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Two new reductive electrochemical (@ H,O + 2e; HCOH + 2¢e7) and two new chemical methods (Al-
(CHg)3 + proton donor; Na@CH) to prepare the title compound from Rdppm}Cl, are reported. For the latter
method, an intermediate species formulated agdppm)(O,.CH),2" is identified spectroscopicallyfi NMR,

31P NMR, IR, and FAB-MS). Limited stability of the title compound in the presence ofa@t Br- as counteranions

is noticed and is due to sensitivity of the cluster toward nucleophilic attack of the halide ions. This result is
corroborated by the rapid decomposition of these clusters in the presence db@dm the binuclear species
Pd(dppm)(CN), and by the preparation of the stable saltssBdpm)(H)2](X)2(X~ = BFs~, PR~, BPh").

Upon a two-electron electrochemical reduction of this cluster to the neutral spEgies (—1.42 V vs SCE in

DMF) in the presence of 1 equiv of HGB, a highly reactive species formulated as{egpm)(H)s] " is generated

and characterized byH NMR, 3P NMR, and cyclic voltammetry. Subsequent addition of(dia RCQH; R =

H, CHs, CFs, CgHs) under the same reducing conditions, induces the homogeneous catalysisvaitition. The
turnover number is found to be 134 in 2 h, with no evidence for catalyst decomposition. This same species also
exhibits a one-electron oxidation proceds;{ = —0.61 V vs SCE in DMF) that induces the catalytical
decomposition of formate (HGO — CO, + Y/,H, + 1€7). This double catalysis from the same cluster intermediate

is unprecedented.

Introduction Recently, we reported the identification and electrochemical
characterization of a tetrapalladium dihydride clusterPd
(dppmx(H)2](X)2 (X~ = CI~ (1a), Br~ (Ib)).19 Because this
cluster exhibits hydrides and an electrochemically reversible
(two-electron) reduction systeth,one can hope for hydrogen
evolution electrocatalysis. This work reports the first homoge-
neous electrocatalytic hydrogen evolution reaction induced by
a cluster compound. Experimental results indicate that the
intermediate is another polyhydride species(&gpm)(H)s*

(I1"), that is relatively stable. This study also reports the
electrocatalytic decomposition of the formate ion (HCO~

CO, + YH, + 1le) by this same intermediate. Finally, we
report some chemical properties of the title clustgr {hich

can be prepared chemically and electrochemically by various
methods using the starting #dppm}»Cl, material.l is sensitive

to nucleophiles such as GIBr~, and CN, but the [Pd(dppm)-
(H)2](X) 2 salts (X = BF4~ (Ic), PR~ (Id), BPh,~ (Ie)) proved

to be particularly stable, even for weeks in solution.

The reduction of protons to dihydrogen is one of the most
fundamental chemical redox reactichgnd a search for
molecular catalysts or electrocatalysts for this reaction, along
with the understanding of the reaction mechanisms, is important
for resolving problems, particularly in relevance with hydro-
genase$.The design of efficient molecular catalysts for proton
reduction has recently become a subject of increasing inferest.
However, the number of examples of catalysis of electrochemi-
cal and chemical hydrogen evolution from acidic solutions by
molecules dispersed in solutions, or imbedded in a supporting
matrix coating the electrode surface, is quite limi¢édProposed
mechanisms have been describdnd involve the formation
of hydride species followed by the addition of protons,
subsequently leading to dihydrogen evolution. It is interesting
to note that a large number of these few examples include mono-
and dinuclear complexes of porphyrin systems.
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(Cl)2 (1a) was prepared according to a method outlined in ref 10 and
was used for comparison purposes.

Preparation of la from NaO,CH. Under a N atmosphere, 50.6
mg (0.048 mmol) of Pgdppm}Cl, was dissolved in 6 mL of DMF
containing 4.2 mg of NagCH and 1 mL of methanol. The solution
was stirred for 10 h, and the dark-blue product was obtained from
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Eix(oxi) = —0.61V vs SCE. Unfortunately, the NMR spectra that
evolved with time (under By contained a decomposition product that
was always present as a minor component during the early stage of
the reaction and as a major component lafer=(+24.2).

