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Square-planar palladium complexes containing tridentate ligands with PXP (X = C, N, 
0, S, and As) donor sets have been prepared. For [Pd(POP-R>(CH3CN)2l(BF4)2 complexes 
(where POP-R is bis((diethy1phosphino)ethyl) ether, bis((dipheny1phosphino)ethyl) ether, or 
bis((dicyclohexy1phosphino)ethyl) ether), the POP-R ligands function as bidentate ligands. 
For all other complexes, the PXP ligands function as tridentate ligands. The complex [Pd- 
(PCP)(PEt3)](BF4) (where PCP is 2,6-bis((diphenylphosphino)methyl)phenyl) crystallizes in 
the triclinic space group Pi with a = 10.276(2) A, b = 10.978(2) A, c = 18.807(3) A, a = 
84.820(10)", ,6 = 76.910(10)", y = 63.870(10)", V = 1855.2(6) Hi3, and 2 = 2. The structure 
was refined to  R = 0.0335 and R, = 0.0442 for 7570 independent reflections with F > 4.00- 
0. [Pd(PNP)(PEt3)](BF4)2 (where PNP is 2,6-bis((diphenylphosphino)methyl)p 'dine) crys- 
tallizes in the monoclinic space group C2/c with a = 13.246(2) A, b = 14.299(2) = 20.847- 
(4) A, p = 100.96(2)", V = 3876.5(11) Hi3, and 2 = 4. The structure was refined to  R = 
0.0436 and R, = 0.0556 for 3106 independent reflections with F > 6.OdF). Both cations 
adopt square-planar structures with small C-Pd-P (79.0 and 79.1") and N-Pd-P (80.3") 
chelate angles. The Pd-P bond distances of the triethylphosphine ligands differ by 0.079 A 
for these two complexes. The acetonitrile complexes undergo one-electron reductions, while 
the corresponding triethylphosphine complexes undergo two-electron reductions. [Pd(PCP)- 
(CH3CN)](BF4) exhibits significant catalytic currents in the presence of acid and C02. The 
dependence of the catalytic current on C02 and acid concentrations is consistent with the 
formation of a hydroxycarbonyl intermediate which decomposes in the presence of acid to  
form H2 as the catalytic product. Structure-activity relationships for C02 reduction for 
this class of compounds are discussed. 

Introduction 

The electrochemical reduction of C02 is catalyzed by 
a variety of homogeneous and heterogeneous cata1ysts.l 
The most extensively studied homogeneous catalysts are 
transition-metal complexes containing either macrocy- 
clic or bipyridine ligands.2 Only a few reports have 
appeared describing the electrochemical reduction of 
C02 using transition-metal phosphine complexe~.~-~ As 
a result of studies of transition-metal complexes con- 
taining polyphosphine ligands, [Pd(triphosphine)(sol- 
vent)l(BF& complexes were found to  catalyze the 
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electrochemical reduction of COZ to CO in acidic dim- 
ethylformamide or acetonitrile  solution^.^,^,^ Depending 
on the nature of the triphosphine ligand, these com- 
plexes can exhibit high catalytic rates and selectivities 
at relatively positive potentials. Palladium complexes 
in which the terminal phosphorus atoms have been 
substituted with nitrogen or sulfur atoms failed to 
catalyze the electrochemical reduction of C02 to C0.6 
In this paper we report the synthesis of palladium 
complexes containing tridentate ligands with PCP, PNP, 
POP, PSP, and PAsP donor sets to determine the effect 
of varying the identity of the central donor atom of the 
tridentate ligand on catalytic activity. None of the 
complexes prepared catalyze the electrochemical reduc- 
tion of COz under conditions where the analogous 
triphosphine complexes exhibit significant activity. 
However, an enhanced rate of proton reduction in the 
presence of C02 for some of the complexes indicates that 
COz intermediates are formed upon reduction. 

Experimental Section 
Materials and Physical Methods. Reagent-grade diethyl 

ether, tetrahydrofuran (THF), and toluene were purified by 

(8 )  DuBois, D. L.; Miedaner, A. Inorg. Chem. 1986,25, 4642; 1988, 
27, 2479. Miedaner, A,; DuBois, D. L.; Curtis, C. J. Organometallics 
1993, 12, 299. 
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Pd Complexes Containing Tridentate Ligands 

distillation from sodium benzophenone ketyl. Acetonitrile and 
dichloromethane were distilled from CaH2 under nitrogen. 
Reagent-grade ethanol and dimethylformamide from Burdick 
and Jackson were deoxygenated by purging with nitrogen prior 
to use. Dimethylformamide was stored in an inert-atmosphere 
glovebox after deoxygenation, and ethanol was stored under 
a positive pressure of nitrogen in a flask. Dichloromethane- 
dz and acetonitrile-& were purified by vacuum transfer from 
CaHz and stored in a glovebox. Acetone-& was dried over 4-A 
molecular sieves, vacuum-transferred, and stored in a glove- 
box. Diphenylphosphine and triethylphosphine were obtained 
from Strem Chemicals, Inc., and used without further purifi- 
cation. Vinylmagnesium bromide in THF and potassium tert- 
butoxide (KO-t-Bu) were obtained from Aldrich Chemical Co., 
Inc. KO-t-Bu was sublimed prior to use. Phenylarsine oxide 
was purchased from AlfdJohnson Matthey. 

NMR spectra were obtained on a Varian Unity 300-MHz 
NMR spectrometer operating at 299.95,121.42, and 75.43 MHz 
for 'H, 31P, and I3C nuclei, respectively. Chemical shifts for 
'H NMR spectra are reported in ppm relative to tetrameth- 
ylsilane using solvent peaks as secondary references. 31P NMR 
chemical shifts are referenced to external H3P04. Infrared 
spectra were obtained using a Nicolet 510 P spectrometer on 
samples prepared as Nujol mulls or dichloromethane solutions. 
IR spectra on solutions at elevated CO pressures as specified 
in the text were made using a commercially available high- 
pressure cell (Harrick Scientific Corp.). Coulometric measure- 
ments were carried out at 25-30 "C using a Princeton Applied 
Research Model 173 potentiostat equipped with a Model 179 
digital coulometer and a Model 175 universal programmer. The 
working electrode was constructed from a reticulated vitreous 
carbon rod with a 1-cm diameter and length of 2.5 cm (100 
poredin., The Electrosynthesis Co., Inc.). The counter elec- 
trode was a W wire, and a Pt wire immersed in a 5050 mixture 
of permethylferrocene/permethylferrocenium was used as a 
reference e le~t rode .~  The electrode compartments were sepa- 
rated by Vycor disks (7-mm diameter). Measurements of 
current efficiencies for gas production were carried out in a 
sealed flask (120 mL), from which gas aliquots were withdrawn 
for gas chromatographic analysis. Details of chromatography 
conditions are presented e l s e ~ h e r e . ~  In a typical experiment, 
a 1.0 x M solution of catalyst in dimethylformamide (10.0 
mL) was saturated with COz by purging the solution for 30 
min. H3P04 (20 pL of a 14.7 M solution for [Pd(PCP)(CH3- 
CN)](BF4)) or HBF4 (50 pL of a 9.4 M aqueous solution for all 
other complexes) was added via syringe, and the solution was 
electrolyzed at  potentials approximately 100 mV negative of 
the peak potential of the first cathodic wave of the complex. 
The electrolyses were considered complete when the current 
had decayed to 5-10% of the initial value. Cyclic voltammetry 
and chronoamperometry experiments were carried out using 
a Cypress Systems computer-aided electrolysis system. The 
working electrode was a glassy-carbon disk of 1-mm diameter. 
The counter electrode was a glassy-carbon rod, and the 
reference electrode was a Pt wire immersed in a permethyl- 
ferrocendpermethylferrocenium so l~ t ion .~  Ferrocene was used 
as an internal standard, and all potentials are reported vs the 
ferrocendferrocenium couple.1° All solutions for cyclic volta- 
mmetry and coulometric experiments were 0.3 N NEt4BF4 in 
dimethylformamide or acetonitrile. Catalytic currents were 
measured on solutions containing H3P04 as the acid for 
[Pd(PCP)(CH&N)](BF4) and HBF4 (0.05 M) for the remaining 
complexes. 

X-ray crystallographic measurements were carried out on 
a Siemens P3/F autodiffractometer. Mo Ka radiation (mono- 
chromatized by diffraction off a highly oriented graphite 
crystal) was used in this study. The crystals were mounted 
with epoxy on glass fibers. Programs in the Siemens X-ray 

(9) Bashkin, J. K.; Kinlen, P. Inorg. Chem. 1990,29, 4507. 
(10) Gagne, R. R.; Koval, C. A.; Lisensky, G. C. Inorg. Chem. 1980, 

19,2855. Gritzner, G.; Kuta, J. Pure Appl. Chem. 1984,56,461. Hupp, 
J. T. Inorg. Chem. 1990,29, 5010. 
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Table 1. Crystal Data, Data Collection Conditions, and 
Solution and Refinement Details 

empirical formula 
color, habit 

crystal dimensions 
space group 
crystal system 
unit cell dimensions 
a 
b 

a 
B 
Y 
V 

C 

dedc 
formula weight 
absorption coefficient 
radiation 
temp, "C 
final residuals 

(obsd data) 
residuals (all data) 

C3sH4zBF4PPd 
clear, rectangular prism 

0.3 x 0.6 x 0.7 mm 

triclinic 

10.276(2) 8, 
10.978(2) 8, 
18.807(3) 8, 
84.820( 10)' 
76.910(10)" 
63.870(10)0 
1855.2(6) A3 

P i  

L 

1.405 g/cm3 
784.8 
0.665 mm-l 

Mo Ka (1 = 0.710 73 8,) 

R = 3.35%, R, = 4.42% 

R = 3.88%. R, = 4.53% 

22-24 

C ~ ~ H ~ Z B Z F ~ N P ~ P ~  
clear, colorless 

rhombohedron 
0.2 x 0.1 x 0.75 mm 
C2lc 
monoclinic 

13.246(2) A 
14.299(2) 8, 
20.847(4) 8, 

100.96(2)" 

3876.5(11) A3 
4 
1.497 g/cm3 
873.6 amu 
0.658 mm-l 

Mo Ka (1 = 0.710 73 8,) 

R = 4.36%, R, = 5.56% 

R = 6.49%, R, = 6.23% 

22-24 

package were used for data collection and for structure solution 
and refinement. Details of the experimental conditions are 
given in the supplementary material. Table 1 summarizes the 
crystal data for [Pd(PCP)(PEt3)I(BFJ and [Pd(PNP)(PEt3)1- 

Syntheses. The compounds 1,3-bis((diphenylphosphino)- 
methyl)benzene,112,6-bis((diphenylphosphino)methyl)pyridine 
(PNP),12 bis((dipheny1phosphino)ethyl)amine (pNHp),13J4 dichlo- 
rophenylar~ine,~~ bis((dipheny1phosphino)ethyl) sulfide (PSP),16 
bis((dipheny1phosphino)ethyl) ether (POP),17 and [Pd(CH&N)& 
(BF4)P were prepared by literature methods. Slight modifica- 
tions of the literature method for POP were used to prepare 
the ethyl and cyclohexyl analogues. 'H NMR spectral data 
for all new ligands are listed below. 31P NMR data for both 
ligands and complexes are summarized in Table 2. 
Bis((diethy1phosphino)ethyl) Ether (POP-E). 'H NMR 

(CD3CN): OCHZCHZP, 3.51 ppm (dt, 3 J ~  = 7.5 Hz, 3JpH = 
8.4 Hz); OCH&H2P, 1.62 ppm (dt, 'JPH = 1.5 Hz); PCH2CH3, 
1.40 ppm (4, 3 J ~  = 6.9 Hz, 2 J p ~  < 1 Hz); PCH&H3,0.95 ppm 
(dt, 3 J p ~  = 14.7 Hz). 
Bis((dicyclohexy1phosphino)ethyl) Ether (POP-C). lH 

NMR (toluene-&): OCH2CH2P, 3.67 ppm (dt, 3 J ~ ~  = 8 Hz, 
3JPH = 6 Hz); OCHzCHzP, 1.80 ppm (dt, 'JPH = 3 Hz); CsH11, 

(BF4)2. 

