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Electrochemical Reduction of C02 Catalyzed by Small Organophosphine Dendrimers 
Containing Palladium 
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The sequential addition of diethyl vinylphosphonate to primary phosphines followed by reduction with lithium 
aluminum hydride can be used to synthesize small dendrimers containing up to 15 phosphorus atoms. A second 
approach uses the addition of bis((diethy1phosphino)ethyl)phosphine to tetravinylsilane to produce a dendrimer 
containing 12 phosphorus atoms. The connectivities of these ligands are established unambiguously by 31P NMR 
spectroscopy. These dendrimers react with [Pd(CH3CN)4](BF4)2 to produce metalated dendrimers which catalyze 
the electrochemical reduction of C02 to CO. Relationships between catalytic properties and dendrimer structure 
are discussed. 

Introduction 
Dendritic or cascade molecules with ether, amine, amide, 

hydrocarbon, ester, quatemary phosphine, siloxane, germanium, 
ruthenium bipyridine, platinum bipyridine, and carborane 
structural units have been prepared by a number of research 
gro~ps .~-~O Various uses for these materials have been proposed 
including calibrators, drug delivery vehicles, enzyme mimics, 
micelles, liposomes, liquid crystals, adhesives, and others. 
Another class of potentially interesting dendrimers are those 
containing tertiary phosphines. Such dendrimers raise the 
possibility of combining the rich catalytic chemistry of transition 
metal phosphine complexes with highly structured macromo- 
lecular chemistry. Our initial efforts in this area are the subject 
of this paper. 
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The polymerization of vinylphosphine has been reported 
previously.' The resulting material was not characterized, but 
it is likely that polydisperse organophosphine dendrimers were 
formed. The present work focuses on constructing small 
dendritic molecules of well-defined size and structure. The 
synthetic methodology used in this study relies heavily on recent 
advances in synthesizing polyphosphine ligands using either 
base-catalyzed or free-radical-catalyzed addition of phosphorus 
hydrogen bonds to activated olefins.'*-'' Using this reaction, 
dendrimers containing as many as 15 phosphorus atoms have 
been prepared. 

It has recently been shown that [Pd(triphosphine)(CH3CN)]- 
(BF4)2 complexes will catalyze the electrochemical reduction 
of COz to C0.14 Although these complexes are only one class 
of C02 reduction catalysts,18 the presence of triphosphine 
structural units in these catalysts suggested that dendrimers 
containing this functional unit might catalyze this reaction. In 
this paper, it is shown that metalation of small dendrimers 
containing 12 and 15 phosphorus atoms with [Pd(CH3CN4)]- 
(BF4)2 produces dendrimers exhibiting catalytic activity for 
electrochemical C02 reduction. 

Results 

Synthesis and Characterization of Phosphine Dendrimers. 
The synthesis of several small dendrimers is shown in Scheme 
1. The two main reactions used are the free-radical addition of 
diethyl vinylphosphonate to a primary phosphine and the 
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subsequent reduction of the resulting phosphonate with lithium 
aluminum hydride (LAH). Compounds 1 and 2 have been 
prepared previously using a base-catalyzed reaction. l9 Com- 
pound 2 is readily purified by vacuum distillation (107 "C, 100 
" H g ) .  Compounds 3-6 represent logical extensions of this 
reaction sequence. Compound 3 is a clear viscous oil that would 
not solidify or crystallize. The 'H NMR spectrum of compound 
3 (see Experimental Section) is consistent with the structure 
shown in Scheme 1. Most notable is the absence of resonances 
attributable to vinyl protons and hydrogen atoms bound to 
phosphorus. 31P NMR spectral data for this compound and other 
compounds prepared in this work are summarized in Table 1. 
The terminal phosphonate groups of 3 are diastereotopic, but 
the chemical shift differences are not sufficiently large to be 
resolved. The resonance for the phosphonate groups, PA and 
PB, is a doublet due to coupling with the tertiary phosphorus 
atom Px. The resonance for PX is a doublet of triplets due to 
coupling to the phosphonate and phenylphosphine groups. The 
central phosphorus atom, PM, is a triplet due to coupling to the 
tertiary phosphine atoms, Px. The observed splitting pattems 
confirm the connectivity shown for 3. The chemical shifts can 
be calculated using established parameters, and the good 

agreement between the calculated and experimental values 
supports the oxidation states and substituents of the various 
phosphorus atoms.*O 

Reduction of 3 with LAH produces dendrimer 4, which 
contains four primary phosphine groups. This compound is a 
clear, air-sensitive liquid which decomposed upon attempted 
distillation under vacuum (-220 "C, 0.05 " H g ) .  The primary 
phosphine groups are diastereotopic, and in this case, two 
doublets are observed by 31P spectroscopy for the phosphorus 
atoms PA and PB indicating that they are sufficiently different 
to be resolved. The resonance for the tertiary phosphine, Px, 
is a doublet of triplets arising from coupling to the primary 
phosphine groups and the central phosphorus atom, PM. The 
PM resonance is a triplet as expected. Again, the observed 
splitting patterns unambiguously establish the connectivity of 
the product, and the assignments are supported by the calculated 
chemical shifts. The primary phosphine resonance of 4 splits 
into a triplet when gated decoupling is used. The hydrogen 
atoms bound to phosphorus are observed in the 'H NMR 
spectrum with the same coupling observed in the gated 
phosphorus spectrum (191 Hz). Similarly, the reaction of 2 
with vinyldiphenylphosphine forms dendrimer 5. The 31P NMR 
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King, R. B.; Cloyd, J. C., Jr.; Kapoor, P. N. J. Chem. SOC., Perkin 
Trans. I 1973, 2226-2229. 
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Table 1. 31P NMR Data for Dendrimers and Intermediates 

