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The rates of ligand substitution reactions of tetrakis(trifluorophosphine)nickel(O) with cyclohexyl isocyanide in n-heptane 
and toluene and of tetrakis(trifluorophosphine)platinum(O) with cyclohexyl isocyanide in n-hexane and toluene have been 
studied by ir spectrophotometry. The reactions are first order in complex concentration and independent of the ligand 
concentration. Activation parameters for the reaction of the nickel complex are AH* = 29 kcal 'mol and A S *  = 14 eu in 
n-heptane and AH* = 28 kcal/mol and A S *  = 11 eu in toluene. For the platinum complex, in n-hexane AH* = 24 kcal/ 
mol and AS* = 18 eu, and in toluene, AH* = 23 kcal/mol and AS* = 12 eu. These results are compatible with a dis- 
sociative (SN1) mechanism. Evidence is presented that the activation energies for metal-P bond rupture vary in the order 
Ni > Pd < Pt .  The nature of the metal-PFs bond is discussed and compared with the metal-CO and metal-P(OC&z)3 
bonds 

Introduction 
The possibility that  phosphorus trifluoride might 

form a compound analogous to  nickel carbonyl was 
suggested by Chatt' in 1950 and confirmed by the isola- 
tion of Ni(PF& by Wilkinson.2 Since then Kruck and 
his school3 and Clark and his coworkers4 have prepared 
a large number of PFa compounds analogous to the 
metal carbonyls. It has been claimed by a number of 
workers on the basis of qualitative evidence that carbon 
monoxide and phosphorus trifluoride are very similar in 
coordinating ability toward transition metals. 3-6 

As part of a continuing study of the kinetics and 
mechanisms of reactions of zerovalent compounds of 
metals of the nickel triad7-10 and of metal-phosphorus 
bond strengths, lo we have examined the rates of nucleo- 
philic substitution reactions of Ni(PF3)d and Pt(PF3)4, 
reaction 1. 

M ( P F I ) ~  + L + M(PFI)sL + PF3 (1) 

Experimental Section 
Materials.-n-Hexane, n-heptane, and toluene (Baker An- 

alyzed reagents) were refluxed over and distilled from sodium wire 
under a nitrogen atmosphere immediately prior to use. 

Cyclohexyl isocyanide was prepared by the carbylamine re- 
action from cyclohexylamine, chloroform, and potassium hydrox- 
ide according to the method of Malatesta." Because of the 
"penetrating and disgusting"11 odor of this compound, all reac- 
tions were carried out in closed systems and transfers were made 
by syringes fitted with Teflon stopcocks, 

The toxicities of Ni(PFa)r and Pt(PF3)d are not known but are 
generally assumed to  be similar to that of nickel carbonyl.s 
Kruck3 reported the vapors have musty, stifling odors which cause 
difficulty in breathing. Hence all experiments were carried out in 
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(6) C .  G. Barlow, J. F. Nixon, and M. Webster, ibid., A ,  2216 (1968). 
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and references therein. 

(1968). 

closed systems and all residues and reaction products were 
destroyed by treatment with concentrated solutions of NaOH. 
The Ni(PF3)4 was obtained from Ozark-Mahoning Co. (Tulsa, 
Okla.) and distilled twice under high vacuum (ca. mm) 
from one trap a t  -30" to another a t  -196" and stored under 
vacuum a t  - 10'. The purity of the compound was checked by 
an examination of its ir spectrum in the v ( P P )  region, where only 
bands a t  898 (vs) and 860 cm-1 (vs) were observed, characteris- 
tic of N ~ ( P F Z ) ~ . I ~  