Attempts To Prepare [Pdy(dppm)4(O.CH)2](Cl) (Ill) . An amount
of 50.6 mg (0.048 mmol) of Bppm}Cl, was dissolved in 6 mL of

evaporation to dryness using a diffusion pump for 24 h. Then the crude DMF, which was kept under Nat all times. After the solution was

product was purified from rapid recrystallization using dichloromethane
and diethyl ether. Yield:>80%. A comparison of the spectroscopic
data tH NMR) with an authentic sampléclearly identified the product.
Preparation of la from AI(CH 3);. Under a N atmosphere, a 2.5
mL CHClI;, solution containing 40 mg (0.04 mmol) of #dppm}Cl,
was added to a 50 mL GEI, solution containing 0.08 mmol of Al-
(CHg); at —78 °C After the solution was warmed to room temperature,
the solution was carefully neutralized via two methods. Method 1: to

cooled to—80°C, 4.2 mg of Na@CH in 1 mL of methanol was added

to the DMF solution. The solution was then stirred and removed from
the —80 °C bath until it reached about10 °C (~263 K). When the
solution was turned green, it was recoolee-80 °C to stop the reaction

and evaporated to dryness using a diffusion pump for 20 h at this same
temperature. Since the product evolves rapidly in solution at room
temperature to forn, the analysis was performed in the solid state
only. From the FAB-MS analysis (see Supporting Information) and

the solution was added 25 mL of a saturated water solution containing 3P NMR spectra at low temperatures there is no evidendeimthe

NH.CI. Then the solution was extracted twice with &Hb and dried
over MgSQ prior to being filtered and evaporated-t® mL of solution.

Then the product was precipitated and washed several times with diethyl

ether. The purple product was dried under vacuum. Yield: 40%. Method
2: to the solution was added 25 mL of @BH. Then the solution was
evaporated to~5 mL, and the product was precipitated and washed
with ether and dried under vacuum. Yielé:40%. The!H NMR data
were identical to that reported forin ref 10 except that in method 2,
some impureties were present.

Preparation of Ic. A quantity of 330 mg (0.31 mmol) of B@ippm})-
Cl, and 690 mg (6.2 mmol) of NaBFare dissolved in 25 mL of dry
DMF and stirred for 10 min under Natmosphere. To this solution
105 mg (1.55 mmol) of NagCH in 3 mL of DMF was added by

solid, in comparison with an authentic sample. The spectroscopic
features are provided and discussed in the text.

Electrochemistry (CV). All manipulations were performed using
standard Schlenck techniques in an atmosphere of dry and oxygen-
free argon. Dimethylformamide (DMF) was freshly purified and dried
from distillation over Cakl (under vacuum). This solvent was deoxy-
genated by argon-bubbling immediately before use. The supporting
electrolytes were TBAHFP or LiCl dried and degassed before use.
Typically the concentration was 0.2 M. In cyclic voltammetry experi-
ments the concentration of analyte was nearly31d. Voltammetric
analyses were 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 analyzed solution by a

cannular under a Natmosphere. The solution was stirred for 1 h, and sintered glass disk. The auxiliary electrode was a platinum wire. For
the orange solution turned brown-green and then dark-blue. Then 300all voltammetric measurements the working electrode was a carbon
mL of diethyl ether was added in order to precipitate the purple-blue disk electrode initially polished with alumina. The number of electrons

solid, which was subsequently filtered and washed twice with 30 mL involved in each electrochemical process was determined by coulom-

of water and three times with 30 mL of diethyl ether. The violet solid
was dried under vaccuum overnight. Yield: -996%. Anal. Calcd for
CiooHssB2FsPsPdi: C, 56.15; H, 4.24. Found: C, 56.15; H, 4.5
NMR (acetoneds): ¢ 7.79(d), 7.39(t), 7.14(t), 6.90(t), 6.62(t), 6.42(d)
(3J(H,H) = 7.7 Hz, 80H, Ph), 5.12 (nonet, rel inters1:8:28:56:70:
56:28:1,2)(H,P) = 13.5 Hz, 2H, Pe-H), 4.11 (br, fwhm= 14.6 Hz,
8H, PCHP). 3P NMR (acetonek): o 0.44. IR(solid): 1053 cmt
(»(BF)). UV—vis (ACN) Amade): 618(43200), 312(36300), 286 nm
(13000 Mt cmY). FAB-MS: 2050, Pd(dppm)(BF,) (calcd, 2052.2).

Preparation of Id. Id was prepared in the same way lasexcept
that the method was adapted for Ngitstead of NaBE Yield: 90—
95% Anal. Calcd for GyoHooF12PioPdi: C, 56.25; H, 4.02. Found C
55.40, H 4.081H NMR (acetoneds) 7.79(d), 7.39), 7.14(t), 6.90(t),
6.62(t), 6.42(d) Y(H,H) = 7.5 Hz, 80H, Ph), 5.10 (nonet, rel int
1:8:28:56:70:56:28:12)(H,P) = 13.4 Hz, 2H, Pe-H), 4.10 ppm (br,
fwhm = 14.6 Hz, 8H, PCHKP). IR (solid): 840 cm?! (v(PF)). UV—vis
(ACN) Amax 618, 312, 286 nm.