Miedaner et al. 

compd 6 (calc)” assgnt J 

PIOEt, 1 

P3H, 2 

P70Et, 3 

P7H, 4 

P7Ph, 5 

PIsPh, 6ab 

PisE, 6bb 

31.7 (31) 
-16.3 (-16) 
-19 (-16) 

-128 (-128) 
32.1 (31) 

-16.5 (-16) 
-18.3 (-20) 
-15.6 (-16) 
-20.7 (-20) 

-128.99 (-128) 
-129.03 (-128) 
-12.13 (-12) 
-12.17 (-12) 
-17.07 (-16) 
-17.67 (-20) 
-12.39 (-12) 
-12.42 (-12) 
-12.44 (-12) 
-17.18 (-16) 
-18.39 (-20) 
-17.75 (-20) 
-17.80 (-20) 
-17.06 (-16) 
-17.98 (-20) 
-18.18 (-20) 
-18.21 (-20) 
-18.71 (-20) 
-18.72 (-20) 
-18.75 (-20) 
-18.79 (-20) 
-15.0 (-17) 
-17.9 (-20) 
122.5 
121.1 
120.2 
57.8 
55.7 
55.8 
62.2 

119.8 
116.8 
115.2 
65.32 
62.92 
64.02 
62.72 
61.6 

117.4 
115.3 
115.2 
55.1 
52.9 
54.0 
50.10 
12.15 
12.10 
10.08 

118.8 
63.0 

118.6 
63.1 

123.1 
57.6 
11.4 

122.3 
57.7 
11.6 

53 

15 

44 (AX) 
22 (MX) 

22 (MX) 

14 (BX) 

24 (AX) 
24 (BX) 
21 (MX) 

14 (AX) 

24 (AX) 
24 (BX) 
24 (CY, DY) 
24 (AY) 
22 (MS) 
22 (XS) 
22 (SY) 
19 (AX, BX 

CY, DY) 
20 (MS, SX, 

SY) 

20 

7 (MS) 
6 (AX, BX, 

CY, DY) 
47 (SX) 
37 (SY) 
341 (AB) 

7 (MS) 
7 (AX, BX, 

CY, DY) 
36 (SY) 
45 (SX) 
323 (AB, CD) 

14 (MSy 
-10 (XA, XB, 

YC, YD) 
32 (X’A, X’B, 

Y’C, Y’D, M’S) 
-40 (SX, SY) 
304 (AB) 
307 (MM’) 
313 (XX’) 
314 (YY’) 
6 

6 

295 (CM)d 
10 (CT) 
32 (MT) 
299 (C’M) 
10 (C‘T’) 
32 (MT) 

All spectra were recorded in acetonitrile-& (metal complexes) or toluene-& (ligands) unless indicated otherwise. The chemical shifts are 
referenced to extemal H3P04. Chemical shift values in parentheses were calculated according to ref 20 using aryl and alkyl group contributions 
of Tables 2-7. Alkyl group substituent parameters of 14 for CH2CHzPR2 (R = Et, Ph, H, CH2CHzP) and CHzCH2P(O)(OEt)2 and 17 for CHZCH~S 
are based on chemical shift values reported in refs 13-17. Spectra recorded in acetone-&. X‘, Y’, and M’ designate triethylphosphine ligands 
trans to atoms X, Y, and M, respectively, as shown in Scheme 1. Letter C stands for central phosphorus atom, T for terminal phosphorus atoms, 
and M for the monodentate triethylphosphine ligand. 
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PA+. Finally, the triplet assigned to PM arises from coupling 
to the two PS nuclei and integrates for 1.0 phosphorus atom. 
The experimental and simulated 31P NMR spectra of 6b are 
shown in Figure 2. Coupling constants and chemical shift 
values used for the simulation are listed in Table 1. The spin 
system can be reduced to eight spins for simulation by taking 
advantage of the mirror symmetry of 6b and the X approxima- 
tion for P M . ~ ~  31P COSY experiments were performed on this 
ligand as well and support the assignments. A positive ion fast 
atom bombardment (FAB) mass spectrum of 6a exhibited a 
strong parent ion at mlz = 2168 and a fragmentation pattern 
consistent with loss of branches containing one and seven 
phosphorus atoms. A FAB spectrum of 6b also exhibits a strong 
ion at mlz = 1400, which is one unit higher than the parent ion 
and is attributed to protonation of 6b by the matrix (m- 
nitrobenzyl alcohol, MNOBA). The protonation of 6b, but not 
6a, may be due to the greater basicity expected for 6b. 
Fragmentation of 6b is much more pronounced than for 6a, 
and ions attributed to the parent ion minus fragments containing 
one, three, and seven phosphorus atoms are observed at mlz = 
1282, 1106, and 753, respectively. These data provide ad- 
ditional support for the proposed structures. 

A somewhat different approach for synthesizing phosphorus 
containing dendrimers is shown in reaction 1. In this reaction, 

-11- 

-1g: 

FP 

'PB" 

I -10 

-17 

-16 -i 
-90 

data support a structure analogous to 3 and 4. These data are 
summarized in Table 1. 