1.1-1.75 ppm (m's). 
Divinylphenylarsine. A solution of vinylmagnesium bro- 

mide (22 mmol) in THF (22 mL) was added to a cold solution 
(-78 "C) of phenyldichloroarsine (2.0 g, 8.97 mmol) in THF 
(75 mL). The solution was warmed to room temperature and 
stirred overnight. The THF was removed from the solution 
by distillation at atmospheric pressure; then divinylpheny- 
larsine (0.62 g, 35%) was distilled at  70 "C and 0.2 Torr. 'H 
NMR (toluene&): Ph, 7.0-7.2,7.4-7.5 ppm (m's); AsCH=CHz, 

(11) Rimml, H.; Venanzi, L. M. J. Organomet. Chem. 1983,259, C6. 
For other complexes of this type see: Moulton, C. J.; Shaw, B. C. J. 
Chem. SOC., Dalton Trans. 1976, 1020. Kaska, W. C.; Nemeh, S.; 
Shirazi, A.; Potuznik, S. Organometallics 1988, 7 ,  13. Haenel, M. W.; 
Jakubik, D.; Kruger, C.; Betz, P. Chem. Ber. 1991,124, 333. 
(12) Dahlhoff, W. V.; Nelson, S. M. J. Chem. SOC. A 1971, 2184. 
(13) Nuzzo, R. G.; Haynie, S. L.; Wilson, M. E.; Whitesides, G. M. 

J .  Org. Chem. 1981, 46, 2861. 
(14) Sacconi, L.; Morassi, R. J. Chem. SOC. A 1968, 2997. 
(15)Millar, I. T.; Heaney, H.; Heinekey, D. M.; Fernelius, W. C. 

Inorg. Synth. 1960, 6, 113. Levason, W.; McAuliffe, C. A. Ibid. 1976, 
16, 184. 
(16) Degischer, G.; Schwarzenbach, G. Helu. Chim. Acta 1966,49, 

1927. 
(17) Sacconi, L.; Gelsomini, J. Inorg. Chem. 1968, 7,  291. 
(18)Sen, A.; Ta-Wang, L. J. Am. Chem. SOC. 1981, 103, 4627. 

Hathaway, B. J.; Holah, D. G.; Underhill, A. E. J. Chem. SOC. 1962, 
2444. 
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Table 2. 31P NMR Data for Ligands and Complexes 

Stefey et al. 

product was collected by filtration and dried in a vacuum (0.50 
g, 64%). Anal. Calcd for C38H42BF4P3Pd: C, 58.15; H, 5.40; 
P, 11.85. Found: C, 58.64; H, 5.50; P, 11.33. 'H NMR (CD3- 
CN): Ph, 7.0-7.8 ppm (m); CH2PPh2, 4.30 ppm (t, splitting 
4.5 Hz); PCH2CH3, 0.96 ppm (quintet, 2 J ~ ~  = 3 J ~ ~  = 8 Hz); 
PCH2CH3, 0.76 ppm (d oft, 3 J p H  = 17 Hz). 

[Pd(PNP)(CHsCN)I(BE)2 (3) and ([Pd(PNP)l2@-PNP)}- 
(BF4)4 (4). A solution of [Pd(CH&N)J(BF4)2 (0.44 g, 1.0 mmol) 
in acetonitrile (30 mL) was added to a solution of 2,6-bis- 
((dipheny1phosphino)methyl)pyridine (PNP; 0.48 g, 1.0 mmol) 
in dichloromethane (50 mL). The reaction mixture was stirred 
for 1 h at room temperature. Then the solvent was removed 
on a vacuum line to  produce a yellow solid. 31P and 'H NMR 
data of this solid dissolved in CD3CN are discussed in the text. 
These spectra indicate a mixture of [Pd(PNP)(CH&N)](BF4)z 
and {[Pd(PNP)12Cu-PNP)}(BF4)4. 

[Pd(PNP)(PEts)I(BF4)2 (5). Triethylphosphine (0.16 g, 
1.25 mmol) was added to an acetone solution (40 mL) of the 
solid mixture resulting from the previous preparation. The 
solution was allowed to stand for 1 day, during which well- 
shaped crystals formed. The crystals were collected by filtra- 
tion and dried in a vacuum (0.54 g, 64%). Anal. Calcd for 
C ~ & ~ B Z F ~ N F ' ~ P ~ :  C, 50.87; H, 4.85; N, 1.60. Found: C, 51.10; 
H, 4.75; N, 1.65. 'H NMR (CD3CN): phenyl and pyridine 
protons, 7-8 ppm (m); CH~PPh2,4.87 ppm (t, splitting 5.1 Hz); 
PCHzCH3, 1.32 ppm (quintet, 2 J p ~  = 35HH = 8 Hz); PCH2CH3, 

[Pd(PNHP)(CHsCN)I(BF4)2 (6). A solution of bis((diphe- 
ny1phosphino)ethyl)amine (PNHP) (0.81 g, 1.83 mmol) in 
dichloromethane (30 mL) was added to a solution of IPd(CH3- 
CN)4I(BF4)2 (0.81 g, 1.83 mmol) in acetonitrile (30 mL). The 
reaction mixture was stirred for 5 days at room temperature. 
The solvent was removed on a vacuum line to produce a white 
solid (1.20 g, 87%), which was pure on the basis of 31P and IH 
NMR data. An analytical sample was recrystallized from a 
mixture of dichloromethane and ethanol containing 2% CH3- 
CN. Anal. Calcd for C ~ O H ~ Z B ~ F S N ~ P ~ P ~ :  C, 47.25; H, 4.23; 
N, 3.67. Found: C, 47.33; H, 4.03; N, 3.63. 'H NMR (acetone- 
&): Ph, 7.5-8.2 ppm (m); NH, 6.9 ppm (broad singlet); 
NCHZCH~P, 2.9-3.8 ppm (m); CH3CN, 2.61 ppm (s). IR (CH2- 
Cl2): Y C N ,  2305 cm-l; vm, 3189 CM-'. 

[Pd(PNHP)(PEts)](BF& (9). Triethylphosphine (0.08 g, 
0.66 mmol) was added via syringe to a stirred solution of [Pd- 
(PNHP)(CH&N)I(BF& (0.50 g, 0.66 mmol) in CH3CN (50 mL). 
After 2 h at room temperature, the solvent was removed with 
a vacuum line to  produce a white solid. The product (0.33 g, 
60%) was recrystallized from a mixture of acetone and hex- 
anes. Anal. Calcd for C34HsdBzFgNP3Pd: C, 48.62; H, 5.28; 
N, 1.67; P, 11.07. Found: C, 48.79; H, 4.75; N, 1.63; P, 10.83. 
'H NMR (CD3CN): Ph, 7.6-8.2 ppm (m); NH, 5.8 ppm (broad 
singlet); NCHZCH~P, 2.4-3.6 ppm (m); PCHzCH3, 1.24 ppm 
(quintet, 3 J ~ ~  = 'JPH = 8 HZ); PCH2CH3,0.72 ppm (dt, 3 J p ~  = 
18 Hz). 1R (CHzC12): Y M ,  3204 cm-'. 

[Pd(POP-E)(CHsCN)21 (BF4)2 (loa). [Pd(CH3CN)41(BF& 
(0.88 g, 2.0 mmol) was added to  a solution of bis((diethy1phos- 
phino)ethyl) ether (POP-E; 0.50 g, 2.0 mmol) in acetonitrile 
(20 mL). The yellow solution was stirred overnight at room 
temperature. Solvent was removed with a vacuum line until 
the volume of the solution was approximately 5 mL. Ether 
(30 mL) was added to the concentrated solution, which was 
placed in a refrigerator (4 "C) overnight. The yellow solid that 
precipitated was collected by filtration and dried in a vacuum 
(1.08 g, 95%). An analytical sample was recrystallized from 
a mixture of acetonitrile and ether. Anal. Calcd for C16H34- 
BZFsNzPdP20: C, 31.38; H, 5.60; N, 4.57; F, 24.82. Found: 

CHzP, 3.92 ppm (dt, 3 J p H  = 18 Hz, 3 J ~  = 6 Hz); OCH2CH2P, 
2.37 ppm (m); PCH2CH3, 2.10 ppm (m); uncoordinated CH3- 
CN, 1.96 ppm; PCHzCH3,1.25 ppm (dt, 3 J p ~  = 19 HZ, 3 J ~ ~  = 
8 Hz). IR (CHzC12): YCN, 2293 and 2321 cm-'. A band 
observed at 2254 cm-I is assigned to  uncoordinated CH3CN. 

[Pd(POP)(CHsCN)21(BF4)2 (lob). This complex was pre- 

0.85 ppm (dt, 3 J p ~  = 19 Hz). 

C, 31.46; H, 5.31; N, 4.39; F, 21.76. 'H NMR (CD3CN): OCH2- 

-8.8 
43.2 
48.1 (d) 7.7 (t) 
-4.4 
38.0 
41.4(d) 21.9 

41.4 (d) 28.5 (t) 
(t. PPhz) 

-13.1 
47.5 
47.6 (d) 22.8 (t) 
-16.4 
55.3 
50.6 (d) 26.0 (t) 
-12.4 
57.6 
59.5 (d) 18.6 (t) 
-26.2 
36.2 
47.2 (d) 41.6 (t) 
-15.2 
19.8 
44.8 (d) 40.4 (t) 
-4.9 
52.1 
71 
61.4 (d) 36.8 (t) 
-12.8 (d) 
54.6 (d) 
54.4 (dd) 11.3 (dt) 
-18 
-5.2 
2.0 -17.2 (dt) 

0 
52 

37 57 
0 

42 
18 46 

18 46 
0 

61 
24 61 

0 
72 

21 67 
0 

70 
27 72 

0 
62 

20 73 
0 

35 
17 60 

0 
57 
76 

19 66 
0 

67 
29 67 

0 
13 

42 19 

a All spectra were recorded in acetonitrile-& except for the last entry, 
which was recorded in nitromethane-ds. Chemical shifts are given in ppm 
relative to external H3P04. AC is the coordination chemical shift and is 
the difference in the chemical shift between the free ligand and the 
corresponding resonance for the complex. Data from ref 6. 

