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Reductions of Co(edta)-, CO(NH~)~'+, C~(en),~+, and Co(sep)'+ by tris(picolinato)vanadate(II), V(pic),-, take place with 
second-order rate constants 7.7 X lo4 M-' s-' ,8.0 x 103 M-1 S-1 , 8.2 X lo2 M-I s-l, and 8.4 X lo4 M-I s-' , r espectively, 
at 25.0 OC and at 0.5 M ionic strength. Application of the Marcus theory to the latter three results leads to a self-exchange 
rate for V(P~C)~O/- of 3.1 X lo6 M-' s-l. For Co(edta)- the observed rate is an order of magnitude slower than predicted 
by the Marcus theory and reasons for this discrepancy are proposed. 

Introduction 
The dissolution of metal oxides is considerable importance 

in the descaling of high-temperature water-cooled plants. 
Many procedures currently available use strong acids or 
chelating agents in the dissolution of the oxide.2 Blesa and 
co-workers have investigated the dissolution of Fe304 using 
thioglycolate3 and oxalate4 and in the latter reaction have 
indicated the presence of a heterogeneous electron-transfer 
pathway. Zabin and Taube5 noted the importance of electron 
transfer in the dissolution of metal oxides by Cr,?, and more 
recently tris(picolinato)vanadate(II), V(pic),-, has been in- 

picolinic acid 

troduced6 as a powerful descaling agent capable of dissolving 
Fe203, Fe304, and NiFe204.7 This low-oxidation-state metal 
ion (LOMI) reagent is thought to be particularly effective 
because it reduces iron(II1) to the more labile iron(I1) in a 
heterogeneous outer-sphere electron-transfer reaction. 
Tris(picolinato)vanadate(II) has a reduction potential of 

-0.41 V (vs. N H E )  on the basis of stability constants8 mea- 
sured at 25 OC and 0.5 M ionic strength, making it comparable 
in reducing power with the Cr,? ion. It is strongly colored 
with an absorption maximum a t  660 nm ( E  3800 M-' cm-') 
and is readily monitored spectrophotometrically. 

Although the redox chemistry of V(H20)62+ in aqueous 
solution has been examined extensively, much less is known 
of vanadium(I1) complexes. Bennett and Taubeg have reported 
reactions of V ( b p ~ ) , ~ +  and other polypyridyl reagents with a 
number of oxidants, and the results suggest outer-sphere 
mechanisms. Gould and co-workers1° have examined the 
effects of radical formation in the reduction of cobalt(II1) 
complexes by vanadium(I1) complexes with pyridinedi- 
carboxylic acids, and there is a report" of an inner-sphere 
reaction of V(pic)3- in the reduction of Eu,PJ+ but detailed 
studies have not been published. In this paper we present the 

kinetics and mechanisms of reduction of a number of co- 
balt(II1) complexes by V ( ~ i c ) ~ - .  The choice of oxidant is 
governed largely by the high reactivity of V ( ~ i c ) ~ -  and the 
limitations of the stopped-flow technique. However, the results 
are sufficient to establish that V(pic),- is a powerful outer- 
sphere reductant. 
Experimental Details 

All procedures involving V(pic),- were carried out in solutions 
rigorously outgassed with chromium(I1)-scrubbed nitrogen gas. 
Reagent transfers were accomplished by using gas-tight syringes and 
Teflon needles. Tris(picolinato)vanadate(II) was produced by the 
electrolytic reduction of VOz+ (Fluka purrum) to V(H20)62+ in 0.1 
M HCI on a mercury pool cathode. Aliquots of V(H20)62+ were 
transferred onto a mixture of dry solids, Na2B407.10H20 (Baker 
Analyzed or BDH AnalaR) and picolinic acid, picH (Sigma), pre- 
viously weighed to give the desired ionic strength and picolinate 
concentrations. Stepwise constants for the formation of picolinate 
complexes of vanadium(II)8 are Kl = 104.43 M-' 9 2  K = lo4." M-I, 
and K3 = 104.15 M-', which require that [pic-], the free picolinate ion 
concentration, be in excess of M to ensure >99% formation of 
the tris complex. The final pH of stock solutions was generally greater 
than 6, and effective buffer action was achieved with excess picolinate 
(pK, = 5.4)12 mixed with borate. 