Reaction of 4 with vinyldiphenylphosphine and vinyldieth- 
ylphosphine produces dendrimers 6a,b, respectively. These 
dendrimers contain 15 phosphorus atoms. Compound 6a is a 
white solid, while 6b is a clear, air-sensitive oil. For dendrimers 
6, the eight teminal phosphorus atoms (PA, Pg, Pc, and PD) 
form four nonequivalent pairs. Similarly, PX and PY are not 
equivalent. The 31P NMR spectrum of 6a is shown in Figure 
1. The doublets for the terminal phosphorus atoms, PA-PD, 
integrate for 8.6 phosphorus atoms. The splitting arises from 
coupling to either of the two phosphorus atoms PX or PY. The 
small splitting of the doublet is attributed to the small differences 
in chemical shifts for PA, PB, Pc, and PD. This assignment is 
confirmed by the off-diagonal element A,B,C,D-X,Y in the 
31P COSY NMR spectrum shown at the bottom of Figure 1. 
The resonances at -17.75 and -17.80 ppm are assigned to the 
diastereotopic phosphorus atoms PX and Py. These nuclei each 
couple either to PA and PB or PC and PD and a PS nucleus as 
shown by the off-diagonal elements X,Y-A,B,C,D and X,Y-S 
of the 31P COSY NMR spectrum. The X,Y resonances integrate 
for 3.7 phosphorus atoms. The quartet resonance for PS 
integrates for 1.8 phosphorus atoms and arises from the coupling 
to PM, Px, and PY. No coupling is observed between PS and 

7 

a previously constructed triphosphine ligand is attached to a 
tetravinylsilane core. This reaction proceeds quantitatively to 
produce the small dendrimer 7. The 31P NMR of the product 
is a doublet and a triplet as expected for the triphosphine ligand. 
No evidence is observed in the 31P and 'H NMR spectra for 
residual vinyl or PH functional groups. 

Palladium Complexes. The reaction of dendrimer 6b with 
5 equiv of [Pd(CH3CNW(BF4)2 forms the metalated dendrimer 
8b as the major product (reaction 2). This dendrimer contains 

five square planar metal centers, each with an inner coordination 
sphere composed of a triphosphine ligand and an acetonitrile 

(21) Abraham, R. J. The Analysis of High Resolution NMR Spectra; 
Elsevier: New York, 1971. 
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Figure 2. Experimental 31P NMR spectrum (202.3 MHz) of Pl5E (top). Simulated 31P NMR spectrum of Pl5E (bottom). The triplet resonance for 
phosphorus atom PM is not shown because the eight-spin limitation of the simulation programs available results in a doublet for this nucleus. 
However, the remainder of the spectrum should be unaffected by this approximation. 

ligand. In structures 8a,b, the central phosphorus atoms of each 
triphosphine unit, PM, Px, and Py, are nonequivalent. The 
nonequivalence of PX and Py can be attributed to the phenyl 
group bound to PM. As a result of the presence of this phenyl 
group, the plane defined by Pdl, PM, and Ps is not a mirror 
plane, and the two faces of the complex are different. The 
phosphorus atoms PX and Py can lie either on the same side of 
the plane as the phenyl group or on the opposite side. Three 
resonances are observed for the three central phosphorus atoms 
PM, Px, and Py by 31P NMR spectroscopy as shown by trace a 
in Figure 3. The ratio of these resonances is 1:2:2 as expected 
for &:Px:Py. The chemical shifts for these resonances are 
appropriate for a coordinated tertiary phosphine incorporated 
in two five-membered rings. For example, the resonance for 
the central phosphorus atom of [Pd(etpE)(CH3CN)I(BF& 
(where etpE is bis((diethy1phosphino)ethyl)phenylphosphine) is 
a triplet at 114.1 ppm (J  = 7 Hz).14 The terminal phosphorus 
atoms PA, PB, Pc, PD, and Ps are nonequivalent. Two AB 
quartets are observed for the two sets of trans-phosphorus atoms, 
PA and PB and PC and PD, as seen in an expansion of this region, 
trace b of Figure 3. These quartets are split into doublets due 
to coupling to phosphorus atoms PX and PY. The resonance at 
61.6 ppm also exhibits a complex splitting pattern and is 
assigned to Ps. The 31P COSY NMR spectrum shown in Figure 
3 exhibits off-diagonal elements for A-B, C-D, A-X, B-X, 
C-Y, D-Y, S-X, S-Y, and M-S as expected on the basis 
of the above assignments. A proton NMR spectrum of 8b in 
acetone-d6 shows a single broad resonance at 2.2 ppm, which 
suggests rapid exchange between the three acetonitrile ligands 
coordinated to Pdl, Pdz, and Pd3. This resonance shifts upon 
adding acetonitrile indicating rapid exchange between free and 
coordinated acetonitrile as well. The infrared spectrum of 8b 
exhibits two bands at 2293 and 2321 cm-l assigned to a CN 

stretching mode and a combination mode, respectively.22 
Adding triethylphosphine to dendrimer 8b replaces the aceto- 
nitrile ligands with triethylphosphine. The 31P NMR spectrum 
of the resulting triethylphosphine-substituted dendrimer, 9, is 
somewhat more complex than 8b, but it exhibits the same 
general features. Spectral assignments for 9 are given in Table 
1 and are supported by 31P COSY experiments. 