6.49 ppm (dd, 3 J ~ ( t r a n s )  = 19 Hz, 3 J ~ ~ ( c i s )  = 11 Hz); 
AsCH=CH2 (trans to As), 5.78 ppm (d); AsCH=CHz (cis to As), 
5.61 ppm (d). 
Bis((dipheny1phosphino)ethyl)phenylarsine (PAsP). 

Divinylphenylarsine (0.50 g, 2.43 mmol), diphenylphosphine 
(1.0 g, 5.4 mmol), and potassium tert-butoxide (0.1 g) were 
dissolved in THF (25 mL). After the solution was refluxed for 
1 week, the solvent was removed on a vacuum line to yield a 
colorless oil (1.50 g, 97%). lH NMR (toluene-&): Ph, 6.9-7.3 
ppm (m's); ASCH~CH~P, 1.6-1.8, 2.0-2.2 ppm (m's). 

[Pd(PCP)(C&CN)I(BF4) (1). A solution of 1,3-bis((diphe- 
ny1phosphino)methyl)benzene (0.47 g, 1.0 mmol) in THF (3.5 
mL) was added to a solution of [Pd(CH&N)41(BF& (0.44 g, 
1.0 mmol) in acetonitrile (40 mL). The reaction mixture was 
stirred at 50 "C for 0.5 h. A yellow solid resulted when the 
solvent was removed by applying a vacuum. The product was 
recrystallized twice. The first recrystallization was from a 
mixture of dichloromethane and ethanol, and the second was 
from acetone by slow evaporation of the solvent under nitrogen. 
The white needles that formed were collected by filtration and 
dried in a vacuum (0.30 g, 42%). Anal. Calcd for C34H30- 
BF4NPzPd: C, 57.70; H, 4.27; N, 1.98. Found: C, 58.33; H, 
4.28; N, 1.92. IH NMR (acetone-&): Ph, 7.05-7.8 ppm; CH2- 
PPh2, 4.25 ppm (t, splitting 4.9 Hz); CHsCN, 2.21 ppm (s). IR 
(CH2C12): YCN, 2287 and 2316 cm-l. 

[Pd(PCP)(PEts)l(BF4) (2). A solution of PCP (0.47 g, 1.0 
mmol) in THF (3.5 mL) was added to a solution of [Pd(CH3- 
CNhI(BF4h (0.44 g, 1.0 mmol) in acetonitrile (30 mL). The 
yellow reaction mixture was stirred overnight at room tem- 
perature, and then triethylphosphine (0.12 g, 1 mmol) was 
added. After the solution was stirred for an additional 2 h, 
the solvent was removed on a vacuum line to produce a yellow 
powder. The product was recrystallized from a mixture of 
dichloromethane and ethanol to  produce a white solid. The 
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Pd Complexes Containing Tridentate Ligands 

pared in a manner analogous to that for [Pd(POP-E)(CH&N)2]- 
(BF4)2 using bis((dipheny1phosphino)ethyl)ether (POP) by 
mixing the solutions at -80 "C followed by warming to room 
temperature. lH NMR (acetone-de): Ph, 7.5-7.9 ppm (m); 
OCHZCH~P, 4.01 ppm (dt, 3 J p ~  = 20 Hz, 3 J ~  = 6 Hz); 
OCHzCHzP, 3.23 ppm (m); CHsCN, 1.95 ppm (s). IR (Nujol): 
Y C N ,  2298 and 2325 cm-'. 
[Pd(POP-C)(CIisCN)a](BF4)2 (1Oc). This complex was 

prepared in a manner analogous to [Pd(POP-E)(CH&N)2]- 
(BF& using bis((dicyclohexy1phosphino)ethyl) ether (POP-C) 
as the ligand. The reaction conditions were 70 "C for 5 h. This 
complex could not be obtained analytically pure. On the basis 
of 31P and 'H NMR data, we estimate a purity of approximately 
85%. The major phosphorus-containing impurity appears to 
be the trans complex in which oxygen is coordinated (see Table 
2 for 31P NMR data). IH NMR (acetone-&): PCH2CH20,4.19 
ppm (dt, 3 J ~ ~  = 16 Hz, 3 J ~  = 6 Hz); PCH~CHZO, C6H11, and 
CH3CN, 1.2-2.8 ppm (m's). IR (CHzClz): YCN, 2294 and 2320 
cm-'. 

[Pd(POP)(PEt3)I(BF4)2 (llb). Triethylphosphine (0.062 
g, 0.52 mmol) was added via syringe to a solution of [Pd(POP)- 
(CH&N)z](BF& (0.40 g, 0.50 mmol) in dichloromethane (30 
mL). The reaction solution was stirred for 0.5 h, and then 
hexane was added to give a white precipitate. The product 
was recrystallized from a mixture of acetone and ether. The 
solid (0.32 g, 76%) was collected by filtration and dried in a 
vacuum. Anal. Calcd for C34&B2F&PdO: C, 48.58; H, 5.16; 
P, 11.05. Found: C, 48.10; H, 4.76; P, 10.62. lH NMR (CD3- 
CN): Ph, 7.6-8.0 ppm (m); OCHZCH~P, 4.01 ppm (m); 
OCHzCHzP, 3.16 ppm (9, splitting 4 Hz); PCHzCH3, 1.32 ppm 
(quintet, 3 J ~  = 2Jp H = 8 Hz); PCH&H3,0.79 ppm (dt, 3 J p ~  = 
19 Hz). 

[Pd(POP-E)(PEts)l(BF4)2 (lla). This compound was pre- 
pared according to the procedure described for [Pd(POPXPEt3)]- 
(BF& using POP-E as the ligand. lH NMR (CD3CN): OCH2- 
CHzP, 4.14 ppm (m); OCH~CHZP, 2.48 ppm (m); PCHzCH3,2.0, 
2.1 ppm (m); PCHzCH3, 1.21, 1.19 ppm (overlapping triplets). 
[Pd(POP-C)(PEts)](BPh4)2.NaBPh4 (llc). Triethylphos- 

phine (0.2 mL) was added via syringe to a solution of [Pd(POP- 
C)(CH~CN)~](BF~)Z (1.0 mmol) prepared as described above. 
The reaction mixture was stirred for 1 h at room temperature, 
and then the solvent was removed on a vacuum line. The 
yellow solid that resulted was dissolved in acetonitrile (15 mL) 
and treated with a solution of NaBPk (1.0 g) in ethanol (20 
mL). The white microcrystalline precipitate that resulted was 
collected by filtration and dried in a vacuum (0.67 g, 40%). 
Anal. Calcd for C ~ O ~ H ~ Z ~ B ~ N ~ P ~ P ~ O :  C, 76.15; H, 7.66; Na, 
1.38; P, 5.56. Found: C, 76.45; H, 7.18; Na, 1.18; P, 5.56. lH 
NMR (CD3CN): Ph, 6.8-7.3 ppm (m); OCH2CH2P, 4.16 ppm 
(m); OCHzCHzP, C6H11, PCHzCH3, 1.3-2.5 (m's). The integra- 
tion ratio expected for PhIOCH2CH2PICeH11, PCH2CH3, 
OCHzCHzP is 60/4/63, and the observed ratio is 60/4/66. 

[Pd(PSP)(CH&N)I(BF4)2 (7). A solution of bis((diphe- 
ny1phosphino)ethyl) sulfide (PSP; 1.29 g, 2.82 mmol) in toluene 
(100 mL) was added to a solution of [Pd(CH&N)4](BF4)2 (1.0 
g, 2.3 mmol). The solution was stirred overnight, and then 
the solvent was removed with a vacuum line to yield an orange 
solid. This product was recrystallized from a mixture of 
acetonitrile and ether (0.75 g, 43%). Anal. Calcd for C30H31- 
BzF8NPzPdS: C, 46.22; H, 4.01; N, 1.80; P, 7.95. Found: C, 
46.53; H, 4.11; N, 1.52; P, 7.90. IH NMR (acetone-&): Ph, 
7.8-7.95, 7.6-7.8 ppm (m's); SCH~CHZP, 3.9-4.2 ppm (m); 
SCHzCHzP, 3.2-3.4 ppm (m); CHJCN, 2.3 ppm (5). Addition 
of excess triethylphosphine to an NMR sample in CD3CN 
resulted in the formation of IPd(PSP)(PEt,)l(BF4)2. 31P NMR 
data for this complex are given in Table 2. 

[Pd(PAsP)(CHsCN)](BF4)2 (8). A solution of PAsP (0.75 
g, 1.18 mmol) in toluene (50 mL) was added to a solution of 
[Pd(CH&N)41(BF4)2 (0.52 g, 1.2 mmol) in acetonitrile (75 mL). 
The reaction mixture was stirred for 2 h, and then the solvent 
was removed on a vacuum line. The yellow solid which 
resulted was recrystallized from a mixture of acetonitrile and 
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ether (0.50 g, 50%). Anal. Calcd for C ~ ~ H ~ & B ~ F ' S N P ~ P ~ :  C, 
48.07; H, 4.03; N, 1.56; P, 6.89. Found: C, 47.94; H, 4.09; N, 
1.57; P, 6.70. lH N M R  (acetone-&): Ph, 7.35-7.95 ppm (m's); 
AsCH2CH2P, 3.0-3.9 ppm (m's); CH3CN, 2.13 ppm (s). Ad- 
dition of excess triethylphosphine to an NMR sample in CD3- 
CN resulted in the formation of Pd(PAsP)(PEt3)1(BF4)2. 31P 
NMR data for this complex are given in Table 2. 

Results 

Synthesis of Ligands. With the exception of bis- 
((dipheny1phosphino)ethyl)phenylarsine (PAsP), the 
ligands used in this study were prepared by the reaction 
of the appropriate dihalide precursor with dialkyl or 
diary1 phosphide anions using slight modifications of 
literature methods.11-17 PAsP was prepared by the 
base-catalyzed addition of diphenylphosphine to divi- 
nylphenylarsine. Free-radical catalyzed addition of 
diphenylphosphine to divinylphenylarsine does not oc- 
cur, even though the analogous triphosphine ligand is 
readily prepared by this method. All the ligands are 
moderately air-sensitive in solution, especially those 
with terminal alkyl substituents. Spectroscopic data for 
all new ligands are given in the Experimental Section 
and Table 2. The data are fully consistent with the 
formation of linear PXP tridentate ligands. 