Production of the dark blue V(~ic)~- was instantaneous. The reagent 
has a broad absorption in the visible region of the spectrum with a 
maximum at 660 nm (E 3800 M-' cm-I) and a shoulder at 460 nm 
(e 2200 M-' cm-'). The stock solution of V ( ~ i c ) ~ -  was stored under 
nitrogen to minimize aerial oxidation and was used within a few hours 
of production and then discarded. 

Total vanadium content was measured by the absorbance of the 
peroxovanadium(V) complexI3 = 281 M-' cm-I). Reduction to 
V(H20),2+ achieved yields of 95% or better conversion. Conversion 
to V(H20)2+ was estimated by measuring the absorbance of V- 
(H20)63+ at 400 nm7 or by measuring the absorbance of V(pic),- at 
680 nm. 

The compounds NaCo(edta),I4 C O ( N H ~ ) ~ C ~ ~ , ' ~  C ~ ( e n ) ~ C l , , ~ ~  and 
Co(sep)Cl3l7 were prepared by literature methods or minor modifi- 
cations thereon. Analytical and spectrophotometric data were in good 
agreement with published values.17-" Solutions, rigorously outgassed 
with nitrogen and containing appropriate amounts of borate, NaC1, 
and pic-, were prepared gravimetrically, and concentrations were 
checked spectrophotometrically. Solutions of C r ( b ~ y ) ~ ~ +  were prepared 
as outlined elsewhere.21 Reactions of Cr(b~y) ,~+ were run in 
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phosphate buffer in the absence of picolinic acid. 
Oxidation of V ( ~ i c ) ~ -  by the cobalt(II1) complexes results in 

formation of V(pic)3, which has a characteristic absorption at 365 
nm ( e  1600 M-' cm-I). Precipitates are formed with the positively 
charged oxidants at high concentration. In the Co(edta)- reaction 
where there is a possibility of further oxidation, V(pic), was recovered 
quantitatively by extraction into CHC13 = 1400 M-' cm-1).22 

Kinetic experiments were run under pseudo-first order conditions 
with an excess of oxidant and were monitored at or near the absorption 
maxima of the reductants (680 nm for V(pic),-; 467 nm for Cr- 
( b p ~ ) ~ ~ ' )  with an Applied Photophysics2) or a Durrum D-110 stop- 
ped-flow spectrophotometer thermostated at 25.0 i 0.1 "C unless 
otherwise noted. Data were collected by using a Nicolet 3091 digital 
oscilloscope. Plots of log ( A  - A,)  against time were linear for more 
than 3 half-lives, and pseudo-first-order rate constants were calculated 
by linear regression on an Apple II+ microcomputer. The pH was 
monitored immediately after reaction with either an EIL 7066 pH 
meter or a Beckman Selection 2000 meter. In all experiments the 
ionic strength was maintained at 0.5 M by using NaCl as supporting 
electrolyte. 

Absorption spectra were run on a Beckman 5270 or Perkin-Elmer 
552 instrument. 
Results 

Reduction of the cobalt(II1) complexes by V(pic)< produces 
V(pic), in accord with eq 1. Subsequent reactions in the 
presence of excess oxidant are sufficiently slow not to interfere 
with this process. 