The reaction of [Pd(CH&N)4](BF& with dendrimer 7 
produces 10, which contains four square planar palladium 
complexes bound to a central silicon atom (step 1 of reaction 
3). The inner coordination sphere of each palladium atom 

11 

consists of a triphosphine ligand and an acetonitrile ligand, L. 
There are two different environments for the palladium com- 
plexes as indicated by the presence of two triplets assigned to 
the central phosphorus atoms of the tridentate phosphine ligands 
and two doublets for the terminal phosphorus atoms. This 

(22) Storhoff, B. N.; Lewis, H. C., Jr. Coord. Chem. Rev. 1977, 23, 1-29. 
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nonequivalence is maintained when 10 reacts with triethylphos- 
phine to form dendrimer 11 (step 2 of reaction 3). The 31P 
NMR spectrum of this product consists of two doublets of 
triplets for the central phosphorus atom, PC and Pc'; a second 
pair of doublets of triplets for the triethylphosphine ligands; 
and two doublets of doublets assigned to the terminal phos- 
phorus atoms, PT and PT'. These data again suggest two 
different types of environments for the palladium complexes. 
This nonequivalence is not observed for dendrimer 7 prior to 
metalation and suggests that incorporating palladium may result 
in restricted rotation between the square planar palladium units 
and nonequivalence. When complex 10 is warmed to tempera- 
tures in excess of 100 O C  in dimethylformamide solutions, the 
two triplets and two doublets collapse to form two broad 
resonances indicative of a single environment. Upon lowering 
of the temperature to room temperature the original spectrum 
is observed. These results are consistent with restricted rotation 
for 10 and 11. 

Metalation of dendrimers 6b and 7 forms square-planar 
palladium complexes coordinated by tnphosphine ligands and 

2 

g 
5 0  

-1 

-2 
-1.6 -1.4 -1.2 -1 -0.8 -0.6 

Volts 

l " " ~ " " ' 1  4 0 t  /? 

20 

5 0  

-1.6 -1.4 -1.2 -1 -0.8 -0.6 
Volts 

Figure 4. Cyclic voltammograms of an -0.5 x M dimethylfor- 
mamide solution of [Pd5P15E(PEt3)S](BF4)10 at 10 V/s (a) and 50 mV/s 
(b). 

a fourth ligand, either acetonitrile or triethylphosphine. The 
structure of dendrimer 7 is restricted in such a manner that this 
mode of coordination is highly favored. For dendrimers 5 and 
6a,b a number of other possible coordination modes are certainly 
possible. Although structures 8b and 9 appear to be the 
dominant structures observed upon metalation of 6b, the 
reactions of [Pd(CH&N)4](BF& with 5 and 6a appear to be 
more complex. For example, the reaction of 6a with [Pd(CH3- 
CN)4](BF& produces a product with three resonances that can 
be assigned to phosphorus atoms PM, Px, and Py of structure 8 
and four resonances for phosphorus atoms PA-PD. These 
observations support analogous reaction products for 6a,b. 
However, for 6a these well-defined resonances are superimposed 
on broad resonances occurring in the same region. The broad 
resonances account for more than half of the total intensity. 
Although the broad resonances change somewhat as the 
temperature is varied between +50 and -80 "C, no limiting 
spectra are observed. Over the same temperature range, the 
sharp resonances are not appreciably affected. Observing 
exchanging and nonexchanging systems may be simply a 
reflection of multiple modes for binding five palladium atoms 
by 6a with one of these, namely structure 8, being more stable 
and less fluxional than the others. Other explanations of this 
behavior are also possible. The reaction of 5 with 2 equiv of 
[P~(CH~CN)~] (BF~)Z  also appears to produce a rapidly exchang- 
ing system similar to that described for 6a. 

Electrochemical Studies of Metalated Dendrimers. Tri- 
ethylphosphine Complexes. Figure 4 shows cyclic voltam- 
mograms of a dimethylformamide solution of [Pd~(P15E)(PEt3)5]- 
(BF4)lo at high (4 V/s) and low (50 mV/s) scan rates. At high 
scan rates, a quasi-reversible wave is observed at -1.34 V vs 
FeCp2. The cathodic wave is diffusion-controlled, as indicated 
by a linear plot of i, vs the square root of the scan rate for scan 
rates between 0.050 and 10 V / S . ~ ~  At 4 VIS, the ratio of the 
anodic peak current to the cathodic peak current is 0.93, while, 
at 50 mV/s, this ratio is 0.47. This result is consistent with a 
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Table 2. Electrochemical Data for Metalated Dendrimers 
current efficiency 

% %  
compd E112~ nb CO Hz turnoversC 

Miedaner et al. 

[Pd4Si(etpE)4(PEt3)41(BF4)8, 11 -1.38 1.2 
[Pds(Pi5E)(PEt3)51(BF4)io, 9 -1.34 1.2 
[P~~S~(~~PE)(CH~CN)~](BF~)S, 10 <-1.1 1.0 37 68 15 
[P~~(P~~P~)(CH~CN)~](BF~)~O, 8a '-1.1 1.1 14 87 1.3 
[P~~(P~~E)(CH~CN)~](BF~)I~, 8b <-0.9 1.2 25 87 2 

a All potentials (V) are reported versus the ferrocene/ferrocenium 
couple. The values for the acetonitrile complexes reflect potentials 
for which significant Faradaic current flow is observed. n represents 
the number of Faradays passedmol of palladium at potentials ap- 
proximately 100 mV negative of those shown in the ElI2 column. 
'Current efficiencies are based on 2 Faradaydmol of HZ or CO 
produced. Turnovers represent the number of moles of CO produced 
mol of palladium after the current has decayed to 50% of its initial 
value at constant COZ and acid concentrations. 

chemical reaction following the reduction of the complex at 
slower scan rates. For monomeric [Pd(triphosphine)(PEt3)]- 
(BF4)2 complexes, reversible two-electron reductions are ob- 
served at potentials comparable to those observed for [Pds- 
(P15E)(PEt3)5](BF4)10.24 On this basis, the quasi-reversible 
reduction is assigned to two-electron reduction processes for 
each palladium atom. The observation that the values of AEp 
(180 mV at 10 V/s) and Ep - Ep/2 (48 mV at 50 mV/s) are 
greater than the 30 mV expected for a two-electron process may 
be the result of slightly different potentials for the three different 
palladium environments, moderately slow electron-transfer 
kinetics, or a small negative interaction between the different 
palladium sites. Controlled-potential electrolysis at - 1.5 V vs 
FeCp;! resulted in the passing of 1.2 Faradays of current/mol of 
palladium. This result suggests that the ultimate oxidation state 
of palladium is one. Such species could readily form by 
comproportionation of Pd(0) sites formed by two-electron 
reduction processes with Pd(I1) sites. Such reactions are known 
to form complexes with Pd-Pd bonds.14 This reaction may be 
promoted by the close proximity of the palladium sites in these 
dendrimers. The electrochemical behavior of [PdeSi(etpE)4- 
(PEt3)4](BF& is similar to that of [P~s(PIsE)(PE~~)s](BF~)~~ and 
is summarized in Table 2. 