Synthesis and Characterization of Metal Com- 
plexes. Reaction of 1,3-bis((diphenylphosphino)meth- 
yllbenzene (PCP) with [Pd(CH3CN)41(BF4)2 in a mixture 
of tetrahydrofuran and acetonitrile results in the forma- 
tion of [Pd(PCP)(CH&N)I(BF4) (1). This white complex 
is air stable in the solid state and in solution. A singlet 
at 43.2 ppm is observed in the 31P NMR spectrum of 1. 
This value is in the range expected for a diphenylphos- 
phino group coordinated to palladium and part of a five- 
membered ring containing a Pd-C bond.ll The triplet 
observed by lH NMR for the methylene protons (4.24 
ppm, 4.9 Hz splitting, 2 J p ~  = 9.8 Hz) confirms the 
presence of trans phosphorus ligands. A singlet at 2.24 
ppm in acetone-de is assigned to coordinated acetoni- 
trile. Upon addition of acetonitrile, this resonance 
increases in height and shifts toward the position of free 
acetonitrile, which indicates a rapid exchange of aceto- 
nitrile for this complex. Two infrared bands at 2287 
and 2316 cm-l are also observed in dichloromethane. 
These bands are assigned to CN stretching and combi- 
nation modes, respe~tive1y.l~ These spectroscopic data 
are consistent with a square-planar complex containing 
a metallated phenyl group trans to acetonitrile. Reac- 
tion of triethylphosphine with 1 results in the displace- 
ment of acetonitrile and the formation of [Pd(PCP)- 
(PEt3)1(BF4) (2). This complex is also air stable in the 
solid state and in solution. The 31P NMR spectrum 
consists of a doublet and a triplet assigned to the 
diphenylphosphino groups and coordinated triethylphos- 
phine, respectively. The phosphorus-phosphorus cou- 
pling constant of 37 Hz indicates triethylphosphine 
coordinates cis to the diphenylphosphino groups, and 
the triplet observed for the methylene protons in the 
lH NMR spectrum confirms trans diphenylphosphino 
groups. This complex is also formulated as a square- 
planar complex in which the bridging phenyl group is 
metalated by palladium. An X-ray diffraction study of 
this complex confirms this assignment as discussed 
below. 

(19) Storhoff, B. N.; Lewis, C. H., Jr. Coord. Chem. Rev. 1977, 33, 
1. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 5

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

02
4a

03
0



4848 Organometallics, Vol. 13, No. 12, 1994 

Reaction of 2,6-((diphenylphosphino)methyl)pyridine, 
PNP, with [Pd(CH&N)41(BF4)2 in acetonitrile results in 
a mixture of [Pd(PNP)(CH&N)l(BF4) (3) and { [Pd- 
(PNP)l2@-PNP)}(BF4)4 (41, as shown in eq 1. The pres- 

Steffey et al. 

nylphosphine).6 This result suggests that the phospho- 
rus atoms are in five-membered rings and that the 
nitrogen atom of the tridentate ligand is coordinated to 
palladium. A resonance for the NH proton is observed 
at  6.9 ppm, which corresponds to a shift of 6 ppm from 
the free ligand in acetone-&. This shift is also consis- 
tent with coordination of nitrogen. The remaining 
coordination site of the square-planar complex is oc- 
cupied by acetonitrile. A resonance for this ligand is 
observed at 2.61 ppm, which shifts upon addition of 
acetonitrile. The infrared spectrum shows a band at 
2305 cm-l assigned to  the C-N stretching mode of 
coordinated acetonitrile. On the basis of similar spec- 
troscopic data (see Experimental Section and Table 21, 
complexes 7 and 8 are assigned analogous structures. 
Complex 6 reacts with triethylphosphine to form [Pd- 
(PNHP)(PEt3)1(BF4)2 (9). Spectral data for this complex 
are also consistent with a square-planar structure with 
nitrogen trans to triethylphosphine (see Experimental 
Section and Table 2). 

The reaction of tridentate ligands containing the POP 
donor set with [Pd(CH&N)41(BF& results in the fonna- 
tion of complexes containing a chelating cis-diphosphine 
ligand in which the oxygen atom is not coordinated as 
shown in reaction 3. The remaining two coordination 

r PR2 e?p. 2+ 
[pd(cH3W4l2: R2P-Pd-NCCH3 

I e PR2 NCCH3 

R 
10a Et 
10b Ph 
1OC CY 

PPh2 2+ 

+ [Pd(CH3CN)&+ - 
3 

4 

ence of 3 is indicated by a singlet at 38.0 ppm in the 
31P NMR spectrum consistent with a diphenylphosphino 
group in a five-membered ring.20 A triplet resonance 
at  4.65 ppm in the lH NMR spectrum is assigned to the 
methylene protons bound to two trans phosphine ligands 
( 2 J ~ ~  = 11.2 Hz, the splitting is 5.6 Hz). Dimer 4 
exhibits a doublet at 41.4 ppm in the 31P “R spectrum 
assigned to the diphenylphosphino group of a chelating 
tridentate ligand and a triplet at 21.9 ppm C2Jpp = 18 
Hz) assigned to the diphenylphosphino group of a 
bridging PNP ligand. The lH NMR spectrum contains 
a triplet at 4.75 ppm assigned to the methylene protons 
adjacent to the trans phosphorus atoms of 4 ( 2 J ~ ~  = 9.6 
Hz, the splitting is 4.8 Hz) and a doublet a t  2.78 ppm 
( 2 J ~ ~  = 9.3 Hz) assigned to the methylene protons of 
the bridging PNP ligand. Repeated efforts to obtain 3 
as a pure compound from various solvents were unsuc- 
cessful. However, addition of triethylphosphine to a 
reaction mixture of PNP and [Pd(CH&N)41(BF4)2 pro- 
duced [Pd(PNP)(PEt3)1(BF4)2 (5). This white complex 
is air stable in the solid state and in solution. The 
spectral data are similar to those of [Pd(PCP)(PEt3)1- 
(BFd, and a structural determination confirms a square- 
planar structure with the triethylphosphine ligand trans 
to the pyridine nitrogen of the tridentate PNP ligand 
(see below). 

As shown in eq 2, the reactions of the tridentate 
ligands containing the PNHP, PSP, and PAsP donor sets 
with [Pd(CH&N)41(BF& result in the formation of 
square-planar [Pd(PXp)(CH3CN)l(BF4)2 complexes. The 

C P P h Z  2+ 

X ~ P 4 W ” w 2 +  + V [ i 2 N C C H 3  (2) t PPh2 

X 
6 NH 
7 s  
8 AsPh 

spectroscopic data for 6 are typical of these complexes. 
The 31P NMR spectrum consists of a singlet at 47.5 ppm 
in CD3CN. This corresponds to a coordination chemical 
shift of 61 ppm (Table 2, column 4), which is similar to 
the value of 67 ppm observed for [Pd(etp)(CH&N)]- 
(BF& (where etp is bis((dipheny1phosphino)ethyl)phe- 

(20) Garron, P. E. Chem. Reu. lOSl,81, 229. 

2+ CYR2 
r[;PEt3 (3) 

R 
11a Et 
l l b  Ph 
l l c  CY 

sites are occupied by acetonitrile ligands. For complex 
lob, a single resonance is observed in the 31P NMR 
spectrum at  19.8 ppm in CD3CN. This corresponds to 
a coordination chemical shift of 35 ppm compared to a 
value of 61 ppm for [Pd(PNHP)(CH&N)I(BF4)2 (6). The 
fact that the coordination chemical shift is 26 ppm 
smaller for 10b than for 6 suggests that the oxygen may 
not be coordinated. The ring effect for a five-membered 
chelate ring is expected to be about 20 ppm.20 The ‘H 
NMR data (acetone-&) are also consistent with this 
interpretation because the methylene protons adjacent 
to the oxygen atoms appear as a doublet of triplets at 
4.01 ppm with a 3JpH coupling constant of 20 Hz and a 
3 J ~  coupling of 6 Hz. A more complex multiplet, 
similar to the one observed for the NCH2CH2P protons 
of [Pd(PNHP)(CH&N)I(BF4)2, is expected for this reso- 
nance if oxygen coordinates. The acetonitrile resonance 
at 1.95 ppm integrates for two CH3CN ligands per 
molecule, consistent with the nitrogen analysis for this 
complex. An infrared spectrum exhibits bands at 2298 
and 2325 cm-l assigned to coordinated acetonitrile. The 
spectroscopic data obtained for [P~(POP-E)(CH~CN)Z~- 
(BF4)2 are similar to those for [Pd(POP)(CH3CN)21(BF4)2, 
and this complex is assigned the structure shown in eq 
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Pd Complexes Containing Tridentate Ligands 

3 as well. lH and 31P NMR spectra recorded on crude 
reaction mixtures obtained using POP-C as the ligand 
are consistent with the formation of a small amount, 
approximately 25%, of a trans complex, as well as a cis 
complex (see Experimental Section and Table 2). Com- 
plex 1Oc could not be successfully purified for elemental 
analysis, however. Complex lob reacts with PEt3 to  
form [Pd(POP)(PEt3)1(BF4)2 (llb). In this complex, the 
oxygen atom of the tridentate ligand is coordinated 
trans to triethylphosphine. The triethylphosphine reso- 
nance is a triplet and the diphenylphosphino resonance 
is a doublet. Coordination of the oxygen atom is indi- 
cated by the similarity of coordination chemical shift of 
60 ppm for the diphenylphosphino resonance for [Pd- 
(POP)(PEt3)1(BF& compared to 61 ppm for [Pd(PNHP)- 
(PEt3)1(BF4)2. The lH NMR resonance for the methyl- 
ene group adjacent to oxygen is a complex multiplet and 
not a doublet of triplets as observed for lob. These data 
indicate that reaction of triethylphosphine with 10b 
leads to a structural reorganization and formation of 
complex l lb  with a trans geometry. Spectral data for 
l l a  and l l c  support similar structural assignments. 