The compound P t  (PF3)a was prepared according to the method 
of I<ruck and Baur.13 The starting materials, PtC14 (6.0 g),  
prepared by the action of a stream of chlorine on a solution of 
HzPtCle a t  115",14 and activated copper powder (15 g),  prepared 
by passing a stream of hydrogen over copper oxide wire a t  350°, 
were mixed together in a mortar and pestle and transferred to a 
Monel Metal autoclave of capacity 95 ml (Hoke Inc., Cresskill, 
N.  J .) .  The autoclave was attached to a vacuum line and 
evacuated, and ca. 20 ml of PF, (K & K Laboratories, Plainview, 
N. Y .) prepurified by two trap-to-trap distillations was con- 
densed into the autoclave. This quantity of PF3 was sufficient 
to produce a pressure of about 60 atm a t  ambient temperature. 
This small bomb was placed in a large rocking autoclave and 
heated to 105" for 45 hr. After cooling, the bomb was attached 
to a vacuum line and cooled to --80°, and unreacted PF3 was 
distilled into a trap a t  -190" and thence back into the PFI 
cylinder. This procedure was repeated twice and then the auto- 
clave was allowed to  warm to room temperature and the volatile 
Pt(PF8)a was distilled into a -190' trap.  Two trap-to-trap 
distillations were performed to  purify the product. The yield 
was 7.95 g (81.6%). A boiling point measurement of 85.5" a t  
730 cm (Kruck13 reported 86" (730 cm)) and bands in the ir spec- 
trum a t  906 (vs) and 872 cm-' (vs) ( c f .  Kruck,13 905, 867 cm-l) 
confirmed the purity of the product. 

Both Ni(PFs)4 and Pt(PF3)4 were stored in the dark a t  - 10'. 
Over a period of a few months some decomposition was evident 
and the decomposition products appeared to be particularly cor- 
rosive to the thermocouple vacuum gauge. Solutions of Ni- 
(PFz)d and Pt(PFs)4 in the various solvents were prepared at 
weekly intervals in volumetric flasks fitted with stopcocks and 
rubber septum caps and stored in the dark at - loo,  and over 
this period they appeared to be quite stable. 

Kinetic Measurements.-The apparatus used for carrying out 
kinetic measurements of solution reactions in a temperature- 
variable cell with the exclusion of all gas phase has been pre- 
viously described.8 Infrared measurements were carried out 
with a Perkin-Elmer 337 spectrophotometer coupled to an ex- 

(12) T. Kruck and K .  Baur, 2. A n o v g .  Allg.  Chem., 364, 192 (1969). 
(13) T. Kruck and  K. Baur, Anpew, Chem., 1st. Ed.  Engl., 4, 521 (1965). 
(14) R.  N. Keller,Inovg. Syiz. ,  2, 253 (1960). 
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ternal potentiometric recorder. The temperature of the cell was 
measured by an iron-constantan thermocouple inserted into one 
of the sodium chloride n-indoxs and attached to  a direct-reading 
temperature potentiometer (Leeds and Northrup, Philadelphia, 
P a . ) .  

In the case of substitution reactions of Ni(PF3)d, a t  suitable 
temperatures to  observe the reactions (40-50'), concentrations 
of CsHiISC of the order of M resulted in considerable 
polymerization of the isocyanide leading to the deposition of a 
pale yellow solid which interfered with the observations of spec- 
tral changes. Hence these reactions were carried out with the 
IYi(PF3)q substrate in excess concentration, and the decrease of 
the band a t  2138 cm-1 (v(CK) absorption of the free ligand) was 
measured t o  determine the rate of the substitution reaction. 
Prior experiments had shown that  under these conditioils the 
rnonosubstituted compound x a s  the major product and little 
replacement of a second PFI: group occurred until the majority 
of substrate had been converted to  the monosubstituted com- 
pound. A m  was taken to  be the base line absorbance, as i t  vias 
shown independently that  the reactions went to  completion. 

For Pt(PFa)d, substitution reactions proceeded a t  a suitable 
rate for observation at temperatures of about O0, and a t  these 
temperatures, polynierization of the isocyaiiide occurred only 
to  a minor extent. Hence for the study of Pt(PF3)i the ligand 
was in excess concentration and the reaction was followed by 
measuring the increase of the band a t  2152 c n r l  ( v ( C K )  of co- 
ordinated C6HIlSCj.  As the solution of Pt(l'FI:)4 and CeHIISC 
was warmed from -196" and transferred to  the reaction cell, the 
experimental zero time could not be determined with accuracy. 
However the rate plot mas linear for a sufficient period of time 
to  allow extrapolation of the rate c u r w  to zero time. The sub- 
stitution of a second PF3 group occurred more rapidly than for 
i'ii(PF3)d, but  the rate of increase of the band a t  2152 cn-1 was 
constant over a sufficient period to allow accurate rate data to be 
obtained. The rate constants are considered to be accurate 
within the limits zt57;.  

