron-transfer chain catalyzed process occurs via the
generation of the 45-electron #dppm}(CO)(L) species, which
is found to be stable at the electrochemical time scale, and
provides an interpretable EPR spectrum (see below). ForL
CRCO,~, a complete adduct dissociation gRippm)(CO)(Ck-

CO,) — Pd(dppm)(CO)" + CRCO,) is readily expecteé.
These intermediates are reactive towardé)XRspecies (X= Br,
1) to form the P¢(dppm}(CO)(X) complex, and are also stable
on the electrochemical time scale. In the presence gipgm)-
(CO)(L)* as starting material, the electron transfer between Pd

(7) (@) The complexes have been prepared according to literature néthods
and the®P NMR and electrochemical data are as folla¥acetoneds) =
—1.26 (Pk™), —7.03 (CRCO,7), —6.53 (CI'), —6.14 (Br), and—6.40 ppm
(17), andEy**° = —0.77V (CI), —0.68V (Br’), and—0.77V (I"), in THF
solutions containing 0.2 M-BusNPFs. (b) The presence of the generatetl R
fragment has been demonstrated by performing the electrocatalysis6f Me
(see Table 1, entry 11) in the presence of phenol (in the same molar quantity
of Me;sCl). At the end of the reaction, the solvent has been evaporated and
the residue was extracted in,Bt The Ph-O—CMe; ether coupling product
is readily detected by GCMS, which results from an electrophilic attack of
the carbocation onto the phenol substrate. The low yield of 25% is due to
inefficient trapping for this 1:1 stoichiometric reaction. Ne-R coupling or
R—H products were observed, indicating that radical-type reaction does not
occur. In the absence of cluster, the blank tests show no reactivity. (c)
Manojlovic-Muir, L.; Muir, K. W.; Lloyd, B. R.; Puddephatt, R. J. Chem.
Soc., Chem. Commuh995 536.
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Scheme 1.Reaction Mechanism for the Electrochemically
Induced X/L~ Exchange (L = CRCO,, CI-, Br; X~ =
Br, 1)

nR‘rw +L

[Pdy(dppm)5(COIL] —E= [Pas(dppm)s(COIL]  [Pds(dppm)3(CO)X]

[Pds(dppm);(COYX]"  [Pdy(dppm)3(COIL]"

(dppm}(CO)(X) and Pg(dppm)(CO)(L)* is thermodynamically
favorable (potentials provided in refs 6a and 7a), hence driving
the catalytic cycle (Scheme 1). To demonstrate this, the ligand
exchange between Edppm)(CO)(Br)" and Bul was attempted,
and Q was found to be alsel equiv/imol. The reverse reaction,
however, does not occur. We find no reactivity for common
chlorocarbons and the data included in Table 1 indicate that the
rate of reactivity varies as | (small€) values)> Br (largerQ
values)> CI (no reactivity), illustrating the expected trend in
C—X bond strength. Stabilized carbocations such asWe
provide lowerQ, reducing the probability of back reactions(R
+ X~ — RX). Interestingly no reactivity is observed foPrBr
andn-BuBr, further illustrating the importance of the carbocation
stability. This stability appears to be fine-tuned betwe&nBr
and t-BuBr, where no and slower reactivities are observed,
respectively. Finally,Q for Mel is unexpectedly significantly
smaller tharQ for RCH,CH,l (R = H, Et, Ph), the latter values
being similar. Speculatively, the smaller Mel substrate may
interact more efficiently with the Bt center inside its phenyl-
dppm cavity than that of the longer R@EH,| substrate$?
Attempts to chemically prepare the related and important 43-
electron cluster intermediate fdppm}CO* were made. Indeed
this cluster is cleanly prepared with [Rdppm)}(CO)](PFK). as
starting material and BRh (as reducing agent)® The IR
spectrum exhibits an IR(CO) absorption at 1785 crmy which
is expectedly red-shifted in comparison with the more oxidized
Pd(dppmy(COY* species due to back-bonding(CO) = 1835
cm 1 9. The isotropic EPR spectrum of this cluster in THF at
293 K (Figure 1) exhibits a well-defined septet with a relative
intensity approaching 1:6:15:20:15:6:1, along with weaker hy-
perfine structured? Curve fitting analysis allowed interpretation
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Figure 1. Top: Experimental EPR spectrum of:JEtﬂbpm)g(CO)+ in THF
at 293 K Bottom: Calculated EPR spectrum.

respectively. The larger EPR signals precluded spectral resolution
for Pd coupling in this case. The relative magnitude of ge
constants A(P*P) > A(*%Pd)) is also consistent with literature
data for other polynuclear compounis.