Reactions with Acid and CO. Because the cata- 
lytic reduction of COS by [Pd(triphosphine)(solvent)l- 
(BF4)2 complexes requires the presence of acid, the effect 
of acid on complexes 1-11 was studied. [Pd(PCP)- 
(PEt3)1(BF4) and [Pd(PAsP)(PEt3)1(BF4)2 react in 0.1 M 
HBF4 acetonitrile solutions to form [Pd(PCP)(CHsCN)]- 
(BF4) and [Pd(PAsP)(CH3CN)(BF4)2, respectively, and 
protonated triethylphosphine. This behavior is similar 
to that observed previously for [Pd(triphosphine)(PR3)]- 
(BF4)2 complexes in acidic acetonitrile solutions.6 In 
contrast, the triethylphosphine ligands of [Pd(PNP)- 

(BF4)2, and [Pd(POP-R)(PEt3)1(BF4)2 are not protonated 
under these conditions. This difference in reactivity is 
attributed to the greater trans influence of C and As 
compared to  N, S, and 0. In dimethylformamide, the 
triethylphosphine ligand of [Pd(PCP)(PEt3)I(BF4) re- 
mains coordinated in the presence of HBF4. Dimeth- 
ylformamide solutions of [Pd(PCP)(PEt3)1(BF4) and 
[Pd(PCP)(CH3CN)I(BF4) are also unaffected by 0.1 M 
phosphoric acid. Therefore the catalytic waves observed 
for the latter complex in the presence of CO2 and H3- 
Po4 (see below) cannot be attributed to  a phosphate 
derivative. Addition of HBF4 to a mixture of [Pd(PNP)- 
(CH3CN)I(BF4)2 and { [Pd(PNP)12-p-PNP}(BF,), in ac- 
etonitrile results in the disappearance of the dimer and 
the formation of [Pd(PNP)(CH3CN)I(BF4)2 (31, even 
though the triethylphosphine complex, [Pd(PNP)(PEt3)1- 
(BF4)2, is not protonated under these conditions. As a 
result, the predominant species in solution is 3. This 
permitted an evaluation of the catalytic activity of [Pd- 
(PNP)(CH&N)I(BF4)2 in acidic acetonitrile solutions 
even though this complex could not be isolated in pure 
form. 

Because CO is the product of C02 reduction for [Pd- 
(triphosphine)(solvent)l(BF~)~ complexes, the effect of 
CO on complexes 1-11 was investigated. [Pd(PCP)- 
(CH3CN)I(BF4) reacts with CO in noncoordinating sol- 
vents, such as dimethylformamide or acetone, but not 
in acetonitrile. Addition of approximately one atmo- 
sphere of 13C0 to a dimethylformamide-ds solution of 
[Pd(PCP)(CH&N)I(BF4) resulted in a broadening of the 
single 31P resonance. At room temperature a broad res- 
onance assigned to exchanging 13C0 is observed at  184 

(PEt3)1(BF4)2, [Pd(PNHP)(PEt3)1(BF4)2, [Pd(PSP)(PEt3)1- 
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c131 

Ci41 

Figure 1. Drawing of the [Pd(PCP)(PEt3)1+ cation of 2 
showing the atom-numbering scheme. 

ppm in the 13C NMR spectrum. At -30 "C, two 
resonances are observed at 185.2 ppm and 183.0 ppm 
which are assigned to free and coordinated CO, respec- 
tively. Infrared spectra obtained on 5 x M dim- 
ethylformamide solutions of [Pd(PCP)(CH&N)l(BF4) at  
50 psi CO exhibited a single band at 1937 cm-' assigned 
to coordinated CO. The binding of CO to [Pd(PCP)(CH3- 
CN)l(BF4) is also supported by electrochemical studies 
(see below). All of these data support a rapid reversible 
binding of CO to [Pd(PCP)(CH3CN)](BF4) as shown in 
reaction 4. When water and CO were added to a DMF 

[Pd(PCP)(DMF)]+ + CO == [Pd(PCP)(CO)l+ + DMF 
(4) 

solution of [Pd(PCP)(CH3CN)I(BF4) in the presence of 
2.5 x M H3P04, no H2 was detected after several 
hours. This result indicates that [Pd(PCP)(CH3CN)]- 
(BF3 is not a catalyst for the shift reaction under 
conditions where catalytic waves are observed by cyclic 
voltammetry. None of the other complexes shown in 
Table 2 react with CO, nor do the [Pd(triphosphine)- 
(CH3CN)I(BF4)2 complexes prepared previously. For 
example, [Pd(etpC)(CH&N)I(BF4)2 (where etpC is bis- 
(dicyclohexylphosphinoethy1)phenylphosphine) does not 
react with CO at  400 psi in DMF as determined by IR 
spectroscopy. 

Structural Studies. Crystals of [Pd(PCP)(PEt3)]- 
(BF4) and [Pd(PNP)(PEt3)I(BF& were most readily 
obtained from concentrated acetone solutions and con- 
sist of [Pd(PCP)(PEt3)1+ and [Pd(PNP)(PEt3)I2+ cations, 
respectively, and disordered BF4 anions. Drawings of 
the two cations illustrating their basic structural fea- 
tures are shown in Figures 1 and 2. For [Pd(PCP)- 
(PEt3)1+, the largest deviation of any atom from the 
plane defined by palladium, the three phosphorus 
atoms, and the metallated carbon atom is less than 0.02 
A. The coordination sphere of palladium in [Pd(PNP)- 
(PEt3)I2+ is strictly planar as required by a twofold axis 
passing through the Pd-N and Pd-PEt3 bonds. This 
twofold axis also requires that the PEt3 ligand be 
disordered. Selected bond distances and angles for the 
two cations are shown in Table 3. The Pd-P (2.279- 
2.358 A), Pd-C (2.075 A), and Pd-N (2.107 A) bond 
lengths are normal. The Pd-P bond lengths follow the 
order expected for a trans influence sequence of N P 

C. The P-Pd-C (79.0 and 79.1") and P-Pd-N 
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P-Pd-P angles of approximately 85". For [Pd(MesetpE)- 
(CH&N)I(BF& (where MesetpE is bis(diethy1phosphi- 
noethyl)mesitylphosphine), the P-Pd-P angle formed 
by the terminal and central phosphorus atoms of the 
triphosphine ligand is 87.5".25 The P-Pd-P angle for 
the five-membered rings in [Pd(etp)lz(BF4)2 is 85.0",6 
and for [Pd(dppe)XzI (where dppe is bis(dipheny1phos- 
phinolethane and X is NCS or C1) the P-Pd-P angles 
are approximately 85°.22,23 {Pd[tBuzP(CH2)2CH(CHz)zP- 

(BPh4) have slightly smaller angles of 83-84".26 This 
small decrease for the latter two complexes is attributed 
to the shorter Pd-C bonds compared to Pd-P bonds. 
The Pd-P and Pd-C bond lengths for the latter two 
complexes are very similar to the Pd-P, Pd-C, and 
Pd-N bond lengths of [Pd(PCP)(PEt3)1(BF4) and [Pd- 
(PNP)(PEt3)1(BF&. Incorporation of the phenyl and 
pyridine rings into the backbones of the tridentate 
ligands appears to result in further reductions of the 
P-Pd-C and P-Pd-N angles by 3-4". The net result 
is an approximately 5" reduction in the chelate angle 
when phenyl or pyridine rings are substituted for 
phosphorus in tridentate ligands containing two carbon 
backbones. This is comparable to the difference ob- 
served between five- and six-membered chelate rings 
for tridentate ligands with all phosphorus donor atoms. 

Electrochemical Studies. The electrochemical data 
for all of the complexes described above are summarized 
in Table 4. A plot of i, of the first cathodic wave vs the 
square root of the scan rate is linear for the ranges 
shown in column 6 indicating all the complexes undergo 
diffusion-controlled  reduction^.^^ For the triethylphos- 
phine complexes, the waves correspond to two-electron 
processes. The cyclic voltammogram of [Pd(PNP)(PEt3)1- 
(BF.412 is shown in Figure 3(a). For this complex, a 
single reversible two-electron reduction wave is ob- 
served. The difference between the peak potentials for 
the cathodic and anodic waves, AE,, is 38 mV at a sweep 
rate of 20 mV/s. This value is less than the 60 mV value 
required for a one-electron process and consistent with 
a two-electron process for which a value of 30 mV is 
expected.28 A second criterion for determining the 
number of electrons involved in the cathodic waves is 
the difference between the peak potential and the 
potential at half-height, E, - Ep/2. E, - Ep/2 should be 
28 mV for a two-electron process and 57 mV for a one- 
electron process.27 The 27 mV value observed for [Pd- 
(PNP)(PEt3)1(BF& at 20 mV/s implies a two-electron 
reduction. The other triethylphosphine complexes listed 
in Table 4 have E, - E,/2 values ranging from 37 to 50 
mV at 50 mV/s, with the exception of [Pd(PAsP)(PEts)l- 
(BF4)2. These values are less than the 57 mV required 
for one-electron processes and are more consistent with 
a two-electron reduction slightly broadened by slow 
electron-transfer processes or uncompensated resis- 
tance. With the exception of [Pd(PNP)(PEt3)1(BF&, 
controlled-potential electrolyses of the triethylphosphine 

tB~21(CH3)} and { Pd[tB~2P(CH2)2CH(CH2)2FB~21(OHz))- 

Figure 2. Drawing of the [Pd(PNP)(PEt3)I2+ cation of 6 
showing the atom-numbering scheme. 

Table 3. Selected Bond Lengths (A) and Bond Angles (deg) 
for [Pd(PCP)(PEt3)1(BF4) and [Pd(PNP)(PEt3)1(BF4)2 

P(2)-Pd(l)-C(l) 
P(3)-Pd(l)-C(l) 
P( 1)-Pd( 1)-P(2) 
P( 1)-Pd( 1)-P(3) 
P(1)-Pd(1)-C(1) 
P(2)-Pd( 1)-P(3) 
Pd(l)-P(l)-C(9) 

Pd( l)-P(2)-C(7) 
Pd( l)-P(3)-C(8) 
P(2)-C(7)-C(6) 
C( l)-C(6)-C(7) 
Pd(l)-C(l)-C(6) 
C(6)-C( 1)-C(2) 

Bond Lengths 
2.358(1) Pd(1)-P(l) 
2.075(2) Pd(1)-N(l) 
2.306(1) Pd(1)-P(2) 

1.826(3) P(l)-C(S) 

1.824(2) P(2)-C(4) 
1.834(3) 
1.498(3) C(l)-C(4) 
1.503(4) 
1.400(3) N( 1)-C( 1) 
1.392(3) C(l)-C(2) 
1.382(4) C(2)-C(3) 

Bond Angles 

2.298( 1) 

P( 1)-C(7A) 

79.0(1) P(2)-Pd(l)-N(l) 
79.1(1) 
98.6(1) P(l)-Pd(l)-P(2) 

103.3(1) 
177.7(1) P(1)-Pd(1)-N(1) 
158.1( 1) P(2)-Pd( 1)-P(2A) 
112.0( 1) Pd( 1)-P( 1)-(C5) 

Pd( 1)-P( 1)-(C9A) 
100.6(1) Pd(l)-P(2)-C(4) 
101.4(1) 
104.8(2) P(2)-C(4)-C(1) 
118.1(2) N(l)-C(l)-C(4) 
120.2(2) Pd(1)-N(1)-C(1) 
118.8(2) C(1)-N(l)-C( 1A) 

2.279(2) 
2.107(4) 
2.319(1) 

1.913(9) 
1.786( 11) 
1.838(5) 

1.505(6) 

1.343(5) 
1.364(6) 
1.368(6) 

80.3(1) 

99.7( 1) 

180.0( 1) 
160.6( 1) 
115.9(3) 
117.1(3) 
96.5(1) 

108.4(3) 
116.8(4) 
120.2(2) 
119.6(5) 

(80.3") angles formed between the phosphorus atoms 
and the carbon or nitrogen atoms of the tridentate 
ligands are significantly less than 90" and similar to 
the value of 80.8" reported for [Pd(PCP)C11.21 The 
P-Pd-P angles formed by the diphenylphosphino groups 
and triethylphosphine compensate by being much larger 
(98.6-103.3"). The small P-Pd-C and P-Pd-N angles 
of the tridentate ligand can be attributed to  two ring 
effects. The P-Pd-P bond angles for the six-membered 
rings in [Pd(dppp)Xal (where dppp is 1,3-bis(diphe- 
ny1phosphino)propane and X is NCS or C1) and [Rh(ttp)- 
C11 (where ttp is bis((dipheny1phosphino)ethyl)phe- 
nylphosphine) are 90 and 89.3 f 0.7", r e s p e ~ t i v e l y . ~ ~ - ~ ~  
Complexes with five-membered chelate rings have 

(21) Gorla, F.; Venanzi, L. M.; Albinati, A. Organometallics 1994, 

(22) Palenik, G. J.; Matthew, M.; Steffen, W. L.; Beran, G. J. Am.  