Acetonitrile Complexes. The cyclic voltammograms of the 
acetonitrile complexes [P~~(PIsP~)(CH~CN)~](BF~)~O, [Pd5(P15E)- 
(CH3CN)s](BF4)10, and [P&S~(~~PE)~(CH~CN)~](BF~)~ all ex- 
hibit broad, poorly defined waves as shown in Figure 5, trace 
a and inset, for [P&Si(etpE)4(CH$N)4](BF4)8. Controlled- 
potential electrolysis of these complexes at approximately - 1.5 
V results in 1 Faraday of charge/palladium atom being passed. 
These results are similar to those of monomeric [Pd(triphosphine)- 
(CHjCN)](BF& complexes, which are known to form Pd(1) 
dimers upon electrochemical red~ct i0n . l~  Because [Pd(tri- 
phosphine)(CH3CN)](BF4)2 complexes catalyze the electro- 
chemical reduction of COz to CO in acidic dimethylformamide 
solutions, these dendrimers were evaluated for their catalytic 
activity. Figure 5, trace b, shows a cyclic voltammogram of 
[P&Si(etpE)4(CH3CN)4](BF4)8 in dimethylformamide containing 
0.05 M HBF4 and 0.18 M CO;?. Trace c shows the effect of 
removing COz by purging the solution with nitrogen. The 
enhanced current observed in the presence of C02 is attributed 
to the catalytic reduction of C02 to CO. Controlled-potential 
electrolysis experiments were carried out at - 1.1 V on solutions 
containing catalyst, acid, and COz. For [P&Si(etpE)4(CH3CN)4]- 

(23) Fry, A. J .  Synthetic Organic Electrochemistry; Wiley: New York. 

(24) DuBois, D. L.; Miedaner, A. J .  Am. Chem. SOC. 1987,109, 113-117. 
1989; p 31. 
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Figure 5. (a) Cyclic voltammogram of [PQS~(~~PE)~(CH~CN)~](BF~)~ 
(1.7 x M) in dimethylformamide under N2 at 50 mV/s. (b) Same 
solution after adding HBF4 (0.05 M) and COz (0.18 M). (c) Same 
solution with HBF4 (0.05 M) purged with Nz. 

(BF4)8, 35-40% of the charge passed produced CO. In the 
absence of catalysts, COz, or acid, no CO production is observed. 
Similar results were obtained for the [ P ~ ~ ( P I ~ R ) ( C H ~ C N ) ~ ] ' ~ +  
dendrimers; however, slightly lower current efficiencies were 
observed. In all cases, hydrogen production accounts for the 
remaining charge passed during the electrolysis experiments. 

Equation 4 can be used to calculate a catalytic rate based on 
the current. 14.2J Equation 4 assumes the substrate concentrations 

(4) 

are sufficiently high to ensure they are not significantly altered 
during the experiment. In eq 4, n is the number of electrons 
involved in catalyst reduction, k is the rate constant, v is the 
scan rate, C, is the concentration of substrate(s), m is an 
exponent corresponding to the reaction order of the substrate, 
and o is a factor which depends on the mechanism. The key 
parameters to be measured are the catalytic current, i,, and the 
diffusion current, id. A reliable estimate of the diffusion current 
is difficult to obtain directly from the acetonitrile complexes 
due to the poorly defined waves as shown by the inset in Figure 
5 .  However, the current can readily be measured for the 
triethylphosphine analogues, Figure 4. Dividing this current 
by 2.83 to convert from a two-electron process to a one-electron 
process provides an estimate for id in eq 4. Using this value 
for id and the measured value of i,, rate constants of 10 and 30 
M-I sc l  can be calculated for [P~s(PIsE)(CH~CN)~](BF~)~O and 
[P&(SietpE)(CH3CN)4](BF4)8. These values provide an order 
of magnitude type of estimate for the average activity of each 
site in these dendrimers. Qualitatively these values are similar 
to those observed for discrete [Pd(triphosphine)(CH3CN)](BF4)2 
complexes. l4 

Discussion 

The results presented above illustrate that the high-yield 
addition reaction of P-H bonds to activated olefins provides a 
general strategy for synthesizing small organophosphine den- 

(25) SavCant, 3.-M.; Vianello, E. Electrochim. Acta 1965, 10, 905. 
Hammouche, M.; Lexa, D.; Momenteau, M.; SavBant, J.-M. J .  Am. 
Chem. SOC. 1991,113,8455. SavBant, J.-M.; Su, K. B. J .  Electroanal. 
Chem. 1985, 196, 1 .  
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drimers with a variety of terminal groups. The large three- 
bond P-P coupling constants characteristic of ethylene linkages 
facilitate the characterization of these dendrimers. Both 31P 
COSY spectra and spectral simulations are important tools for 
establishing connectivity patterns for the larger and more 
complex phosphine dendrimers. The nonequivalence of various 
terminal and internal phosphorus atoms was observed in a 
number of cases. 