Lannon, Lappin, and Segal 

Table I. Pseudo-First-Order Rate Constants for the Reduction of 
Cobalt(II1) Complexes by V@ic),- at 25 "C and 0.5 M (NaCl) 
Ionic Strengtha 

Co(II1) + V ( ~ i c ) ~ -  - Co(I1) + V(pic), (1) 
For all the V(pic),- reductions, pseudo-first-order rate 

constants, koW, are presented in Table I. Plots of koW against 
[Co(III)] are linear with Co(en),,+, CO(NH,)~,+ and Co- 
(sep),' as oxidants, consistent with the second-order rate law, 
eq 2. In the case of Co(edta)-, this rate law holds at low 

concentrations of oxidant but, at high concentrations, the rate 
becomes less dependent on oxidant concentration, tending to 
a limiting first-order rate around 500 s-'. 

There are a number of possible explanations for this be- 
havior. The electron-transfer process could be limited by some 
oxidant-independent process of V(pic),-, but this is unlikely 
since a number of other oxidants were examined, including 
CO(OX)~,-, and reactions under pseudo-first-order conditions 
were completed within the time of mixing, indicating a sec- 
ond-order rate constant > lo7  M-' s-'. Precursor complex 
formation is also a possibility, but the magnitude of the for- 
mation constant required, around 200 M-*, is not consistent 
with association of two negatively charged complexes. 

It should be noted that significant deviations from eq 2 are 
found with pseudo-first-order rate constants in excess of 200 
s-l, close to the limit of the instruments used. It is unwise to 
place much credence in these rate values, and deviations are 
most likely due to limitations of the stopped-flow instrument 
in mixing solutions with high picolinate concentrations. 
Second-order rate constants, k12 (Table I), were calculated 
from data at lower [Co(edta)-] concentrations and were found 
to be independent of pH in the range 5.3-7.7 and of [picIT 
in the range 3 X to 1.6 X lo-' M, consistent with reactions 
of V(pic),-. 
Discussion. 

The second-order rate constants, kI2, obtained in this study 
are presented in Table 11. It is of some interest to probe the 
nature of the homogeneous electron-transfer reactions of 
V(pic),- since heterogeneous studies6s7 predict efficient out- 

10-3 x 
l o2  x 103 x kobsd/ 

[ P ~ C I T , ~  [CO(III)I, [CO(III)I, 
oxidant pH M M M.1 s-' 

7.64 
5.34 
5.62 
6.34 
7.14 
7.68 
7.64 
6.13 
6.13 
6.12 
6.13 
6.15 
7.64 
6.24 
6.12 
6.38 
7.64 
6.22 

6.18 
5.31 
5.32 
5.34 
6.18 
5.35 
6.12 
6.19 
6.12 
5.31 
6.18 

6.21 
6.19 
6.22 
6.17 
6.14 
6.17 

6.33 
6.32 
6.31 

3.30 
16.0 
13.3 
10.0 
6.6 
3.3 
3.3 

10.0 
10.0 
10.0 
10.0 
10.0 
3.3 

10.0 
10.0 
10.0 
3.3 

10.0 

10.0 
16.6 
16.6 
16.6 
10.0 
16.6 
10.0 
10.0 
10.0 
16.6 
10.0 

10.0 
10.0 
10.0 
10.0 
10.0 
10.0 

10.0 
10.0 
10.0 

Co(edta)- Oxidant 
0.81 72 t 13 
1.01 87 t 9 
1.01 8 4 -  12  
1.01 8 2 2  5 
1.01 7 8 2  3 
1.01 95 t 10 
1.06 94 t 3 
1.18 90 t 5 
1.30 1 0 4 t  1 
1.59 1 2 9 + 4  
1.98 1 7 0 ~ 4  
2.17 1 5 2 +  2 
2.57 1 6 3 t  20 
2.72 1 8 0 2  15 
3.17 2 3 5 e  5 
3.26 227 t 9 
5.38 2 4 8 ~  10  
6.28 3 3 0 +  30 

C O ( N H ~ ) ~ ' +  Oxidant 
1.96 1 2 t 5  
2.17 1 7 t  1 
2.86 3 1 + 6  
4.65 3 2 2 5  
8.17 64 + 6 

11.2 102 t 7 
12.8 86 t 4 
13.4 9 2 t  8 
16.0 124 t 9 
21.7 198  t 6 
27.3 2 1 8 t  9 