Rate constants and activation paranieters were calculated 
using simple least-squares techniques on the Northwestern Uiii- 
versity CDC 6400 computer. 

Tris(trifluorophosphine)(cyclohexyl isocyanidejnickel(0) .--A 
sample of Ni(PF3)4 was purified by trap-to-trap distillation under 
high vacuum, and then 1.64 g (4 mmol) was condensed into a 
Schlenk tube. The tube lvas filled with argon, CGHIISC (0.33 g, 
3 mmol) in 15 ml of n-hexane was added isin a syringe, and the 
solution was heated with stirring to 45" until samples of the 
solution showed no trace of the v(CS) of free CslI11NC in their 
infrared spectrum (cn. 5 hr).  During this time a bulky yellow 
solid precipitated. The solution vias cooled to 0' and unre- 
acted Ni(PF3)4 was removed by distillation under vacuum. At 
room temperature the hexane \\-as rcrrioved by distillation and 
the yellow residue was extracted with ether under an argon 
atmosphere. The yellow residue showed an ir absorption a t  
1650 cni-', identifying it as the linear polymer (CaH11SC),.15 
Addition of hexane to  the ether solution resulted only in an oil, 
SO the ether was removed, and the residue was dissolved in a 
large volume of hexane, filtered, and evaporated to  dryness at 0'. 
Repeated treatment by this niethod led to  the isolation of a pale 
yellow powder which was dried under vacuum. The yield was 
0.52 g (31.77, based on i'ii(PF3)4). Anal. Calcd for CTHII- 
T\'FeP&i: C, 19.47; H,2.57;  N,3.24;  Ni, 13.59. Found: C,  
19.64; H, 2.70; K, 3.28; S i ,  13.41. The v(CIS) band was ob- 
served a t  2169 cm-l and v(PF) absorptions were a t  860 (vs), 
827 (vs), and 807 cni-1 (17s). 

Tris(trifluorophosphine)(cyclohexyl isocyanide)platinum(O) .- 
A sample of Pt(PF3)d was purified by trap-to-trap distillation and 
then 1.1 g (2 mmol) was condensed into a Schlenk tube. The 
tube was filled with argon and cyclohexyl isocyanide (0.16 g,  1.5 
mmol) in 10 ml of n-hexane added ria a syringe, and the solution 
was stirred a t  room temperature. A pale yellow precipitate 
rapidly formed and after 30 min there was no evidence in the ir 

(15) Y .  Yamamoto, T. Takizawa, and S. Hagihara, Sibbori Kagaku 
Zasshi, 87, 135.5 (1966). 
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spectrum of the presence of free ligand. The solutiou was 
cooled to 10' and the unreacted Pt(PF3)d and subsequently the 
solvent were removed by distillation under vacuum. The residue 
was extracted with ether, leaving a small amount of a pale yellow 
residue identified as (CsHIISC), by its ir absorption at 1645 
cm-1.15 The ether solution was filtered and a layer of pentane 
was added. On standing at O 0 ,  a microcrystalline off-white 
solid deposited. The yield was 0.41 g (36.15; based on Pt- 
(PF3)d). Anal. Calcd for CiH11TFJ'3Pt: C, 14.80; H, 1.95; 
K, 2.47; P t ,  34.34. Found: C, 14.93; H ,  2.02; K, 2.51; P t ,  
33.92. The u(CK)  band was observed a t  2152 cm-l and the 
v(PF) absorptions irere a t  878 (vs), 838 (vs), and 815 cn1-l (vs). 

Analyses.-Carbon, hydrogen, and nitrogen analyses were per- 
formed in these laboratories by Miss H.  E. Beck on an F & M 
carbon-hydrogen-nitrogcn analyzer, Model 185. Nickel analy- 
ses were carried out gravimetrically by dimethylglyoxime pre- 
cipitation. Platinum was determined by combustion of the com- 
pound to  700". 