(23) Steffen, W. L.; Palenik, G. J. Inorg. Chem. 1976, 15, 2432. 

13, 43. 

Chem. SOC. 1975,97, 1059. 

(24) Nappier, T. E.; Meek, D. W.; Kirchner, R. M.; Ibers, J. A. J. 

(25) Bernatis, P. R.; Miedaner, A.; Haltiwanaer, R. C.; DuBois, D. 
Am.  Chem. SOC. 1973,95,4194. 

L. Organometallics, preceding article in this issue. 
(26) Seligson, A. L.; Trogler, W. C. Organometallics 199S, 12, 738. 
(27) Andrieux, C. P.; SavQant, J. M. In Investigation of Rates and 

Mechanisms of Reactions; Bernasconi, C.  F., Ed.; Wiley: New York, 
1986; Vol. 6, 41E, Part 2, 305. 
(28) Bard, A. J.; Faulkner, L. R. Electrochemical Methods; Wiley: 

New York, 1980; 229. 
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Table 4. Electrochemical Data for Palladium Complexes Containing Tridentate Ligands in Dimethylformamide 

compound 

-1.99 i 
-2.20 i 
-1.04 i 
-1.28 i 

-1.22 r 
-1.05 i 

-1.57 if 

-1.58 if 
-1.30 q 
-1.36 if 
-0.91 i 
-1.43 if 
-1.03 r 
-1.10 i 

-1.44 i 
-1.08 r 
-0.91 i 
-0.97 i 
-0.88 r 

-1.01 i 
-1.02 i 

-1.05 q 

-0.73 q 

0.76 
1.78 

1.92 
0.72 

1.84 

1 .oo 
2.66 
1.34 
1.78 
0.86 
2.04 
0.70 

1.74 

0.72 
1.99 

1.09 
2.25 

1.48 
0.94 

1.89 

0.76 

1.01 

1.29 
1.98 
1.6 

1.92 

0.99 
1.85 

50-1000 
50-1000 

20-400 
50- 1000 

50- 1000 

50-2000 

50-400 

50-4000 
50-4000 
50-400 

20-400 

50-4000 
50-4000 

Peak potentials, Ep, versus the ferrocendferrocenium couple for irreversible waves or half-wave potentials, Eln, for reversible or quasi-reversible waves. 
The letters i, r, and q designate whether the wave appears irreversible (no anodic wave), reversible, or quasi-reversible. Peak-to-peak separation (AE,) or 
the difference in the peak potential and the potential at half height (Ep - E,n). All values are for a scan rate of 50 mV/s. Cuxrent observed for complexes 
at glassy carbon electrodes (1-mm diameter) for 1.0 x M solutions of each respective complex. Number of faradays passedmol of complex during 
controlled-potential electrolysis experiments. e Range of scan rates in mV/s for which plots of i vs. v " ~  are linear. f This cathodic wave is assigned to a 
palladium(1) dimer for reasons discussed in text for [Pd(PNHP)(CH3CN)](BF4)2. 8 Electrochemical experiments carried out in acetonitrile. 

complexes carried out a t  potentials 100 mV negative of 
the peak potential results in the passage of 2.0 f 0.2 
faradayslmol of complex. These values support two- 
electron processes for these complexes. The rather low 
value of 1.48 faradaydmol observed for [Pd(PNP)(PEt3)1- 
(BF4)2 is attributed to reaction of a Pd(0) intermediate 
with a Pd(I1) species in solution. Although this reaction 
is slow on the cyclic voltammetry time scale, it becomes 
significant in the time required for the bulk electrolysis 
experiments (approximately 0.5 h). Both cyclic volta- 
mmograms and 31P NMR spectra recorded on reduced 
solutions of [Pd(PNP)(PEt,)l(BF4)2 indicate the presence 
of multiple products. 

Although the cathodic waves for the triethylphosphine 
complexes are assigned to two-electron reductions with 
relatively fast electron-transfer kinetics, the reoxidation 
of the reduced species is quite variable. For the [Pd- 
(PNP)(PEt3)](BF& complex shown in Figure 3a, the 
reoxidation is facile at low scan rates with a hE, of 38 
mV and ipJipa ratio of 0.89 at 10 mVls scan rate. At a 
scan rate of 4 V/s, these values are 70 mV and 0.43, 
respectively. These results are consistent with a slow 
rearrangement of the reduced species to a configuration 
appropriate for reoxidation. A similar behavior is 
observed for [Pd(PNHP)(PEt3)1(BF4)2 for which the 
reoxidation is slow even at relatively slow scan rates; 
i.e., AE,, is 143 mV at 50 mVIs. 

The cyclic voltammogram of [Pd(POP)(PEt3)1(BF4)2 is 
shown in Figure 3b. This complex exhibits two anodic 
waves at a 50 mVls scan rate. As the scan rate 
increases, the second anodic wave, a2, decreases until 
at 1 VIS this wave is no longer observed. In this case, 
the ratio of the currents i&1 increases from 0.71 at  
20 mVls to 0.97 at 4 V/s. These results are consistent 
with an isomerization of the complex following reduction 
to form a new species observed at a2. Cyclic voltam- 

mograms recorded on solutions reduced by 2 faradays/ 
mol of complex exhibit a large quasi-reversible wave at 
-0.73 V that corresponds to a new cathodic peak cz and 
the anodic peak 82. The wave observed at -0.88 V, a1 
and c1, is much smaller and accounts for approximately 
30% of the reduced species. This result is consistent 
with the formation of two palladium(0) complexes. 
These two complexes are also observed by 31P NMR 
spectroscopy. The analogous [Pd(POP-E)(PEt3)1(BF4)2 
complex exhibits a single reversible two-electron wave 
at  -1.08 V with no reaction following reduction. 

For the complex [Pd(PCP)(PEt3)1(BF4), the peak po- 
tential of the cathodic wave shifts to more negative 
potentials by 19 mV upon changing the scan rate from 
100 mV/s to 1 VIS. A value of 15 mV is expected for 
reversible two-electron reduction followed by a fast 
irreversible chemical reaction. This irreversible reac- 
tion leads to products that have three very small anodic 
waves at -0.46, -0.65, and -0.86 V. The species 
responsible for these waves have not been identified. 

The peak currents of the acetonitrile complexes are 
significantly smaller than for the triethylphosphine 
complexes (Table 4, column ip). The ratio of the peak 
current for a reversible two-electron reduction to the 
peak current for a reversible one-electron reduction, 
which is followed by a fast irreversible reaction, is 
expected to be 2.55 if the complexes have the same 
diffusion  coefficient^.^^ Because all of the complexes are 
roughly the same size and shape, their diffusion coef- 
ficients should be similar. The ratios of the peak 
current for each triethylphosphine complex to the 
analogous acetonitrile complex range from 2.56 for [Pd- 

for [Pd(PCP)(PEt3)1(BF4)/[Pd(PCP)(CH3CN)XBF4). These 
values are fully consistent with two-electron reduction 
waves for the triethylphosphine complexes and one- 
electron reduction waves for the acetonitrile complexes. 

(PNHP)(PEt3)](BF4)flPd(PNHP)(CH&N)l(BF& to 2.34 
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scan rate from 100 to 1000 mV/s. This 30 mV shift in 
potential is consistent with a one-electron ETCi scheme.27 
The two smaller waves at -1.49 and -1.58 V decrease 
in magnitude relative to the first wave as the scan rate 
increases. This suggests that these two waves arise 
from chemical reactions following the initial one- 
electron reduction. The wave c3 increases in relative 
magnitude as the concentration increases. Exhaustive 
reduction of [Pd(PNHP)(CH&N)I(BF4)2 at -1.15 V 
resulted in the passage of 0.94 faradaydmol of complex 
consistent with a one-electron reduction. The product 
of this reduction was characterized by 31P NMR spec- 
troscopy (two doublets at 19.6 and 25.4 ppm, J = 10 
Hz), W-visible spectroscopy (Amm = 434 nm), and cyclic 
voltammetry (irreversible cathodic wave at -1.58 V and 
an irreversible anodic wave at f0.40 VI. These spectral 
and electrochemical data are very similar to  data 
previously reported for the structurally characterized 
[Pd(triphosphine)]z(BF& dimers.6 On this basis, wave 
c3 in Figure 3c is attributed to the Pd(1) dimer [Pd- 
(PNHP)MBF4)2. The complexes [Pd(PCP)(CH,CN)I- 
(BF4)2, [Pd(PSP)(CH&N)I(BF4)2, and [Pd(PAsP)(CH3- 
CN)I(BF4)2 exhibit one cathodic wave each in the range 
f l .O to -2.0 V. The peak currents and E, - Ep/2 values 
(Table 4) and peak potential shifts as a function of scan 
rate are similar t o  those observed for [Pd(PNHP)(CHs- 
CN)I(BF4)2. Therefore the cathodic waves observed for 
[Pd(PCP)(CH3CN)I(BF4), [Pd(PSP)(CH3CN)I(BF4)2, and 
[Pd(PAsP)(CH3CN)I(BF4)2 are also assigned to one- 
electron reductions followed by fast irreversible chemical 
reactions. 

The cyclic voltammogram for [Pd(POP)(CH&N)d- 
(BF4)2 is shown in Figure 3d. I t  consists of cathodic 
waves at -0.91, -0.97, and -1.30 V. Chronocoulom- 
etric experiments were carried out in which the poten- 
tial was stepped from -0.6 V to -1.1 V for [Pd(POP)- 
(CH~CN)~I(BF~)Z and [Pd(POP)(PEt3)1(BF4)2. As 
discussed above, the latter complex undergoes a two- 
electron reduction. The ratio of the slopes observed for 
the chronocoulometric plots of these two complexes was 
0.83. This result is consistent with the waves at -0.91 
and -0.97 V corresponding to two successive one- 
electron reductions. A controlled-potential electrolysis 
experiment carried out at -1.1 V resulted in the passage 
of 1.6 faradaydmol of complex and a variety of products 
as indicated by cyclic voltammograms and 31P NMR 
spectra recorded on the reduced solutions. The elec- 
trochemical behaviors of [P~(POP-E)(CH~CN)~I(BF~)Z 
and [Pd(POP-C)(CH3CN)I(BF4)2 are similar t o  that of 
[Pd(POP)(CH&N)21(BF4)2, and relevant data are given 
in Table 4. 