C ~ ( e n ) , ~ +  Oxidant 
1 .oo 0.80 t 0.03 
2.00 1.74 t 0.03 
5.00 4.32 + 0.08 
8.00 6.86 t 0.15 

20.0 15.6 t 0.6 
25.0 18.5 t 0.3 

C ~ ( s e p ) ~ '  Oxidant 
0.49 42  t 3 
0.61 4 8 t  2 
1.52 1 3 1 t  9 

89 
86 
83 
81 
77 
94 
89 
76 
80 
81 
86 
70 
63 
66 
74 
70 
c 
c 

6.0 
7.7 

10.8 
6.9 
7.8 
9.1 
6.7 
6.9 
7.7 
9.1 
8.0 

0.80 
0.87 
0.86 
0.86 
0.78 
0.74 

86 
79 
86 

a pH controlled by addition of 0.1 M borate; [V@ic),-] = 
(5-40) X lo-* M. Total picolinic acid added. Reaction not 
first order in [Co(III)]. 

er-sphere reactivity. Vanadium(I1) complexes are d3 systems, 
not noted for great lability. However, pH-jump experiments 
indicate that dissociation of picH from the complex takes place 
with a first-order specific rate around 40 s-l, setting an upper 
limit for an inner-sphere pathway. Such a pathway is unlikely 
since the oxidants Co(edta)-, C O ( N H , ) ~ ~ + ,  C ~ ( e n ) ~ ~ + ,  and 
C o ( ~ e p ) ~ +  are all inert to substitution with no "lead-in" sub- 
stituents, and in most instances, first-order rates are in excess 
of the limiting value. 

For outer-sphere electron-transfer reactions, the cross-re- 
action rate constant, k12 ,  is related to the self-exchange rates 
k l l  and k22 for the reactants and the thermodynamic driving 
force KI2 for the reaction by the Marcus equations24 (3) and 
(4), where Z is the collision number for neutral molecules in 

(3) 

~ ~~ 

(22) Yatirajam, V.; Arya, S. P. Talanta 1979, 26, 60-62. 
(23) Lappin, A. G.; Laranjeira, M. C .  M. J .  Chem. Soc., Dalton Tram. 1982, 

1861-1865. (24) Marcus, R. A. Annu. Rev. Phys. Chem. 1964, 15, 155-196. 
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Table 11. Second-Order Rate Constants for the Reduction of Cobalt(II1) Complexes a t  25 "C and 0.5 h4 (NaCl) Ionic Strength 
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C o ( ~ e p ) ~ +  Co(NH,J,'+ Co (en), )+ Co (edta)- 

V(pic),- k,,, M-' s-l 8.4 x 104 8.0 x 103 Q 8.2 X 10' 7.7 x io4 b 
8.3 x 104 8.5 x 103 7.8 X 10' 4.8 X 10' 

k M-' s-' 0.6s x 103 c 1.6 X 10' 2.2 x 106 
k::)calcd M-1 s-l 2.1 x i03  2.6 X 10' 1.6 X l o 6  

kl,calcd ~ - 1  s-l 

Cr(bpy),'+ 

AH* = 10 t 1 kcal mol-'; AS* = -7 t 5 cal K-' mol-' ( T =  5-25 "C). AH* = 7 t 1 kcalmol-' ;AS* = -13 z 4 cal K-l mol-' (T= 5-25 
"C). 