Results 
Ligand Substitution between Ni(PFs)l and CGHll- 

NG.--The rate of ligand substitution between Ni(PF3)4 
and cyclohexyl isocyanide was measured in n-hept.ane 
and toluene solutioils by following the decay of the 
band a t  2138 cm-1 due to the K C  stretch of the free 
isocyanide. The decay of this band was accompanied 
by the growth of a band a t  2169 which was 
assigned to the v(NC) of coordinated CGHIINC in 
Ni(PF3)3(CeHIIKC). The assignment was confirmed 
by the isolation of this compound. Data were collected 
from the beginning of the reaction until cn. 759& of the 
isocyanide had been consumed, in order to  avoid erro- 
neous absorbance measurements due to formation of 
small amounts of the disubstituted compound. Rate 
constants mere calculated from the slopes of the linear 
plots of log ( A  - A , )  vs. time and are collected in 
Tables I and IT. It  can be seen that  changes in the 

TABLE I 

C G H ~ ~ I T C  IN ~-HEPTAXE" 

5.49 21 .3  54.70 9 .18  
5 . 4 9  7.73 54.70 9.30 
5 .49  3 .33  5%. 30 6 . 6 8  
6 . 5 7  1 3 . 8  52.20 5.88 
6 .57  7 .73  50.50 5 .18  
6 . 5 7  7 . i 3  50.50 5 .30  
5 .29  21.3 50.50 5 .41  
5.29 3.33 47,  "0 3.16  
5 .07  21 .3  47.20 3 .22  
5.07 4.62 45.45 2.28 
5.07 1 3 . 8  45 I45 2.29 
4.89 4.62 40.20 1 . 2 3  
4.89 13.8 40.20 1.05 

RATES OF REACTIOS OF Si(PF3)4 TVITIX 

102[Si(PFa)a], .li ~ O ~ [ C C H I I L - C ] ,  -11 Temp, O i :  10jk, sec-1 

a A H *  = 29.1 z 1.0 kca1,"ol; A S *  = 13.8 rt 2.0 eu. 

initial concentration of cyclohexyl isocyanide have no 
effect on the reaction rate. Rate constants for reaction 
in toluene are about twice those for reaction in the 
aliphatic solvent. 

Attempts were made t o  study the substitution reac- 
tion of Ni(PF3)4 with phenyl isocyanide, but the latter 
was polymerized a t  such a rate tha t  measurements of a 
substitution reaction mere not possible. The  reaction 
with carbon monoxide was also examined. After the 
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TABLE I1 
RATES OF REACTIONS O F  Ni(PF3)4 WITH CGHI~NC IN TOLUENE" 
102[Ni(PF~)r], JM ~ ~ ~ [ C G H I I N C I ,  11.1 Temp,  OC lOSk, sec-1 

5.32 4 .25  54.70 17 .3  
5.32 17.3 52.50 12 .8  
4.76 8 .28  47.20 6 .09  
4.76 17 .3  47.20 6.16 
4 .51  4.25 45.45 4.82 
4.51 17 .3  45.45 4.74 
9 .41  8 .28  39.80 2 .07  
9 .41  17 .3  37.50 1 .48  

 AH* = 28.4 + 1.1 kcal/mol; A S *  = 10.7 i 1.9 eu. 

substitution of the first PF3 group with CO, a second 
group was also rapidly replaced, but the relative rates 
of these two reactions were such that  no steady-state 
conditions were achieved and hence no simple study of 
the kinetics of these reactions could be made. 

Ligand Substitution between Pt(PF3)4 and C6H11- 
NC.-The rate of ligand substitution between Pt(PF3)4 
and cyclohexyl isocyanide was measured in n-hexane 
and toluene solutions by following the growth of the 
band a t  2152 cm-'. This band was assigned to the 
NC stretching vibration of P ~ ( P F ~ ) ~ ( C N C O H ~ ~ )  and the 
isolation of this compound confirmed this assignment. 
Data were collected until the band a t  2152 cm-' 
reached its maximum absorbance and this value was 
taken as A , .  Subsequently this band decreased as the 
second substitution took place. Plots of log ( A  - A , )  
vs. time were linear over 80% of this time and rate con- 
stants could be calculated from this linear section of the 
plot. The results for these substitution reactions in 
n-hexane and toluene are collected in Tables I11 and IV, 