For the dendrimer Si(etpE)4, four discrete triphosphine 
functional units are separated by an intervening silicon atom 
and two ethylene units. As a consequence, metalation of Si- 
(etpE)4 with [Pd(CH3CN)4](BF& yields a dendrimer containing 
four discrete [Pd(triphosphine)(CH3CN)I2+ units. For the PlsR 
and P7Ph dendrimers, all the phosphorus atoms are separated 
by simple ethylene linkages, and no separation of the dendrimer 
into discrete triphosphine units is inherent in their structures. 
Consequently, these dendrimers can coordinate to the metal as 
bidentate, tridentate, tetradentate, pentadentate, etc. ligands. For 
[ Pd5 (P 15E) (CH3CN)5] (B F4) 10, the dominant mode of coordina- 
tion appears to be discrete [Pd(triphosphine)(CH3CN)IZ+ com- 
plexes, although other coordination modes appear to be present 
as well. For the PlsPh dendrimer, formation of five discrete 
[Pd(tripho~phine)(CH3CN)]~+ sites appears to constitute only a 
minor fraction of the possible coordination modes with the 
majority of the dendrimer giving broad, poorly defined reso- 
nances. The variety of coordination modes available in the P15R 
complexes is analogous in some respects to the complexity and 
multitude of sites available on surfaces. The discrete sites of 
[P&Si(etpE)4(CH3CN)4] (BF4)s more closely approximate typical 
homogeneous catalysts or enzymes. 

The dendritic acetonitrile complexes shown in Table 2 
catalyze the electrochemical reduction of COz to CO, and the 
rates and selectivities are similar to analogous monomeric 
catalysts. The order of the catalytic rates and turnover numbers 
for these dendrimers, [P&S~(~~~E)~(CH~CN)~](BF~)E > [Pds- 
P I ~ E ( C H ~ C N ) ~ I ( B F ~ ) ~ O  > [P~SP~~P~(CH~CN)~I(BF~)~O, parallels 
the fraction of discrete [Pd(ttiphosphine)(CH3CN)I2+ sites. These 
data indicate no cooperative effects occur between the palladium 
sites within these dendrimers. The one-electron reductions 
observed during bulk electrolysis experiments suggests forma- 
tion of Pd(1) species with Pd-Pd bonds. Such reactions would 
be analogous to the Pd(1) dimers formed by reducing [Pd- 
(triphosphine)(CH3CN)](BF4)2 ~omp1exes.l~ This suggests that 
increases in the turnover numbers may be possible if the 
palladium sites were well separated in dendritic catalysts. 
Studies to explore this possibility are in progress. 

In summary, the synthesis of small polyphosphine dendrimers 
has been demonstrated, and palladium complexes of these 
dendrimers exhibit catalytic activity for the electrochemical 
reduction of COz to CO. These results demonstrate the 
feasibility of performing catalytic reactions using metalated 
organophosphine dendrimers. 
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vinylphosphonate, diethylphosphine, diphenylphosphine, and 2,2'- 
azobis(2-methylpropionitrile) (AIBN) were obtained from commercial 
suppliers. Bis(phosphin0ethy1)phenylphosphine~~ and [Pd(CH3CN)d]- 
(BF4)226 were prepared by literature methods. The preparation of bis- 
((diethy1phosphino)ethyl)phosphine will be described elsewhere. 

NMR spectra were obtained on a Varian Unity 300 spectrometer 
operating at 299.95 MHz for 'H and 121.42 MHz for 3LP. 31P NMR 
spectra on selected compounds were recorded on a Varian 500-MHz 
spectrometer operating at 202.34 MHz for 31P. Chemical shifts are 
reported in ppm relative to internal tetramethylsilane for 'H NMR 
spectra and external H3P04 for 31P NMR spectra. Infrared spectra were 
obtained on Nujol mulls or dichloromethane solutions using a Nicolet 
5 10 P spectrometer. FAB mass spectra using Xe atoms at 8 keV were 
recorded on a VG Analytical 7070 EQ-HF tandem mass spectrometer. 
Samples were dissolved in m-nitrobenzyl alcohol (MNOBA). Elemen- 
tal analyses were performed by Schwarzkopf Microanalytical Labora- 
tories. Coulometric measurements 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 diameter of 1 cm and a length of 2.5 cm (100 pores/ 
in., The Electrosynthesis Co., Inc.). The counter electrode was a W 
wire, and a Ag wire immersed in a 50:50 mixture of permethylferrocenel 
permethylferrocenium was used as the reference electrode.27 The 
electrode compartments were separated by Vycor disks (7-mm diam- 
eter). 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 chromatog- 
raphy conditions are presented elsewhere.24 In a typical experiment, a 
1.0 x M solution of catalyst in dimethylformamide (10.0 mL) 
was saturated with C02 by purging the solution for approximately 30 
min. HBF4 (50 pL, 9.4 M) was added via syringe and the solution 
electrolyzed at potentials approximately 100 mV negative of the peak 
potential of the first cathodic wave of the catalyst. Cyclic voltammetry 
and chronoamperometry experiments were carried out using a Cypress 
Systems computer-aided electrolysis system. The working electrode 
was a glassy carbon disk with a diameter of approximately 1 mm. The 
counter electrode was a glassy carbon rod, and the reference electrode 
was a Pt wire immersed in a permethylferrocene/permethylferrocenium 
solution. Ferrocene was used as an intemal standard, and all potentials 
are reported vs the ferrocene/ferrocenium couple.28 All solutins for 
cyclic voltammetry and coulometric experiments were 0.3 N NEkBF4 
in dimethylformamide. 