Catalytic Studies. Figure 4 shows a cyclic voltam- 
mogram of [Pd(PCP)(CH&N)I(BF4) in a dimethylfor- 
mamide solution under a N2 atmosphere (solid line). The 
dotted line in Figure 4 is of the same solution saturated 
with C02 (0.18 M at  620 mmHg). The positive shift of 
the wave in the presence of C02 indicates a reaction 
with the Pd(1) intermediate generated upon reduction. 
The reaction of this intermediate with COP must be 
faster or comparable in rate to the irreversible reaction 
occurring in the absence of C02, otherwise COS would 
not produce a shift in the peak potential. Figure 5 
shows the cyclic voltammograms of [Pd(PCP)(CH3CN)l- 
(BF4) in 0.015 M H3P04 solutions purged with nitrogen 
(solid line) and purged with COZ (dotted line). A sig- 

f 0.0 1 1 1  

-3.01 1 '  ' 1 " " 1 ' 1  " I 
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P s -2.0 1- 1 

1 . 0 , ,  , , I , ,  , , , , , , , 
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r 
0 -1 .0 
a 
m 
P -2.0 t c' i 
S 

-3.0 1 '  I '  " " ' ' ' ' ' 
-1 .5  -1  .o -0.5 

Volts  

Figure 3. (a) Cyclic voltammogram of 1.6 x M [Pd- 
(PNP)(PEt3)1(BF4)2 (6) (20 mV/s). (b) Cyclic voltammogram 
of 1.8 x M [Pd(POP)(PEt3)l(BF4)2 ( l lb)  (20 mV/s). (c) 
Cyclic voltammogram of 1.8 x M [Pd(PNHP)(CH3CN)I- 
(BF& (6) (50 mV/s). (d) Cyclic voltammogram of 2.4 x 
M [Pd(POP)(CH3CN)21(BF4)2 (lob) (50 mV/s). The solu- 
tions were 0.3 M NEtBF4 in dimethylformamide, and the 
working electrode was glassy carbon. 

For the acetonitrile complexes the first cathodic waves 
correspond to reversible one-electron reductions followed 
by irreversible chemical reactions. The cyclic voltam- 
mogram of [Pd(PNHP)(CH&N)I(BF4)2 is shown in 
Figure 3c. It  consists of one large cathodic wave at 
-1.05 V, cl, and two smaller cathodic waves at  -1.49 
and -1.58 V, cz and c3, respectively. The difference in 
the peak potential and the potential at half-height, E, 
- E,/z, for c1 is 62 mV. This is somewhat larger than 
the 48 mV value expected for a one-electron E,Ci 
process. However, the ratio of the currents for the first 
cathodic waves of [Pd(PNHP)(PEt3)](BF4)2 and [Pd- 
(PNHP)(CH3CN)I(BF4)2 indicates the former undergoes 
a two-electron reduction whereas the latter undergoes 
a one-electron reduction. The peak potential of c1 shifts 
to more negative potentials by 30 mV on changing the 
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I /- 
-2’o I - 

-2.2 -2 -1.8 -1.6 -1.4 

Volts vs. Ferrocene 

Figure 4. (a) Cyclic voltammogram of 2.1 x M 
[Pd(PCP)(CH&N)I(BF4) (1) under nitrogen (solid line). (b) 
Same solution saturated with COO at a pressure of 620 nun 
Hg (dotted line). Both scans were recorded at 100 mV/s. 

-2 -1.5 -1 -0.5 
Volts vs. Ferrocene 

Figure 5. (a) Cyclic voltammogram of 2.1 x M 
[Pd(PCP)(CH3CN)I(BF4) (1) under nitrogen in the presence 
of 1.5 x M &Po4 (solid line). (b) Same solution 
saturated with C02 at 620 mm Hg (dotted line). The scan 
rate was 100 mV/s. 

nificant increase in the current is observed in the 
presence of C02 compared to N2. It is tempting to 
attribute the increased current in the presence of C02 
to electrochemical reduction of COz. However, controlled- 
potential electrolysis experiments carried out on solu- 
tions containing 1 x loT3 M [Pd(PCP)(CH&N)I(BF4), 
0.03 M H3P04, and 0.18 M C02 using reticulated 
vitreous carbon at  -2.05 V resulted in the production 
of H2 with a current efficiency of 100% as determined 
by gas chromatography. For this catalyst the turnover 
number is low, and only 4 or 5 mol of hydrogen are 
produced per mole of catalyst before the catalytic 
current decays to less than 10% of its original value. 

The dependence of the current on C02 and acid 
concentrations is shown in Figure 6 for solutions of [Pd- 
(PCP)(CH&N)I(BF4) in dimethylformamide. For a re- 
versible electron-transfer reaction followed by a fast 
catalytic reaction, the current is given by eq 5.29,30 In 

(29) Hammouche, M.; Lexa, D.; Momenteaux, M.; SavBant, J. M. J. 
Am. Chem. SOC. 1991, 113, 8455. 

(30) SavBant, J. M.; Vianello, E. Electrochim. Acta 1966, 10, 905. 
SavBant, J. M.; Su, K. B. J .  Electroanal. Chem. 1986, 196, 1. Nadjo, 
L.; SavBant, J. M.; Su, K. B. Ibid., 23. 

2 . O C I ,  I , ,  I ,  , A  
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1.0 

0.5 

0.0 
0 0.1 0.2 0.3 0.4 0.5 

[co,]”2 M1’2 

1.: 

0 
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0.4 
0.2 

0 5 10 15 20 25 

[Acid] mhl 
Figure 6. (a) Plot of the catalytic current versus [C02]u2 
for a DMF solution of [Pd(PCP)(CH&N)I(BF4) (1) (5.4 x 

M) and H3PO4 (0.03 M). (b) Plot of the current 
observed by cyclic voltammetry for a DMF solution of [Pd- 
(PCP)(CH&N)I(BF4) (5.4 x M) as a function of H3- 
Po4 concentration. The solid circles represent the current 
in the presence of nitrogen. The open circles show the 
current in the presence of C02 (0.18 M). The scan rates 
were 20 mV/s. 

eq 5, i, is the catalytic current, id  is the peak current 
due to reversible reduction of the catalyst, 0 is a factor 
which depends on the mechanism, n is the number of 
electrons transferred to the catalyst from the electrode, 
F is the Faraday constant, lz is the rate constant for the 
reaction, C, is the substrate concentration, IJ is the scan 
rate, and m is the order of the substrate in the rate- 
determining reaction. The derivation of this equation 
assumes that the concentrations of the substrates, C,, 
are large compared to  the concentration of the catalyst 
so that pseudo-first-order kinetics apply. From this 
equation it can be seen that current should exhibit an 
m12 dependence on the substrate concentration. The 
square-root dependence of the current on C02 concen- 
tration observed in Figure 6a implies that the rate- 
determining step in hydrogen production is first order 
in CO2 at  the given acid concentration. As seen in 
Figure 6b, the catalytic current first increases linearly 
with acid concentration and then becomes independent 
of it. This is consistent with a change in the rate- 
determining reaction on going from low to high acid 
concentrations. The linear dependence at low acid 
concentrations is consistent with the rate-determining 
step being second order in acid under these conditions, 
but the concentration range is too small for an unam- 
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biguous determination of the reaction order. The inde- 
pendence of the current on acid concentrations above 5 
x M implies that acid does not play a role in the 
rate-determining step at these higher acid concentra- 
tions. A similar dependence of catalytic current on acid 
and C02 concentrations was observed previously for 
[Pd(triphosphine)(CH&N)I(BF4)2 complexes. For these 
catalysts, however, CO is the main reduction p r o d u ~ t . ~ ! ~ ~  
These results suggest that the rate-determining step at 
high acid concentrations is the same even though 
different products are formed. 

For an ideal catalytic reaction, the current should be 
independent of the sweep rate29 as shown by eq 5. 
However, [Pd(PCP)(CH&N)I(BF4) does not exhibit this 
ideal behavior; instead, the ratio of catalytic current to 
diffusion current has a constant value of 2.6. Rate 
constants calculated from cyclic voltammograms using 
eq 5 and a stoichiometric factor of 2 exhibit a linear 
dependence on the scan rate from 20 mVls to 20 VIS. 
The lower currents observed at slower scan rates are 
attributed to rapid deactivation of the catalyst. This is 
consistent with the low turnover number of 4-5 ob- 
served for hydrogen production. 

Catalytic waves are also observed for [Pd(PAsP)(CH3- 
CN)I(BF& and [Pd(PSP)(CH3CN)](BF4)2 in dimethyl- 
formamide solutions. The increase in current observed 
for [Pd(PAsP)(CH&N)I(BF4)2 in the presence of C02 and 
0.1 M HBF4 is comparable to that observed for [Pd- 
(PCP)(CH&N)](BF4), whereas that for [Pd(PSP)(CH3- 
CN)I(BF4)2 is much smaller. For both [Pd(PAsP)(CH3- 
CN)I(BF4)2 and [Pd(PSP)(CH3CN)I(BF4)2, the only prod- 
uct observed during bulk electrolysis is hydrogen, but 
for these complexes the turnover numbers are one or 
less. Detection of CO for such low turnovers was not 
possible. The complexes [P~(POP)(CH~CN)Z~(BF~)~ and 
[Pd(POP-E)(CH3CN)2l(BF4)2 do not exhibit catalytic 
currents in the presence of CO2 and acid for the first 
reduction wave of these complexes. However, small 
catalytic currents are observed at  potentials approxi- 
mately one volt negative of the first cathodic wave in 
acidic acetonitrile solutions. These waves appear to 
arise from unstable intermediates because experiments 
carried out on reduced solutions of the complexes in the 
presence of CO2 and acid failed to exhibit catalytic 
currents. Because the catalytic currents are small and 
appear to  arise from unstable intermediates with un- 
desirably negative potentials, the observed catalytic 
activity was not pursued further. We have previously 
observed that [Pd(diphos)(CH&N)2](BF4) complexes are 
not catalysts for C02 reduction,S1 and the results 
described here for the first cathodic wave of [Pd(POP- 
R)(CH3CN)2](BF4)2 are consistent with that observation. 