TABLE I11 
RATES O F  REACTION O F  Pt(PF3)4 WITH 

C6Hlin'C IN ?%-HEXANEa 

10*[Pt(PF8)a], di IO[C~HIINCI ,  J f  Temp, " C  lo%, sec-1 

2.21 1 .96  -2.30 0.89 
2.21 0 ,328  -1.40 1 .03  
1 .67  0.741 0 .80  1.47 
1.67 1.96 0.80 1 .53  
1 .67  1 .08  2 .00  1 . 9 1  
1 .67  2.45 2 .00  1 .80  
2 .73  0.328 2.00 1 .86  
2.56 1 .08  3.20 2 .23  
2.56 0.3'78 3.40 2.16 
2 .73  0.741 6 .55  3 .79  
2.56 2 .45  6.55 3 .84  
2.73 1 .08 6 .65  4.02 
2 .21  0.741 10.60 7 .47  
2 . 2 1  1 .08  10.70 7.19 
1 .74  0 .3% 13.30 11 .0  
1 .74  2.45 13.30 11 .0  

"AH* = 24.4 =k 0.6 kcal/itiol; A S *  = 17.6 + 2.2 eu. 

respectively. The data show that the reactions follow 
a first-order law with respect to the complex irrespective 
of the concentration of the isocyanide ligand. As for 
Ni(PF3)4, reactions in the aromatic solvent have rate 
constants approximately double those in aliphatic sol- 
vents. 

The reaction of Pt(PF3)., with carbon monoxide at 0" 
was also examined, but no band characteristic of coor- 
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TABLE IV 
RATES OF REACTION OF Pt(PF3)4 WITH 

C ~ H I I N C  IN  TOLUENE^ 
lO~[Pt(PFs)al, M lO[CsHuNC], J4 Temp,  OC 

4 .97  0.512 0 .80  
4 .97  1.13 0 .80  
4 .38  7.24 0 .80  
4 . 3 8  0.512 5.40 
4.38 2.62 5.40 
5.04 0.512 9.20 
5.04 1.13 9.20 
4 .73  1 .13  13.50 
4 .73  2.62 13.50 
4 .73  7.24 13.50 

nH* = 22.5 f 0.9 kcal/mol; A S *  = 12.3 =k 1.4 eu. 

IO", sec-1 

3 . 2 8  
3.40 
3.52 
6 .75  
6.97 

11.6 
12.4 
21 .0  
22.1 
23.4 

dinated CO could be detected. If substitution did take 
place, then the product was so unstable that  the coor- 
dinated carbon monoxide was immediately released. 

As Pd(PFa)4 decomposes above -2O0 , I2  it was not 
possible to  complete the study of the tetrakis(trifluor0- 
phosphine)metal(O) complexes of the nickel triad. 

Discussion 
On the basis of the observed first-order rate laws for 

the substitution reactions of Ni(PF3)4 and Pt(PF3)4, the 
most plausible mechanism for reaction 1 consists of a 
rate-determining dissociation of a PF3 group (ey 2 ) ,  
followed by rapid addition of the isocyanide ligand (ey 
3). The values of the activation parameters also sug- 

M(PF3)d --+ M(PF3)3 + PFI (Slow) (2)  

M(PF3)3 + L -+- M(PF3)aL (fast) (3) 

gest a dissociative activation step. The enthalpies of 
activation of the substitution reactions of Ni(PF3)h (29 
kcal/mol) and Pt(PF3)4 (24 kcal/mol) would appear to 
be reasonable values for the rupture of an Ni-P and a 
Pt-P bond, respectively. The positive entropies of ac- 
tivation are also consistent with this S N 1  process. 

A number of studies of substitution reactions of com- 
plexes of the zerovalent metals of the nickel triad have 
shown these reactions to occur by a dissociation process. 
The exchange and substitution reactions of Ni(C0)a 
have been shown to take place by a first-order process 
involving the active intermediate Ni (C0)3.* Similarly, 
the exchange reactions of Pt [P(OC2H5)3]4 and Pd- 
[P(OCaH5)8]4 and the substitution reactions of Ni- 
[ P ( O C Z H ~ ) ~ ] ~  have been shown to occur via a dissocia- 
tive mechanism.1° The solid Pt[P(C6HB)a]4 dissolves 
to give solutions containing largely the tris species Pt-  
[P(C&)3]3.16 The observation that these tetrahedral 
compounds react by an S N 1  rather than an s N 2  process 
has been explained" in terms of the repulsive interac- 
tion which the filled d orbitals may offer to any attack- 
ing nucleophilic reagent. 