Syntheses. Bis[(bis(diethyl phosphonatoethyl)phosphino)ethyl]- 
phenylphosphine, P7OEt, 3. A mixture of bis(phosphinoethy1)- 
phenylphosphine, 2 (2.50 g, 1 .O mmol), diethyl vinylphosphonate (7.5 
mL, 49 mmol), and AIBN was irradiated in a sealed Schlenk flask for 
1 day. Volatile materials were removed by heating the crude product 
to 80 "C on a vacuum line for 16 h (9.4 g, 96%). 'H NMR (toluene- 
d8): Ph, 6.7-7.3 ppm (m); OCH2CH3, 3.6-3.7 ppm (m); CHZP, 1.0- 
1.4 ppm (m); OCH2CH3, 0.83 ppm, t (J  = 7 Hz). 

P7H, 4. A solution of P70Et (6.0 g, 6.77 "01) in THF (50 mL) 
was added slowly over a 1-h period to a stirred suspension of LAH 
pellets (5.0 g, 0.13 mol) in THF (100 mL). The reaction mixture was 
stirred ovemight at room temperature and then hydrolyzed slowly with 
water (30 mL). The white precipitate that formed was removed by 
filtration and extracted with two 50-mL portions of THF. The combined 
organic extracts were dried ovemight with MgS04. The solution and 
MgS04 were separated by filtration, and a clear, air-sensitive liquid 
product was obtained (2.40 g, 75%) by removing the solvent on a 
vacuum line at room temperature. IH NMR (acetone-ds): Ph, 7.35- 
7.6 ppm (m); PH2, 2.73 ppm (dt, l J p ~  = 191 Hz, 3 J ~ H  = 6 Hz); 
CH~CHZP, 2.1-2.0 (m), 1.9-0.9 (m's). 

Bis[(bis((diphenylphosphino)ethyl)phosphino)ethyl]phen- 
ylphosphine, P7Ph, 5. A mixture of 2 (1.0 g, 4.3 mmol), vinyldiphe- 

(26) Sen, A.; Ta-Wang, L. J .  Am. Chem. SOC. 1981, 103, 4627-4629. 
Hathaway, B. J.; Holah, D. G.; Underhill, A. E. J .  Chem. SOC. 1962, 
2444-2448. 

(27) Hupp, J. T. Inorg. Chem. 1990, 29, 5010-5012. 
(28) Gagne, R. R.; Koval, C. A,; Lisensky, G. C. Inorg. Chem. 1980, 19, 

2854-2855. Gritzner, G.; Kuta, J. Pure Appl. Chem. 1984,56,462- 
466. 

Experimental Section 

Materials and Physical Methods. Reagent-grade diethyl ether, 
tetrahydrofuran (THF), and toluene were purified by distillation from 
sodium benzophenone ketyl. Acetonitrile and dichloromethane were 
distilled from CaHz 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. Dichlo- 
romethane-dz and acetonitrile-d:, were purified by vacuum transfer from 
CaHz and stored in a glovebox. Acetone-d6 was dried over 4-A 
molecular sieves, vacuum transferred, and stored in a glovebox. Diethyl 



5490 Inorganic Chemistry, Vol. 33, No. 24, 1994 

nylphosphine (3.7 g, 17.4 mmol), and AIBN (0.1 g) was irradiated in 
a sealed Schlenk tube for 3 h and then heated to 110 OC for 30 min. 
Volatile materials were removed by heating the crude product to 110 
'C for 8 h under vacuum. A clear tar is obtained after cooling the 
product to room temperature (99%). Anal. Calcd for C&69P7: C, 
73.46; H, 6.45. Found: C, 73.68; H, 6.66. 'H NMR (toluene-ds): Ph, 
7.2 ppm (m); CH2P, 1.0-2.0 ppm (m). 

P15Ph, 6a. A mixture of P7H (0.95 g, 2 mmol), vinyldiphenylphos- 
phine (3.85 g, 18.1 mmol), and AIBN (0.1 g) was irradiated in a Schlenk 
flask for 3 days. Volatile materials were removed by heating the crude 
product to 150 "C for 5 h on a vacuum line. An oily white solid formed 
on cooling to room temperature. This crude product was crystallized 
from diethyl ether (2.55 g, 59%). Anal. Calcd for C130H141P15: C, 
72.02; H, 6.55; P, 21.43. Found: C, 71.18; H, 6.63; P, 20.95. 'H 
NMR (toluene-ds): Ph, 7.1 ppm (m), 7.4 ppm (m); CHZCH~P, 2.05- 
1.0 ppm (m's). FAB mass spectrum (MNOBA): parent ion, mlz = 
2168; parent ion minus P(CsH&, mlz = 1983; parent ion minus C2H4P- 
(C6H5)2, mlz = 1955; parent ion minus P7C62H68, mlz = 1138. The 
mass axis was calibrated with CsI. 