Preparation of le. le was prepared in the same way lasexcept
that the method was adapted for NaBPistead of NaBE: Yield: 90—
95%. Anal. Calcd for @gH13dB2PsPdi: C, 68.29; H, 4.96; N, 0.00.
Found: C, 68.15; H, 4.62H NMR (acetoneds): ¢ 7.79(d), 7.3%),
7.14(t), 6.90(t), 6.62(t), 6.42(dYI(H,H) = 7.5 Hz, 80H, Pk-P), 7.32-
(m, 16H), 6.92(m, 16H), 6.76(tt, 8H) (PB), 5.09 (nonet, rel intens
= 1:8:28:56:70:56:28: B)(H,P)= 13.5 Hz, 2H, Pe-H), 4.11 (br, fwhm
= 14.7 Hz, 8H, PCEP). UV—vis (ACN) Amax 618, 312, 286 nm. A
weakly diffracting thin plate (thickness 1 mm) obtained with Chkt
Cly/pentane gave a monoclinic systean= 11.914 A b = 22.446 A,
c=22.835 A o = 109.26.

Attempts To Prepare Pdy(dppm)4Hs* (II) . An amount of 25.0 mg
(0.01127 mmol) of [Pe(dppm)(H)2](BF4)2 (Ic) was dissolved in 10 mL
of dry DMF or THF under N. An amount of 30 equiv of tetrabutyl-
ammonium formate (TBAF; 0.35 mmol; 0.10 g) was then added, and
the solution was stirred for 16 h at room temperature. The reaction
was monitored byH NMR, 3P NMR, and cyclic voltammetry (CV).
The same signals as that bf generated electrochemically (see text)
were observedH NMR (acetonedgs): 6 7.33(t), 7.17(t), 6.88(t), 6.78-
(t), 6.65(d) J(H,H) = 7.7 Hz, Ph).3P NMR (DMF/GDs, 1:1):
+12.4. Cyclic voltammetry (DMF/gDs (1:1)/0.25 M TBAHPF):

etry. The controlled potential electrolysis was performed with an Amel
552 potentiostat coupled to an Amel 771 integrator. A carbon gauze
was used as the working electrode either as a cathode or as an anode
for a reduction or oxidation, respectively. A platinum plate was the
anode and a saturated calomel electrode was the reference electrode,
each electrode being separated from the others by sintered glass disks.

Results and Discussion

Preparation and Stability. | can be prepared quantitatively
using Pd(dppm}Cl, in DMF in the presence of TBAHPF
according to two electrochemical methods. The two consist of
a complete electrolysis of the dinuclear complex-dt2 V vs
SCE in the presence of HGB (method 1) or HO + CO;,
(method 2), both being performed with a consumption of 2 equiv
of electricity flexp= 2.2+ 0.1 F mol%). As a typical example,
monitoring of the electrosynthesis bfs presented in Figure 1,
showing the evolution of the cyclic voltammetry traces of the
dinuclear species in the absence and presence@fadd CQ.
After complete electrolysis,is formed as the sole Pd-containing
product, as identified from a comparison of 8 NMR spectra
and cyclic voltammogram with an authentic sanigl€he global
reactions can be written as

2Pd,(dppm)Cl, + 2HCOH + 4e —
Pd,(dppm)(H),*" + 4CI” + 2HCO,™ (1)

co.
2Pd,(dppm)Cl, + 2 “H™ (from H,0) + 4 —
Pd,(dppm),(H),”" + 4Cl" (2)

No mechanistic detail is provided at this time, but electrolysis
in the presence of a very small amount gfH(with no added
CO,) generate$ and Pd(dppmy}, also identified by?P NMR
and CV of an authentic sampléThe presence df illustrates
that HO acts as a source of protons, whereagdgpm} is an



Pdy(dppm)(H)**

£

Figure 1. Cyclic voltammograms for BR@ppm}Cl, in DMF/0.2 M
TBAHFPs: (a) —, alone; (b) - - -, in the presence of,@ and CQ

(DMF/H,O = 10/0.75 v:v) at the early stage of electrolysis; {¢)
after a bielectronic reduction at1.2 V vs SCE. Initial potentials are
0.0, 0.0, and-0.5 V for curves a, b, and c, respectively. The sweep
rate is 200 mV/s. The C/Qvave corresponds to the redox process for
I/IV, while the ill-defined wave Eis the oxidation process fdr

electroreduction product generally obtained in aprotic mé&tia.
When the relative amount ofJ is decreased, the concentration
of | decreases. When the concentration of,G®increased,
the relative amount of increases as well. We suggest that the
formation of| according to method 2 is in fact promoted via
the well-known formation of carbonic acid (G&- H,O =
H,CO; == H' + HCOg37).