Comparison of the rate constants of Table I with 
Table I1 shows that, the rate of dissociation of Ni(PF3)h 
is faster, and its activation energy is slightly less in tol- 
uene than in heptane solution. A similar effect is in 

kaub 

(16) J .  P. Birk, J ,  Halpern, and A. L. Pickard, J .  Amev.  Chem. Soc., 90, 

(17) F. Basolo and  A. Wojcicki, ibid., 83, 520 (1961). 
4491 (1968). 
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evidence for the rate constants of the substitution reac- 
tions of Pt(PF3)d. This solvent effect has been noticed 
for the reactions of Ni(CO)48'18 and of Ni[P(OC2H5)3]1.10 
It is suggested tha t  the aromatic solvent has a greater 
stabilizing influence on the tricoordinate intermediates 
than an aliphatic solvent. 

The enthalpies of activation obtained in this study 
provide a quantitative measure of the relative metal- 
phosphorus bond strengths in Ni(PF3)d and Pt(PF3)4. 
The decomposition temperatures of the M(PF3)4 com- 
pounds of the nickel triad have been reported3 as fol- 
lows: Ni, >l55'; Pd, >-2O"; Pt, >90". Concluding 
from these data that  the Pd-P bond is weaker than Ni-P 
and Pt-P, a similar ordering is obtained for the enthal- 
pies of activation for metal-phosphorus bond rupture : 
Ni > Pd < Pt. The enthalpies of activation are not 
directly comparable to bond energies, but it is probable 
that  the relative order of bond strengths is valid. 

This ordering is the same as that obtained in the 
M[P(OC*H;)3]1 series,'O except that  in the case of the 
M ( P F B ) ~  system, the metal-phosphorus bond strength 
in the nickel compound is considerably greater than 
that of the platinum compound. This trend of stabil- 
ity, in which the compound of the 4d transition metal 
is less stable and more reactive than the analogous com- 
pounds of the third-row and fifth-row metals, is not 
uncommon in the low-valent complexes of the transition 
metals.1g* 2c 

An explanation for this behavior rests on the contri- 
bution of both u and B bonding to the metal--ligand 
bond strength in complexes of low-valent metals. Elec- 
tronegativity is considered to increase don-n a triad of 
transition metals, so the strongest u bonds are expected 
to be formed by a 5d metal. On the other hand, K 
bonding is thought to be greatest for the first-row tran- 
sition metals and decrease down the triad. Evidence 
for this is supplied by the stability of Ni(CO)4 and the 
inability to prepare the corresponding tetracarbonyls of 
Pd(O) and Pt(0). NyholmZ1 has argued that  on the 
basis of the ionization potentials of the metal atoms in 
the spin-paired states (d10 --.t d9) the abilities to form d n  
bonds decreased in the order Ni >> Pt 2 Pd. 'Thus 
considering both u and B bonding, the stability of 
Ni(PF3)4 is due primarily to B bonding and that of 
Pt(PF3)a to u bonding. The instability of the Pd(PF3)* 
can be attributed to the small tendency of Pd to n bond 
and its intermediate tendency to u bond. The fact 
that  for the M(PF3)4 series the Ni-P bond strength 
is greater than the Pt-P bond whereas for the 
M [P(OC2H5)3]4 compounds the values are similar indi- 
cates that  for the compounds of PFs, K bonding is more 
important than u bonding. This is in agreement n-ith 
PF3 being a better rr-acceptor ligand than P(OC?He)3.22 

Isocyanide Polymerization.-It is well known that 

(18) I<. J. Angelici and B.  E.  Leach, J .  Oigaiioineial.  C h r m . ,  11, 293 (1968). 
(19) H .  G.  Schuster-Woldan and F. Basolo, J .  Aiizei.. Chem. Soc . ,  88, 1657 

(1966) 
(20) G .  Crtini and 0. Gambino, All; A c c a d .  Sci. Toviiio, C1. Scz. p i s . ,  