Steffey et al. 

by acetonitrile. Apparently, the weak Pd-0 bonds are 
not sufficiently strong to  force two phosphorus atoms 
into trans positions as observed for the other complexes. 
All of the acetonitrile complexes, including those with 
POP-R ligands, react with triethylphosphine to form 
square-planar complexes with triethylphosphine trans 
to the central donor atom of the tridentate ligands. For 
[Pd(PCP)(PEt3)1(BF4) and [Pd(PNP)(PEtdI(BF4)2, this 
basic structural arrangement has been verified by X-ray 
diffraction studies. Replacement of an acetonitrile 
ligand in [Pd(PoP-R)(CH&N)2](BF,), with PEt3 results 
in a complex in which two of the phosphorus atoms must 
be in trans positions regardless of whether the oxygen 
atom coordinates. Coordination of the oxygen atom 
results in an energetically favorable situation in which 
a ligand with a very weak trans influence is trans to 
phosphorus, which has a strong trans influence. Previ- 
ous structural studies of [N~(POP)XZI~~ and [Rh(POP)- 
(C0)](PFs)33 have also demonstrated that POP ligands 
can function as either bidentate or tridentate ligands, 
respectively. 

NMR Studies. The chemical shifts of the trieth- 
ylphosphine resonances for the complexes shown in 
Table 2 span a range of 60 ppm. The most positive 
chemical shift values are observed for complexes of the 
POP-R ligands, whereas [Pd(ttp)(PEt3)1(BF4)2 (where ttp 
is bis((diphenylphosphino)propyl)phenylphosphine)M has 
the most negative chemical shift. Large positive chemi- 
cal-shift values have been associated previously with a 
small trans influence.35 Using this criterion, the trans- 
influence order of the tridentate ligands shown in Table 
2 is as follows: ttp > PCP > etp > PAsP > PNP = 
PNHP > PSP > POP-R. This order is consistent with 
the observation that the coordinated triethylphosphine 
ligand reacts with acid to  form HPEt3+ in acetonitrile 
solutions for the PCP, triphosphine, and PAsP com- 
plexes, but no protonation of triethylphosphine is ob- 
served for the PNP, PNHP, PSP, or POP-R complexes. 
For [Pd(ttp)(PEt3)1(BF4)2, coordination of triethylphos- 
phine is not observed even in neutral acetonitrile 
solutions.34 Less strongly coordinating solvents, such 
as acetone or dichloromethane, are required before 
triethylphosphine coordination is observed. 

Electrochemical Studies. The acetonitrile com- 
plexes listed in Table 4 undergo reversible or quasi- 
reversible one-electron reductions followed by fast ir- 
reversible chemical reactions. Similar behavior was 
observed previously for the [Pd(triphosphine)(CH&N)I- 

complexes, which undergo two closely-spaced one- 
electron reductions followed by irreversible chemical 
 reaction^.^,^^ For the latter complexes, catalytic activity 
can easily be detected by cyclic ~ o l t a m m e t r y . ~ , ~ ~  Of the 
complexes shown in Table 4, only [Pd(PCP)(CH&N)]- 
(BF4), [Pd(PAsP)(CH&N)I(BF4)2, and [Pd(PSP)(CH3- 
CN)I(BF& exhibit catalytic currents arising from in- 
teraction with C02. For these complexes, hydrogen is 
the observed reduction product, and turnover numbers 
are low. Substitution of the central phosphorus atom 

(32) Dapporto, P.; Sacconi, L. J. Am. Chem. SOC. 1970, 92, 4133. 
Dahlhoff, W. V.; Nelson, S. M. J. Chem. SOC. A 1971, 2184. Greene, 
P. T.; Sacconi, L. J. Chem. SOC. A 1970, 866. 
(33) Alcock, N. W.; Brown, J. M.; Jeffery, J. C. J. Chem. SOC., Dalton 

Trans. 1976,583. 
(34) Miedaner, A.; DuBois, D. L. Unpublished results. 
(35) Hohman, W. H.; Kountz, D. J.; Meek, D. W. Inorg. Chem. 1986, 

25, 616. 

Discussion 

Synthesis. Reactions of tridentate ligands contain- 
ing PCP, PNP, PNHP, PSP, and PAsP donor sets with 
[Pd(CH3CN)dBF4)2 result in the formation of square- 
planar complexes with the C, N, s, or As atoms of the 
tridentate ligand trans to acetonitrile. In contrast, the 
POP-R ligands form square-planar complexes in which 
the oxygen atoms are not coordinated and the phospho- 
rus atoms are cis. The remaining two sites are occupied 

(31) Miedaner, A,; Haltiwanger, R. C. ;  DuBois, D. L. Inorg. Chem. 
1991, 30, 417. 
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Pd Complexes Containing Tridentate Ligands 

of the tridentate ligand with C, N, 0, As, and S is 
detrimental with respect to C02 reduction. 

For [Pd(PCP)(CH3CN)](BF4), the biphasic dependence 
of the catalytic current on acid concentration (Figure 
6b) is consistent with two different rate-determining 
steps in the catalytic cycle. The square-root dependence 
of the catalytic current on C02 concentration at high 
H3P04 concentrations (Figure 6a) indicates the rate- 
determining step under these conditions is a first-order 
reaction of COZ with a Pd(1) intermediate. An inter- 
mediate such as 12 would readily account for the 

12 

observed C02 dependence, and there are many examples 
of hydroxycarbonyl complexes that eliminate C02 to 
form metal hydrides or hydrogen.36 Efforts to  prepare 
12 were unsuccessful, which prevented a direct evalu- 
ation of 12 as an intermediate. Two closely related 
platinum complexes, [Pt(PCP)(COOH)I2l and [Pt(PEt&- 
(CsH5)(COOH)l,37 have been characterized by X-ray 
diffraction studies.37 The latter complex and [Pt(PEt&- 
(Cl)(COOMe)l are protonated in the presence of acid to 
form the corresponding carbonyl complexes and water 
or m e t h a n ~ l . ~ ~ ? ~ ~  On the other hand, [Pt(PEt&(Cl)- 
(COOH)] reacts with water to form a hydride complex, 
[Pt(PEt3)2(C1)(H)I.39 

The linear dependence of the catalytic current on acid 
concentration at low acid concentrations (Figure 6a) 
suggests a second-order dependence of the rate deter- 
mining step on acid. Rapid deinsertion of C02 from 12 
to form a hydride followed by protonation and elimina- 
tion of hydrogen would be consistent with this observa- 
tion. Another possible pathway is protonation of 12 t o  
form hydrogen or CO. If protonation occurs at an 
oxygen atom, then decomposition leads to formation of 
CO. If protonation occurs at the Pd atom to form a 
hydride, then decomposition to form hydrogen could 
result. The hydrogen formed during electrolysis does 
not result from a [Pd(PCP)(CH3CN)I(BF4) catalyzed 
water-gas shift reaction because CO and water do not 
produce C02 and H2 in the presence of the catalyst and 
0.025 M H3P04 (i.e., under catalytic conditions). Clearly 
the nature of the tridentate ligand plays a major role 
in determining the reaction pathway. Under identical 
conditions, [Pd(PCP)(CH&N)I(BF4)2 produces 100% H2 
while [Pd(etpC)(CH&N)I(BF4)2 forms 98% C0,25 al- 
though the catalytic currents for both complexes have 
the same dependence on COZ and acid. 

Relationships between Ligand Structures and 
the Reactivity of Their Palladium Complexes with 

(36) Ford, P. C.; Rokicki, A. Adu. Organomet. Chem. 1988,28, 139. 
(37) Bennet, M. A,; Robertson, G. B.; Rokicki, A.; Wickramasinghe, 

(38) Byrd, J. E.; Halpern, J. J. Am. Chem. SOC. 1971, 93, 1634. 
(39) Clark, H. C.; Jacobs, W. J. Inorg. Chem. 1970,9, 1229. 

W .  A. J .  Am. Chem. SOC. 1988,110, 7098. 
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COz. One of the objectives of this study was to deter- 
mine structure-activity relationships for [Pd(triden- 
tate)(solvent)12+ molecules with respect to their ability 
to function as electrochemical C02 reduction catalysts. 
In particular we were interested in the relative impor- 
tance of three factors: (1) the nature of the donor set of 
the tridentate ligand, (2) the bite size of the tridentate 
ligand, and (3) the basicity of the tridentate ligands as 
measured by the redox potentials of their corresponding 
palladium complexes. On the basis of the electrochemi- 
cal studies discussed above, substitution of the central 
phosphorus atom with nitrogen or oxygen donors results 
in complexes for which no interaction with CO2 is 
observed. Even the presence of a potential site for 
hydrogen bonding in [Pd(PNHP)(CH&N)I(BF& does 
not result in enhanced reactivity with CO2 as reported 
for macrocyclic cobalt c~mplexes.~" Catalytic currents 
are observed for [Pd(PCP)(CH3CN)I(BF4)2, [Pd(PAsP)- 
(CH&N)l(BF&, and [P~(PSP)(CH~CN)](BF~)Z in the 
presence of both acid and COS. These currents are not 
observed in the absence of CO2. Based on the relative 
magnitude of the catalytic currents the rates of reaction 
of Pd(1) intermediates with CO2 appear to have the 
following qualitative order: PCP L etp = PAsP > ttp = 
PSP > PNP, PNHP, POP. The rate of reaction of the 
Pd(1) intermediates with CO2 does not follow the order 
of the trans influence for these ligands (ttp > PCP > 
etp > PAsP > PNP = PNHP > PSP > POP) or the size 
of the chelate bite of the tridentate ligands (PNP = PCP 
< POP = PNHP < etp PSP c= PAsP < ttp). The 
observed order does roughly follow the order of the redox 
potentials for these complexes: PCP > etp PAsP G 

ttp > PNP = PNHP > POP = PSP. On the basis of the 
data presented in this paper and the preceding paper25 
the optimal donor set for catalysts of the type [Pd- 
(tridentate)(CH&N)](BF& appears to be a simple 
triphosphine ligand. This is the only donor set for which 
we have observed reduction of COZ to CO. 

Acknowledgment. This work was supported by the 
United States Department of Energy, Office of Basic 
Energy Sciences, Chemical Sciences Division. 

Supplementary Material Available: Table Is, contain- 
ing crystal data, data collection conditions, and solution and 
refinement details for [Pd(PCP)(PEt3)1(BFd, Tables 2s-6s, 
giving atomic coordinates and equivalent isotropic displace- 
ment parameters, bond lengths, bond angles, anisotropic 
displacement parameters, and hydrogen atom coordinates and 
isotropic parameters, Table 89, containing crystal data, data 
collection conditions, and solution and refinement details for 
[Pd(PNP)(PEt3)](BF&, and Tables 9s-l3s, giving atomic 
coordinates and equivalent isotropic displacement parameters, 
bond lengths, bond angles, anisotropic displacement param- 
eters, and hydrogen atom coordinates and isotropic parameters 
(28 pages). Ordering information is given on any current 
masthead page. 

OM9403838 

(40)Fujita, E.; Creutz, C.; Sutin, N.; Szalda, D. J. J. Am. Chem. 
SOC. 1991,113,343. Creutz, C.; Schwarz, H. A,; Wishart, J. F.; Fujita, 
E.; Sutin, N. J. Am. Chem. SOC. 1991, 113, 3361. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 5

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

02
4a

03
0