Table 111. Reduction Potentials and Self-Exchange Rate Constants Used in the Marcus Calculations 

Reference 28; extrapolated to  ionic strength 1.0 M from 0.2 M. 

reagent 
klzcalcd M-I s-l 1 2 E", ,  V E",, v k,,, M-' s" 

C o ( ~ e p ) ~ +  V@ic),- -0.32a -0.41 119 3.1 X l o 6  
Co(NH,&,+ V@ic),- 0 .06b  -0.41 1 x lo-' 6 2.7 X l o 6  

Co (edta)- Cr(bPY),z+ 0.37d -0.25f 4 x lo- '  e 8.8 X 10' 

Co(en),'+ V(pic),- -0.26b -0.41 7.7 x 10-5 c 3.5 x 106 
Co (edta)- V@ic),- 0.37d -0.41 4 x lo-' e 5.6 x 104 

(I Reference 17. Estimated from ref 28 and 29. Reference 26 (1.0 M ionic strength). Reference 31. e Reference 27 (extrapolated 
from data a t  higher temperatures). f Reference 32. 

solution. These equations are generally used in the form of 
( 5 )  and ( 6 ) ,  where AG** is the electrostatically corrected free 

AGl2" = Y2(AG11** + AG22** + AGRO(~ + a")) (5) 

( 6 )  ass = AGo~/4(AGl1** + AG22**) 

energy of activation and AGOR is the electrostatically correded 
free energy change for the reaction.25 

The electrostatics correction is an attempt to account for 
noncanceling work terms associated with the assembly of 
reactant precursors from charged complexes and is readily 
approximated by using eq 7 at 0.5 M ionic strength where zi 

4.24zizj 
wij = 

i ( l  + 0.233r) (7) 

and z, are the charges on the reactants and i is the distance 
in angstroms between reactant centers, assumed to be the sum 
of the radii of the  reactant^.^^ 

Although reduction potentials and self-exchange rates for 
the complexes Co(edta)-, Co(en),,+, and Co(NH3):+ have 
not been determined unambiguously and in some cases have 
been revised values for Co(sep),+ are well-de- 
fined.16.M With the parameters in Table 111, the self-exchange 
rate for V(pic),O/- was calculated from the four cross-reactions 
by using eq 5 and 6 .  For the positively charged oxidants, the 
values of kl l  varied between 2.7 X lo6 M-' s-l a nd 3.5 X lo6 
M-l s-I with a geometric mean of 3.1 X lo6 M-' s-l leading 
to the calculated rate constants, k12CB'd, shown in Table 11. 
For the reaction of Co(edta)-, agreement is poorer, with klzcalcd 
an order of magnitude faster than the observed rate constant. 
While not serious, this disagreement between the apparent 
self-exchange rates obtained with Co(edta)- and with the 
positively charged oxidants may be due to a number of factors 
such as the inadequacy of the work terms, eq 7.  This expla- 

Brown, G. M.; Sutin, N. J.  Am. Chem. Soc. 1979,101,883-892. Radii 
used: V(pic)<, 6 A; Co(NH&'+, 4 A; Co(en),)+, 4.5 A; Co(sep)'+, 5 
A; Co(edta)-, 5 A. 
Dwyer, F. P.; Sargeson, A. M. J .  Phys. Chem. 1961, 65, 1892-1894. 
Im, Y. A.; Busch, D. H. J .  Am. Chem. SOC. 1961, 83, 3357-3362. 
Geselowitz, D.; Taube, H. In 'Advances in Inorganic and Bioinorganic 
Mechanisms"; Sykes, A. G., Ed.; Academic Press: London, 1982; Vol. 
1, pp 391-407. 
Hammersholi, A.; Geselowitz, D.; Taube, H. Inorg. Chem. 1984, 23, 
979-982. 
Creaser, I. I.; Sargeson, A. M.; Zanella, A. W. Inorg. Chem. 1983, 22, 
4022-4029. 
Ogino, H.; Ogino, K. Inorg. Chem. 1983, 22, 2208-2211. 
Baker, B. R.; Mehta, B. D. Inorg. Chem. 1965, 4 ,  848-854. 