M a t .  Xatu?,., 97, 1180 (1963), and teferences therein. 
(21) R .  S. Nyholm, Proc. Chem. Suc., 273 (1961) .  
(22) W. D. Hoi-rocks and R .  C .  Tay lo r ,  IqzoYg. C h ~ i i ? . ,  2,  723 (1963). 

alkyl and aryl isocyanides polymerize on heating to  
produce poly Schiff bases (I).23 In  the presence of Pt- 

I 
(PF,), and particularly Ni(PF3)4, the rate of this polym- 
erization reaction was sharply increased. The polym- 
erization of isocyanides has been shown to be catalyzed 
by metal carbonyl and organometallic compounds, l5 
and apparently trifluorophosphine complexes can also 
cause coordination polymerization of isocyanides. 

Infrared Spectral Studies.-Xalatesta and BonatiZ3 
have stated that  coordination of an isocyanide to a 
transition metal in a low oxidation state causes a lower- 
ing of the frequency of the CN stretching vibration. 
This is consistent with significant electron flow from the 
metal d orbitals into the B* orbitals of the ligand, anal- 
ogous to the situation in other n-bonding ligands. 
However this study reveals that  in Yi(PF3)3(CNCGH11) 
the Y(CN) vibration is raised from 2138 to 211% cm-I, 
and in Pt(PF3)3(CNCsHlI) the Y(CN) occurs a t  2152 
cm-'. 

This increase in the CN stretching frequency indi- 
cates tha t  there is no significant electron transfer into 
the B* orbitals of the ligand. In  these compounds iso- 
cyanide ligands act simply as v donors. The n-accep- 
tor ability of CO and PF3 is so much greater than that 
of the isocyanides that  the metal-isocyanide bond has 
essentially no double-bond character. Monosubstitu- 
tion of Ni(PF3)$ and Pt(PF3)& with a ligand that is a 
much poorer n-acceptor than PF3 should lead to an in- 
crease in the double-bond character of the remaining 
metal-phosphorus bonds. This is indeed the case as 
shown by the shift to lower energy of the v(PF) vibra- 
tion of Ni(PF3)3(NCCeH11) compared with Ni(PF3)i 
( A v  = 44 cm-l) and of Pt(PF3)d(hTCCFH11) compared 
with Pt(PF3)4 (Av = 28 cn - I ) ;  this lowering of v(PF) 
is indicative of a decrease in the electron density of the 
P-F T orbita1.24-26 

The increase in the metal-phosphorus bond strength 
on substitution of one PF, group with CeHuNC also 
provides an explanation for the observation that substi- 
tution of a second PF3 group occurs much more slowly 
than replacement of the first group by isocyanide in 
T C ~ ( P F ~ ) ~  compounds. This is in contrast to the reac- 
tion of Ni[P(OCeH,)3]., with CsHIINC, in which the 
monosubstituted compound could not be detected and 
only xi [P(OC2H3)3]2(CNC6H11)2 was isolated.'O The 
phosphites are known to be poorer n acceptors than 
PFs2' and this is confirmed by the large shift to lower 
frequencies of the CK stretching vibration of Ni- 
[P(OC2H:)3]2(CNC,jH11)2 compared with the free lig- 
and.1° 

The Nature of the Metal-Phosphorus Trifluoride 
(23) I,. hfalatesta and F. Ronati, "Isocyanide Complexes u f  Metals," 

(24) A .  Loutellier and 31. Bigorgne, Bull. Soc Chin? .  F Y . ,  3186 (1065). 
( 2 5 )  31. Bigol-gne and J .  Benai-d, R r t .  C h i m  , 1 4 i ~ ~ r , ,  3, 831 (1966). 
(26) T. Kruck and W Lang, C k e i n .  B e y . ,  98, 3060 (1965). 