6b. The procedure for this dendrimer was nearly identical to 
that used for P15Ph. The product is a clear, air-sensitive, viscous oil. 
'H NMR (toluene-ds): Ph, 7.2 and 7.6 ppm (m's); CH2CH2P and PC2H5, 
1.0-2.0 ppm (m's). FAB mass spectrum (MNOBA): (M + H), 
P15CsH141, mlz = 1400 (43); (M + H) minus CH2CH2P(C2H&, 
P14CmH127, m/z = 1282 (45); P I ~ C ~ ~ H I W ,  mlz = 1106 (45); PsC36H73, 
mlz = 753 (83); P~CZSHM, mlz = 617 (100); P3C12H28, mlz = 265 (38); 

Si(etpE)4, 7. A mixture of bis((diethy1phosphino)ethyl)phosphine 
(0.50 g, 1.9 mmol), tetravinylsilane (0.064 g, 0.47 mmol), and AIBN 
(10 mg) was irradiated in a Schlenk flask for 3 days. The crude product 
was heated to 110 "C under vacuum for 5 h to produce a clear oil 
(yield 0.55 g, 99%). 'H NMR (CD3CN): SiCH2CH2P and PCH2CH3, 
0.6-1.4 ppm (m's). 
[P~~(PI~E)(CH~CN)~](BF~)~O, 8b. A solution of [Pd(CHjCN)d]- 

(BF4)2 (0.79 g, 1.79 mmol) in acetonitrile (20 mL) was added to a 
solution of (0.50 g, 0.36 mmol) in toluene (20 mL). A precipitate 
formed immediately. The reaction mixture was stirred at room 
temperature for 3 h. The solvent was removed with a vacuum line to 
produce a yellow powder (1.05 g, 97%). The crude product was 
recrystallized from a mixture of dichloromethane and ethanol containing 
5% acetonitrile by reducing the volume and cooling. Anal. Calcd for 
C76H156N~P15Pd5BloF40: C, 30.38; H, 5.23; N, 2.33. Found: C, 29.99; 
H, 5.63; N, 1.74. 'H NMR spectrum (acetone-d6): Ph, 7.2-8.3 ppm 

Pc6H14, m/Z = 117 (99). 
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(m's); CH2CH2 and c2H5, 1.2-3.2 ppm (m's); CHsCN, 2.45 ppm (s). 
IR (Nujol): YCN, 2293 cm-l; combination band, 2321 cm-l. 
[P~~(PI~P~)(CHJCN)S](BF~)I~, Sa. This compound was prepared 

in a manner analogous to [P~~(P~~E)(CH~CN)S](BF& Anal. Calcd 
for C140H156N~Bl0F40P15Pd5: C, 44.56; H, 4.17; N, 1.86. Found: C, 
42.75; H, 4.29; N, 1.78. 'H NMR (acetone-d6): Ph, 7.4-8.2 ppm (m's); 
CHzCHzP, 1.8-3.8 (m's); CH3CN, 2.19 ppm (broad s). IR (Nujol): 
YCN, 2292 cm-'; combination band, 2321 cm-l. 
[P~~(PI~E)(PE~~)~](BF~)Io, 9. Triethylphosphine (0.30 mL, 2.05 

mmol) was added to a solution of [P~~(PI~E)(CH~CN)~](BF~)~O (0.5 g, 
0.167 "01) in acetonitrile (30 mL). The reaction mixture was stirred 
for 2 h, and the solvent was removed. The precipitate was collected 
by filtration and recrystallized from a mixture of acetonitrile and ethanol 
(yield 0.3 g, 40%). Anal. Calcd for C ~ ~ H ~ I ~ P Z O P ~ ~ B I ~ F ~ O :  C, 34.02; 
H, 6.39; P, 18.28; Pd, 15.70. Found: C, 34.04; H, 6.13; P, 18.50; Pd, 
15.94. 'H NMR (acetonitrile-&): Ph, 6.8-8.0 ppm (m's); CH2CH2P 
and PCH2CH3, 1.0-3.0 ppm (m's). 
[P~~~~(~~PE)~(CH~CN)~I(BF~)B, 10. [Pd(CH3CN)4l(BF4)2 (0.83 g, 

1.9 "01) was added to a mixture of Si(etpE)4 (0.55 g, 0.47 mmol) in 
acetonitrile (50 mL). The reaction mixture was heated overnight at 
70 "C. The solvent was removed on a vacuum line to produce a yellow 
powder (1.05 g, 89%). This product was recrystallized from a solution 
of dichloromethane and ethanol containing 5% acetonitrile. Anal. Calcd 
for C M H ~ ~ ~ N & & P I ~ B ~ F ~ ~ S ~ :  C, 30.92; H, 5.68; N, 2.25. Found: C, 
31.90; H, 6.04; N, 2.60. 'H NMR spectrum (acetone-d6): SiCH2CHxP 
and PCH2CH3, 1.2-3.0 ppm (m's); CH3CN, 2.49 ppm (s). IR 
(Nujol): VCN, 2294 cm-l; combination band, 2332 cm-'. 

[P&Si(etpE)4(PEt3)4](BF4)~, 11. Triethylphosphine (0.048 g, 0.4 
mmol) was added to a solution of [ P ~ & ( ~ ~ ~ E ) ~ ( C H ~ C N ) ~ ] ( B F ~ ) S  (0.30 
g, 0.1 mmol) in acetonitrile (50 mL). The reaction mixture was stirred 
at room temperature for 1 h, and then the solvent was removed on a 
vacuum line. The yellow solid that resulted was crystallized from a 
mixture of dichloromethane and ethanol (yield 0.20 g, 72%). Anal. 
Calcd for CsoHlssBsF32Pl&'&Si: C, 34.48; H, 6.78; P, 17.75. Found: 
C, 34.19; H, 6.48; P, 16.64. 'H NMR spectrum (CD3CN): SiCHZCH2P 
and PCH2CHq, 1.0-3.0 ppm (m's). 

Acknowledgment. This work was supported by the United 
States Department of Energy, Office of Basic Energy Sciences, 
Chemical Sciences Division, and by the Director's Development 
Fund of the National Renewable Energy Laboratory. Martin 
Ashley's assistance in obtaining high-field 31P NMR spectra is 
also gratefully acknowledged. 