Table IV. Comparisons of Low-Oxidation-State Metal Ion 
Complexes at  25 "C 

E", V k , , ,  M-ls-' k*dQ 
Cr(edta)-'2- -1.006 6 X I O - a c  13 

Cr (bp y), '+I '+ - 0.25 1 x 109 0.8 
V(H10)63+/2+ -0.26d 1 X lo-'' 3 X 
Cr(H10)63+/2+ -0.40d 2 X f 8 X 

Relative rate (V(pic),- = 1) with hypothetical reagent E" = 0.0 
V. ' H. Ogino, personal communication cited in ref 38. Esti- 
mated from the cross-reaction with Co(edta)- (ref 39) and 
Co(en),'+ (ref 41). Reference 11. e Reference 42. f Refer- 
ence 30. 

nation is unlikely since eq 7 has been used successfully in a 
large number of studies.25 

Negative deviations from Marcus' theory have been pre- 
dicted for reactions at large thermodynamic driving forces.33 
It is noteworthy that the reaction between Co(edta)- and 
V(pic); has the largest thermodynamic driving force of those 
studied, log K12 = 13.20, the others have log K12 < 8. In the 
present case, the deivation is not as large as has been detected 
in other systems and may well be the result 0P4 solvent 
reordering to form [Co(edta),V(pic),12- as a precursor to 
electron transfer. 

By way of support for this explanation, the cross-reaction 
between Co(edta)- and C r ( b ~ y ) , ~ + ,  with log K12 = 10.5, was 
examined and the observed rate constant, 2 X lo6 M-' s-l, is 
comparable with the calculated value of 1.5 X lo6 M-' s-l 
although uncertainties in the self-exchange rate for Cr- 
( b ~ y ) , ~ + / ~ +  preclude detailed In this reaction 
the precursor [Co(edta),Cr(bpy),]+ is of lower charge than 
the reactants, and substantial solvent orientation is not re- 
quired. 

The reagent V(pic)< is a powerful outer-sphere reductant, 
which lends support to a heterogeneous outer-sphere mecha- 
nism for efficient reductive dissolution of metal oxide films. 
In Table IV are listed reduction potentials and self-exchange 
rates for a number of low-oxidation-state metal ion complexes 

V(pic),O/- -0.41 3 x 106 1 

Chou, M.; Creutz, C.;  Sutin, N. J .  Am. Chem. SOC. 1977, 99, 

Weaver, M. J.; Yee, E. Inorg. Chem. 1980, 19, 1936-1945. 
Creutz, C.; Sutin, N. J .  Am. Chem. SOC. 1977, 99, 241-243. 
Brunschwig, B.; gutin, N. J .  Am. Chem. Soc. 1978, 100, 7568-7577. 
Ferraudi, G.  J.; Endicott, J. F. Inorg. Chim. Acta 1979, 37, 219-223. 
Henderson, R. H.; Sykes, A. G. Inorg. Chem. 1980, 19, 3103-3105. 
Wilkins, R. G.; Yelin, R. E. Inorg. Chem. 1968, 7, 2667-2669. 
Ogino, H.; Shimura, M.; Tanaka, N. Bull. Chem. SOC. Jpn. 1978,51, 
1380-1385. 
Latimer, W. M. "Oxidation Potentials", 2nd ed.; Prentice Hall: En- 
glewood Cliffs, NJ, 1952; p 201. 

561 5-5623. 
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together with a parameter krcl indicating the relative outer- 
sphere reactivity. The order for krel parallels the rates of 
dissolution of metal oxide films by these reagents and suggests 
that of these common reductants, only Cr(edta)2- is more 
potent than V(pic),-. 

The self-exchange rate for V(pic)jo/- of 3.1 X lo6 M-l s-l 
is 8 orders of magnitude larger than the value for V- 
(H20)63+/2+.42 This may imply that the structural rear- 
rangement associated with the electron-transfer process is 

(42) Krishnamurty, K. V.; Wahl, A. C. J .  Am. Chem. SOC. 1958, 80, 
5921-5924. 