| can also be chemically prepared in good yield from the
same 8—d°® dimer using Na@CH. The direct reaction between

the two leads to a color change from orange to red to purple

within a minute at room temperature. Again, from CV ahtl
NMR and 3P NMR spectroscopyj, is identified as the sole
product. The overall reaction can be written as

2Pdy(dppm)Cl, + 2HCO, —
Pd,(dppm),(H),”" + 4CI” + 2CQ, (3)
In this case, attempts to isolate one of the intermedidlie}s (

is made. The variable temperatd NMR spectra for a DMF-
d7/methanold, mixture containing Pgdppm}Cl,/NaG,CH
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Figure 2. 3P NMR spectrum at 253 K of the intermediates formed
during the reaction of R{dppm}Cl, with NaO,CH in a 1:1 DMFd,/
methanold, mixture. The signals at about 11 and 9 ppm are due to
clusterlll .
affords a green solid that exhibits about same 263 K spectrum
described above. This compound proves to be readily unstable
in solution at room temperature, so its isolation in the pure state
is not possible. The spectral analysis for low-temperature
solutions, or for solid samples at room temperature, provides
the following information. There is no evidence fbrin the
samples according ti4 and3!P NMR spectroscopy and FAB
mass spectrometdf. The FAB mass spectra indicates the
presence of Pdragments at masses greater than 1700 and the
presence of HC®groups (Supporting Information). For in-
stance, a higher mass peak at 1993 can only be explained by
the fragment “Pg{dppm}(OCH)” (calcd mass= 1992.2). The
IH NMR spectra do not show any evidence of hydrides
(generally encountered between 0 andl0 ppm, or at about
+5 ppm forl). The solid-state IR spectra exhibiC=0) and
v(C—0) at 1672 and 1385 cm, respectively. In this cask =
287 cnt! and indicates that the formate ligand is M-bounded
only via the —O~ moiety1® The presence of twéP NMR
signals of similar intensity demonstrate€gplane of symmetry.
On the basis of these findings, the structure of intermedibate
can be proposed as a rectangulas(Bgdpm}), cluster where two

indicate that only the starting dinuclear species is present in —O,CH ligands bridge two Pd metals inGy, symmetry (Chart
solution between 193 and 233 K. The NMR peak experiences 2), somewhat similar to that found crystallographically fog-Pd

only a small shift from 3.23 (193 K) to 3.07 ppm (233 K),
keeping a full-width-at-half-maximum (fwhm) of0.2 ppm.
At 243 K, two new signals grow in a+12.0 and 14.0 ppm

(fwhm, ~1 ppm) (Figure 2). When the sample is subsequently

(dppm)(Cl),2* (Chart 3)16:17The bridging of two M atoms via
the —O~ moiety of a carboxylate ligand is not unprecederifed,
and the instability of this formato complex is not surprisifig.

I can also be prepared somewhat unexpectedly from the

warmed to 263 K, the peak associated with the starting material reaction between B@ppm}Cl, and Al(CHs); and subsequently

disappears and the peaks~a8.7 and 11.2 ppm (intermediate

[11') are now dominant in the spectra. The relative intensity ratio (14) | provides good signal-to-noise ratios in the FAB mass spectra where

is ~8:1 for the peaks at-8.7 and 11.2 ppm versus those at

~12.0 and 14.0 ppm. Finally, when the temperature reaches

273 K, the signal associated with clusteappears at-4.4 ppm

the detector sensitivity can be low. The relatively unstable product
Il exhibits a worse signal-to-noise ratio, so the detector sensitivity
must be increased for the measurements. Little contaminatidn of
inside samplell would be readily noticed. This was not the case.

and the others disappear completely. When reaction 3 is (15) TheA value is a function of the coordination mode. For instance, for

performed at about 263 K, the subsequent evaporation of DMF

(12) (a)*'P NMR data in a 1:1 DMF/CDGImixture: forl, —8.8 ppm:; for
Pd(dppm}Cl,, —4.86 ppm; for PE~ as supporting electrolyte;145.5
ppm; for Pd(dppm}, 15.9 ppm. In the last case, thiged'° dimer
reacts with CHGJ to form the d—d® A-frame Pd(dppm)(u-CHy)-
Cl, complex!?" So the signal at 15.9 ppm is due to its oxidized form.
(b) Caspar, J. VJ. Am Chem Soc 1988 110, 2145.

(13) Gauthron, I.; Mugnier, Y.; Hierso, K.; Harvey, P. New J Chem
1998 237.

a smallA value (<100 cnt?), the formate acts as a bridging ligand.
Nakamoto K. Z.Infrared and Raman Spectra of Inorganic and
Coordination Compoundgith ed.; Wiley: New York, 1986; p 232.