Attempts to chemically prepare the corresponding X-adducts,
Pd;(dppm}(CO)X (X = CI, Br, 1), uniformly failed, including
using BPR~.1® Voltammetric studies on the electrochemical
behavior of Pg(dppm}(CO)I™ show that the intermediate Rd
(dppm}(CO)I is observed upon high sweep rates, or in the
presence of an excess of iodide $alt.

Paramagnetic compounds of palladium are scarce and this series
is limited primarily to mononuclear Pd(lll) species with some
rare examples of mononuclear Pd(l) and binuclear PdRy(l11)
complexes#~1® To our knowledge, the Rppm)(CO)" is the
first example of a confidently identified paramagnetic Pd cluster.
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electron delocalized over the three equivalent Pd atams:
2.065,ACGP)=75.8x 104 cm™, A(%Pd)= 7.6 x 104cm!
(15Pd,S= %,, 22.2% natural abundance). Evidence for coupling
with both the Pd and P atoms is completely consistent with the
atomic contributions of the SOMOZ()aPrewous EHMO calcula-
tions on the dication indicated that this MO is composed of in-
plane metal d orbitals (¢ de_2 with minor p, and g contribu-
tions) and some phosphorus componengsip, forming M—M

and M—P antibonding MO’$! The g, go, A;(®P), andA-(3'P)
values extracted from EPR spectra of frozen solutions (100 K)
are 2.059, 2.078, 88.& 10* cm%, and 85.0x 10“ cm?,

(8) (a) Strauss, S. HChem. Re. 1993 93, 927. (b) The biphenyl product
is readily identified by GCMS from the borate anion oxidation for the reactions
between Pgdppm)(COY"™ and BPh~.

Supporting Information Available: Experimental EPR spectrum of
Pd(dppm)(CO)" in a frozen solution and Experimental Section for the
electrochemistry (PDF). This material is available free of charge via the
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(12) Data for the RFO,CEt)(PPh)," dimer as an exampleA,(**P) =
205 x 104 cm % Ay(3P) =152 x 10 4cm AH(1°3Rh)— 13x 104cm?
A-(*°Rh) = not resolved. Kawamura, T.; Fukamachl ., Sowa, T; Hayashlda,
S.; Yonezawa, TJ. Am. Chem. Sod.981 103 364.

(13) These paramagnetic species exhibit limited stability after several hours
even at—30 °C. Cyclic voltammetry, EPR}'P NMR, and IR spectroscopy
indicate evolution towards decomposition where a strong IR absorption at
1669 cn1t and®'P NMR peak at 30.1 ppm (acetoredg) are clearly observed
for these uncharacterized products. Further studies on these species will be
published in due coursé

(9) (a) A two-step procedure to generate this same paramagnetic species (14) (a) Gallo, E.; Ragaini, F.; Cenini, S.; DemartinJFOrganomet. Chem.

is also possible from the two-electron reduction of(Bdpmy(COY* (i.e. at
—0.62V vs SCE), followed by a one-electron oxidation with TE; > (TI)
—0.582V vs SCEJ® (b) CRC Handbook of Chemistry and Physiédth
ed.; CRC Press Inc.: Boca Raton, FL, 1983; p D-159.

1999 586, 190. (b) Yeo, J. S. L.; Vittal, J. J.; Hor, T. S. £&hem. Commun.
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(10) The EPR spectra were acquired on a Bruker ESP 300 instrument andMincheva, N.; Gencheva, G.; Mitewa, M.; Gochev, G.; Mehandjie\§ynth.

spectral analyses were performed with the commercially available software
WInEPR of SimFonia (Versionl.25; Bruker Analytisch Messteknic).
(11) Harvey, P. D.; Provencher, Rorg. Chem.1993 32, 61.
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