smaller for V(pic),O/- than for V(H20)63+/2+. It is noteworthy 
that the estimate for the V(bpy)33+/2+ exchange is lo7 M-’ 
s-’ .9 
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Novel alkylated tri- and tetradentate phosphine ligands containing trimethylene connecting chains between the donor atoms 
have been prepared through free-radical addition of P-H functionalized alkylphosphines to allylphosphines. Thus, the 
permethylated tris(phosphine) MeP(CH2CH2CH2PMe,), has been obtained in high yield by irradiating a mixture of 
MeP(CH2CH=CH2), and excess MqPH at X > 300 nm in the presence of catalytic amounts of azo-2,2’-bis(isobutyronitrile). 
The terminally ethylated homologue MeP(CH2CH2CH2PEt2)2 has been synthesized similarly from MeP(CH,CH=CH,), 
and Et2PH. Radical-initiated addition of Me2PH to ~-BuP(CH,CH=CH,)~ has been applied as an efficient method of 
synthesis for the tridentate ~ - B U P ( C H ~ C H ~ C H ~ P M ~ ~ ) ~ .  Futhermore, the completely aliphatic tripod tetrakis(tertiary 
phosphines) P(CH2CH2CH2PR,), (R = Me, Et) have been made accessible by coupling Me2PH and Et2PH, respectively, 
onto triallylphosphine. The NMR (‘H, I3C) and mass spectra of these new oligo(ph0sphine) ligands are described. 

Introduction 
Oligo(phosphines) containing flexible trimethylene linkages 

are valuable chelating ligands for the platinum metal ions. 
This has mainly been demonstrated by Meek and his co- 
workers in a series of papers dating back to the early 1 9 7 0 ~ . ~  
One straightforward route to this class of compounds involves 
coupling reactions between (3-chloropropy1)phosphines R2P- 
(CH2),C1 and phosphide nucleophiles, e.g. R2P(CH2)3P(R)Li, 
or between chlorophosphines R,-,PCI, (n = 1-3) and R2P- 
(CH2)3MgCl Grignard reagents.,” However, the range of 
application of this method is limited by the stability of the 
3-chloropropyl key compounds, which appear to be available 
only with bulky substituents such as phenyl or cyclohexyl on 
phosphorus. 

Various efforts have therefore been made to develop more 
variable methods of synthesis from which three major stra- 
tegies have begun to emerge: (1) base-assisted coupling of 
vinyl and allyl (and 3-chloropropyl) phosphine units onto 
trimethylene-linked secondary-tertiary bis(phosphines) within 
the coordination sphere of a d8 transition-metal ion;’ (2) 
radical-catalyzed P-H addition to allyl derivatives of P(V), 
viz. H2C=CHCH2P(0)(O-i-Pr)2-nMen ( n  = 0, l),  followed 
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by LiAlH4 reduction;* (3) free-radical addition of P-H 
functionalized mono- and bis(phosphines) to an appropriate 
allylphosphine H2C=CHCH2PR2.9-’o With allyl alcohol, allyl 
ethers, and allylamines as reactants, the latter method has been 
used recently also by Meek‘s group for the synthesis of a 
variety of C,-linked phosphine ligands containing mixed P,O 
and P,N donor sets.4 

In this report we demonstrate how the radical-chain addition 
of P-H groups across the double bonds of allylphosphines 
containing two or three H2C=CHCH2- functions can con- 
veniently be exploited for the high-yield synthesis of the 
hitherto unknown P 3 - P  and 
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compounds  M e P ( C H 2 C H 2 C H 2 P M e 2 ) 2 ,  M e P -  
(CH2CH2CH2PEt2)2,  t-BuP(CH2CH2CH2PMe2), ,  P- 
(CH2CH2CH2PMe2),, and P(CH2CH2CH2PEt2)3. Due to 
their completely aliphatic character, these flexible tristtertiary 
phosphine) and tripod tetrakisttertiary phosphine) ligands 
should be particularly suitable for the preparation of low-valent 
transition-metal complexes, which then should exhibit in- 
creased basicity and, hence, reactivity at the central atom. 
Experimental Section 

General Procedures and Instrumentation. All manipulations were 
carried out under nitrogen atmosphere with standard Schlenk tech- 
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