(16) Braunstein, P.; Luke, M. A.; Tiripicchio, A.; Camellini, M. Angew
Chem 1987, 26, 768.

(17) Braunstein, P.; Luke, M. A.; Tiripicchio, A.; Camellini, M. New
J. Chem 1988 12, 429.

(18) Fortin, D.; Drouin, M.; Harvey, P. D.; Herring, F. G.; Summers, D.
A.; Thompson, R. Clnorg. Chem 1999 38, 1253.

(19) Darensbourg, D. J.; Wiegreffe, P.; Riordam, CJGAm Chem Soc
1990 112 5759.
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Chart 1 (0,
J4uA ti 7@
Pda(dppm)s(H),>" ! °C
Csa o
Pd4(dppm)(H)2(X)2 X= CI la L "
Br b E (V/ECS)
BF, lc Ty
PFg Id
BPh, le
. Figure 3. RDE voltammogram of in DMF/0.2 M TBAHFPRs: (a) in
Pd4(dppm)a(H)3 I the presence of 3 equiv of HGB); (b) after a five-electron reduction
. at —1.5 V vs SCE; (c) after a subsequent four-electron oxidation at
Pd4(dppm)s(02CH),? i —0.45 V vs SCE. © |
Pdy(dppm)a(H),” v . _ - :
indicated that in facta andlb are similarly reactivé® but
Chart 2 limited stability has been observed in some solvents. During
2 the decomposition procesd] NMR spectroscopy and FAB
P/0\ p mass spectrometry reveal the presence of Pd(dppniX
I/CH | NMR24-26) - Pdy(dppmpX, (*H NMR,?4-26 FAB), and an

P Pd Pde—p unidentified species with fragment masses larger théire.,
>2034; FAB) as inorganic products. Upon addition of halides
< > (CI~ or Br7), this decomposition process is readily accelerated,
|/,,, | and even the catalytic processes described below are inhibited.
P e b To shed some light on what might initiate this instability/
Q reactivity, addition of CN and the preparation d€t, Id, and
le are made. The reaction of CNwith | also accelerates the
Chart 3 decomposition and generates ,@pmy(CN), as the Pd-
24 containing product’ Ic, Id, andle, which are prepared from a
-I counteranion metathesis witta and NaBkR, NaPFk, and
s NaBPh, respectively, are readily stable for weeks in solution.
P—Pd Pd=——p The nucleophile nature of the counteranion (CICI—, Br-)
< > appears to be a key factor in the relative stability. No attempt
P—Pd was made to identify the organic product, if any.

d—r-P

|c,| Homogeneous H-Evolution Catalysis. | is reduced to the

P P highly reactive neutral species fdppm)(H).° (V) at —1.42
N~ V vs SCE in DMF/0.2 M TBAHFP via two one-electron

o N processed? The 3P NMR spectra fotV exhibits a singlet at
with either NH;"/H,0 (method 1) or CHOH (method 2). The 0 = +13.9 ppm using a DMF/§D¢ (1:1) mixture. The rotating

procedure employed is th.e same as that reported by Stille etjisi electrode (RDE) voltammogram (Figure 3a) exhibits an
al?! where an unstable intermediate, o@ppm)(Cl)(CH), oxidation wave E (Ey, = +0.07 V vs SCE) and a reduction
evolves at room temperature to form the crystallographically \,~ve ¢ Ev»= 1.35 V vs SCE), which correspond kot 2 &
characterized Q@Uppm)g(CI)g(CHg)g and the_very react_ive [Rd = IV (C/C) and | — Pd(dppmp(H)** + 2e (E/E),
(dppm}] speues'(observed §pectrosgoplcally). I,t is strongly respectively’?® Electrolysis ofl in the presence of 2 and 20 equiv
su+spected tha+t this very reactiv®€ld' dimer oxidatively adds ¢ jco,H under the same conditions consumes 4 and 22 equiv
H™ (from NH, /HOZO, method 1; CHOH, method 2) to form. ¢ gjecirons, respectivelygy = 3.90 and 22.5 F mot). These
The ylglds 50% reIan_ve to Pd) are consistent with this  aqits indicate the presence of an electrocatalytical reduction
conclusion. Although this method is not convenient for the ¢ oo H within the electrochemical time scale. The presence
preparation of, it provides an important clue to what happens ¢ 1y, a5 an electroproduct is readily demonstrated using the
in the electrochemical preparationlofiescribed above. Hence, PdCh method (PAGI + Ha(g) — Pd(0) + 2HCI)2° and the

the same highly reactive intermediate is "?‘ISO generated eleC-gmq nt of H produced is quantitative with respect to the amount
trochemically from the two-electron reduction of Ritppm)-

13 i i i
Cl2.23To our knowledge, only one Pgdiphos) species (d|ph_os (24) Hunt, D. T.: Balch, A. Linorg. Chem 1981, 20, 2267.

= (Cy2.PCH.).) has been clearly isolated and crystallographically (25) Baich, A. L.; Hunt, C. T.; Lee, C.; Olmstead, M. M.; Farr, J.JP.
characterized? Am Chem Soc 1981, 103 3764.

I is also known to be relatively reactive toward halogenated (26) Balch, A.L.; Bonner, L. S.; Olmstead, M. Mhorg. Chem 1979 18,

2996.
solvents, HCI and | to form, among other products, the (27 (a) The compound was spectroscopically identified from a comparison
mononuclear Pd(dppm)X binuclear Pg{dppm}X,, or both with an authentic sampf&?< (b) Yip, H.-K.; Lai, T.-F.; Che, C.-M.
species (X= halogen), and on some occasions, a third J. Chem Soc, Dalton Trans 1991, 1639. (c) Hassan, F. S.; Markham,
uncharacterized Pd-containing speé&©ur previous study 2D7'g" Pringle, P. G.; Shaw, B. U. Chem Soc, Dalton Trans 1985
(28) The cyclic voltammograms exhibit an electrochemically irreversible

(20) Grushin, V. V.; Bensimon, C.; Alper, HDrganometallics1995 14, oxidation wave foa — Pdy(dppmy(H)2** + 2e.1° The FAB mass

3259. spectra of the bulk electrolysis mixture clearly indicate the presence
(21) Young, S. J.; Kellenberger, B.; Reibenspies, J. M.; Himmel, S. E.; of fragment peaks such asRdppm)(Cl)s(PFs) (2214.6), Pddppm)-

Manning, M.; Anderson, O. P.; Stille, J. K. Am Chem Soc 198§ (Cl)3 (2069.7), Pa(dppm)(Cl) (1998.7), etc., illustrating that the PPd

110 5744. core remains intact upon the two-electron oxidation. However, the
(22) Pan, Y.; Mague, J. T.; Fink, M. J.Am Chem Soc 1993 115 3842. presence of Pd hydrides is not formally established in this case.

(23) Kirss, R. U.; Eisenberg, Rnorg. Chem 1989 28, 3372. (29) Conneley, P.; Espenson, J. IHorg. Chem 1986 25, 2684.
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of current used® The turnover number has been found to be [Pda(dppm)a(H)2l2+ 2e
134 for a period B2 h with no evidence of catalyst decomposi-
tion. So the global reaction can be written as Hp + HCO-
2HCOH + 26—~ H, + 2HCO,” @) o
2

Pda(d H
A better understanding of the mechanism can be provided by +(dppm)atiz

the evolution of the RDE voltammogram along the electrolysis. [Pd4(dppm)4(H)a]*
In the presence of 3 equiv of sample, the electrolysis consumes
nearly 4 equiv of electronsif, = 4.31 F mot?) and the RDE

voltammogram exhibits the oxidation waveé3Q(Figure 3b), HCO2H
indicating that an intermediate of the typesRibpm)(Hs)™, HCOy
II', is formed according to Figure 4. Catalytic cycle for the electroreduction of HG@by I.
Pd,(dppm)(H),° + HCO,H — Pd,(dppm),(H)," + HCO," Kinetic Analysis. The rate ) of decomposition ofll, as
v 1] described by reaction 6, has been kinetically measuree2at
©) °C, a temperature allowing for a reaction time scale of several

Il is stable enough fob'P NMR analysis ¢ = 12.4 ppm in minutes. The II] has been monitored vs time by cyclic

DMF/CeDs 1:1, H coupled and decoupled) but could not be Voltammetry using the height of peak'sCHere,r can be
isolated because of the supporting electrolyte nor could it be €XPressed as

prepared chemically in a pure st&eOne of the reasons for d[il ]
this is that for subsequent addition of HeHD) intermediatdl r=———=
is decomposed to forrhand H: dt

K1 JRCO,H] @)

It can easily be demonstrated that

1 jln[A]o([B]o—x)]
[Alo—[Blo|  ([Al,— XIBI,

. . . ) where [Ap =[ll]att =0, [B]o =[HCO.H] att = 0, andx =

Hence, additions of Hlead to two consecutive reactions with [I1] that has been consumed at a giverFor [HCOH] and
Il as an intermediate, which can be observed confidently. This HCO,] = 10 and 20 equiv, respectively, a slope of 1.27
intermediate is best observed when the solutions are stirred(io_oz) «103s1M1is repllroducibly obta,ined.
vigorously, along with slow addition of acid. Depending on the
experimental conditiond| is stable for periods varying from a
few hours to a few days.

To confirm the acig-base chemistry described in eqs 5 and
6, subsequent additions of the more soluble TBAF saltl@ N ky
equiv) are made. In these cases, the production and the  Pdi(dppm)(H);" + HCOH <==
catalytical current expectedly decrease with an increase of I
HCO,~ concentration. This excess in conjugated base reduces “Pd,(dppm)(H),>"™ + HCO,™ (9)
the amount of H available but not enough to preclude the \Vj
appearance di . With larger amounts of TBAFX30 equiv),
H. production is stopped antl is generated quantitatively. —and
These experiments also indicate thatmust be strongly basic.

The catalytical cycle is completed whéris again reduced “Pd4(dppm)‘(H)42+”
to IV at constant potential. The catalytical cycle is shown in Vv
Figure 4, and the replacement of HeDby CRCO.H gives
the same results for catalysis. Addition of large amounts of LiCl is given by
(1 or more equiv) completely inhibits the catalysis as the ClI
ions decomposg, as previously noted. N dil] _ ko[l J][HCO,H]

©dt K+ k,[HCO, ]

Pdg(dppm),(H); +HCOH —
Il
kt =

Pd,(dppm)(H),%" + HCO,” + H, (6) (8)
|

By assuming a mechanism in which a very unstable inter-
mediate “Pd(dppmy(H)42+” participates, it can be easily shown
thatr involving reactions

k,

very fast

Pd,(dppm)(H)*" + H, (10)
|

(11)

(30) A comparison between the number of moles of tHeoretically
produced § = Q/F, F = Faraday constanf) = charge determined . . .
by integration of the electrolysis current) and the number effectively assuming the stationnary state (i.eVHfit = 0). If k_1[HCO,]
produced (experimentally obtained from the expansion of volume >> kj, then ther is given by
caused by the electrolysis in the hermetically closed electrochemical
cell connected to a water-containing U-shaped take(DV)P)/(RT), k. k
DV = expansion of volumeP = pressureR = gas constant] = p=— 2
temperature) at regular stages of the electrolysis (10, 20, 30, 40, and k_[HCO,]
50 C) gives a yield that is practically constant at 100%. HOMas -1 2
used as a standard to test this methodology. . .

(31) Additions of LiAlH4, LIAIEt3H, or LIAI(O—t-Bu)sH to la, or treatment If ko > k_4[HCO,7], then the equation can be rewritten as
of | with Na/Hg and then with M under an inert atmosphere, led to

[I][HCO,H] (12)

decomposition, forming Pd(dppm)Cis one of the products. Addition d[|| ]
of NaBH, did not lead to any reaction. However, additions of a large r=———={k}[lII][HCO,H] (13)
amount of TBAF slowly led to the formation df as stated in the dt

Experimental Sectiorll proves to be slightly unstable with time and ) ) o
could never be prepared pure. Experimentally, when [HC@] increases;, decreases, indicating
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that eq 12 applies. For an excess of HC® solution, [HCQ ] Scheme 1
is about constant and the rate of reaction becomes pseudo-

+4e,-4Cl_ "
second-order (Supporting Information). For comparative pur- 2 Pdy(dppm),Cl, ——» 2 "Pdy(dppm),®

poses, under the same experimental conditions of temperature 2HCOy »co Ex=118V
and concentration, reaction 6 occurs very rapidly (i.e., within a P cr2 .
few seconds). No kinetic data could in fact be obtained for the 2H

first protonation. This observation is consistent with the fact
that an electron-richer, unsaturated complex should be more
readily protonated than an electron-poorer one. Here, the formal
oxidation states for the Pd metals are 0.5 and 1.0Moandll ,

Pd,(dppm)a(H),>*
|

2", "Pd,(dppm)e(H)”
Ey=135V , |y

respectively. HCOZ _Coy H
Catalysis of H evolution using other carboxylic acids are (slow)
also observed. For instandejs reduced in the presence of 5 .
Pds(dppm)a(H)3

equiv of CHCO,H to form Il and consumes the expected 7
equiv of electronsriex, = 7.2 F mol'Y). However, the rates of
reaction are clearly .-dependent. Qualitatively, the rates of
H, evolution follow CRCO,H > HCO,H > CgHsCOH > CHs-
CO,H.?2 In addition, clusterl could only be observed quan-
titatively for CRCO,H and HCQH andnot quantitatvely for

Cly (d°—=d9. | is relatively stable but is sensitive to the
nucleophility of its counteranion environment. Similaidly can
also be generated chemically frdrand HCQ~ (“H ~" donnor)

the two other acids. This behavior is not understood at this point, oy electrochemicallyl(+ 2e~ + H*; Scheme 1). Indeed, a two-
and consequently, irreproducible kinetic data have been ac-gjectron reduction of generates the electron-rich species
quired, despite rigorous identical concentrations and material ,hich is a strong base readily capable of addint tdl form
purity. When Iarge_ amounts of HGOare added to the solutions relatively stable clustéf. This cluster can act as an acceptor
prior to electrolysis (typically 2.0 equiv) and when the second of a second proton, clearly more slowly than the first one, and
acid RCOH (R = CeHs, or CH) is subsequently added, cluster as an oxidizing agent when electrochemically oxidized. Both

Il is again observed quantitatively during electrolysis. . . . :
Homogeneous Formate Decomposition CatalysisThe catalytical Hz evoI}J tlon from carboxylic acids (RC}BI). and
decomposition/oxidation of HCO are observed. This dual

chemically reversible C3/Crocess occurs at0.61V vs SCE . .
as stated above, but coulometry indicates that the number of€lectrocatalytical property is, to our knowledge, unprecedefited.

equivalents of electrons necessary to bring this system to zeroOther electrocatalysis are also likely to occur withn addition,
current is a function of the number of equivalents of HcO  Kirss and Eisenbef§reported thermal hydrogenation catalysis
ions in solution. The presence of HGOss due to reduction of ~ Of phenylacetylene into styrene under NMR conditions. Pre-
HCO;H necessary to generate (reaction 5) and due to the liminary results show that under high pressures gaH50°C,
added NaGCH. Hence, the total number of electrons necessary catalytical production of ethylbenzene as a major product is
to perform the oxidation ofi at the G' wave is reproducibly observed. It is anticipated that some intermediate species similar
measured according to the following equation: to that investigated in this work are also present in this catalytical
hydrogenation.

n(oxidation)=n(HCO, ) + 1 (14)
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wheren(oxidation) represents the total number of equivalents
of electrons necessary to perform the oxidatioti @hd HCQ,
n(HCO,") is the total number of equivalents of HGOpresent

in solution, and 1 is the residual number of equivalents of
electrons necessary to oxidize alone. As an example, the
oxidation ofll at—0.61 V vs SCE in the presence of 10 equiv
of HCO,~ consumes 11 equiv of electromg,p= 11.5 F mof?).
These results demonstrate that this process is also catalytic. No Supporting Information Available: Tables listing FAB-MS data
such behavior is observed for gF0,~ and CHCO,~. The for Ic andlll and graph of ([A} — [B]o)™* In{[A]o([B]o — X)} {[Ble-
presence of Kas an electroproduct readily detected according ([Alo — X)} @s a function of time. This material is available free of

to the PdC) method® and quantified as described earifer
allows us to write the following catalytical decomposition
equation:

HCO,” — ,H, + CO, + 1€

charge via the Internet at http://pubs.acs.org.

1C9913987

(32) Kavalues for CECO,H, HCO,H, CsHsCO,H, and CHCO,H in water

E,=—-0.61Vvs SCE
(15) are 2.30, 3.75, 4.20, and 4.76, respectively, and in DMF are unknown,
11.6, 12.3, and 14.2, respectivejandbook of Chemistry and Physics
60th ed., p D-165. Demange-Guerin, Talanta197Q 17, 1099. For
CRCOMH, k= 2.53 @0.04) x 104s M1 at—22°C with [B]o =
[CFsCOH] = 2 equiv and [CECO, ] = 20 equiv. The smaller relative
concentration in [CECOH] is used to ensure a slower protonation.
Otherwise, the reaction is too fast (several seconds to less than a
minute) to accurately measure the rate constant. For instance, when

: [CFsCOH] = 4 or 5 equiv, then the protonation reaction is completed
Concluding Remarks in less than 1 min.

; . (33) Koelle, U.New J Chem 1992 16, 157.
I .C.an be:‘ pr,?pared Vla. two general ways .(SCheme 1): (@) (34) The catalytical decomposition of HGEin H, and CQ has recently
addition of “H™ to a chemically or electrochemically generated

) <! been reported. Gao, Y.; Kuncheria, J.; Yap, G. P. A;; Puddephatt, R.
Pdy(dppm) species (H#—d'9); (2) addition of “H™" to Pdx(dppm}- J. Chem Commun 1998 2365.

Equation 15 is in agreement with the known reducing ability
of the HCQ™ ion.32 As expected, additions of HGO (from
TBAF) induce an increase in the catalytical oxidation current
and H production.