Wiley~ln te i~c ience ,  London, 1969, p 6 .  
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Bond.-Since the first phosphorus trifluoride complex 
was ~ r e p a r e d , ~  i t  has generally been assumed that CO 
and PF3 have much in common as ligands, since the 
bonding possibilities of the two are similar, and a num- 
ber of studies have confirmed this v i e w p ~ i n t . ~ ~ - ~ '  

The data obtained in this study of the substitution 
reactions of Ni(PF3)4 and Pt(PF3)4 provide new insight 
into the nature of the metal-PF3 bond and its supposed 
similarity to metal-CO bonds. The activation param- 
eters for substitution reactions of CO-, PF3-, and 
P(OC2H6)3-metal complexes of the nickel triad are 
collected in Table V. The first obvious conclusion to 
be drawn from these data is that in activation enthal- 
pies, and hence presumably in bond strengths] the PF3 
complexes are more similar to the P (OC2Hi)3 complexes 
than to the CO complexes. It is suggested that the 
better a-acceptor ability of PF3 makes up for its poorer 
a-donor strength] when compared with P(OCzH5)3, 
resulting in similar metal-phosphorus bond strengths. 

Comparison of the enthalpies of activation for metal- 
ligand bond rupture in Ni(PF3)* and Ni(C0)4 indicates 
that  the metal-PFs bond is considerably stronger than 
the metal-CO bond. Of course the enthalpies of acti- 
vation are not equal to the bond dissociation energies 
unless the activation energies for the reverse reaction of 
eq 2 are zero. However in comparison of Ni(CO)a and 
Ni(PF3)d) it is considered unlikely that the activation 
energies of recombination of Ni(C0)3 with CO and 
Ni(PF3)3 with PF3 have very different values, and hence 

(27) R .  J. Clark and E.  0. Brimm, Inovg. Chem., 4, 651 (1965). 
(28) W. J. Miles, B. B. Garrett,  and I<. J .  Clark, i b i d . ,  8 ,  2817 (1969). 
(29) F. E. Saalfield, M.  V.  Mcnowell, S. K. Gondal, and A. G. MacDiar- 

mid, J .  Amev.  Chem. SOC., 90, 3684 (1968). 

TABLE V 
RATE CONSTANTS AND ACTIVATION PARAMETERS FOR 

SUBSTITUTION REACTIONS OF MLd COMPLEXES IN TOLUENE 
I 

COQ PFab P (OCzHs) I' 

M = Ni 
k(25'), sec-I 2.03 X lo-* 2.06 X 9 . 9 4  X lo-' 
AH*,  kcal/mol 22.3 f 0 . 2  28.4 1 1.1 26.2 f 1 . 0  
AS*, eu 8 . 4 1  1 1 0 . 7 1  1 .9  l . S f  3 . 0  

M = P d  
k(25"), sec-I . . .  . . .  2.07 x 103 
AH*, kcal/mol . . .  . . .  22.0 f 2 . 3  
A S * ,  eu . . .  . . .  30 .4  1 8 . 6  

k(25'), sec-' . . .  1 .05  X 10-l 2.60 X 
AH*, kcal/mol . . .  2 2 . 5 f  0 . 9  2 7 . 5 i  1 . 6  
A S * ,  eu . . *  1 2 . 3 4 ~  1 . 4  2 6 . 8 k  4 . 4  

M = Pt 

a Reference 8. This work. Reference 10. 

the activation enthalpies should provide a reasonably 
good measure of the relative metal-ligand bond 
strengths. 

It must also be noted that in these dissociative reac- 
tions the CO and PF3 are leaving different residues; i e . ,  
CO dissociates leaving Ni(C0)a and PF3 dissociates 
leaving Ni(PF3)3. It would clearly be desirable to  have 
data in which CO and PFI leave from a common residue. 
In  any case it appears that the assumption that  carbon 
monoxide and phosphorus trifluoride have very similar 
bonding properties should be viewed with considerable 
caution. 
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The catalytic decomposition of hydrogen peroxide, i e . ,  catalatic reaction, in phosphate buffer by Cu(I1) chelates of ethylene- 
diamine (en), 1,3-diaminopropane (DAP), and triethylenetetramine (TETA) has been investigated from the initial rates of 0 2  

evolution using a differential manometric technique. The rates of O2 evolution are first order with respect to the 1 : 1 metal- 
ligand chelates of copper with the diamines and HOO-. The chelates of DAP or histamine which form six-membered rings 
with Cu(I1) appear more active than the five-membered chelate ring of Cu(I1)-en. The four-coordinated Cu(I1)-TETA 
complex possesses little catalatic activity. For the reaction of hydrogen peroxide with Cu(I1) complexes to proceed, the 
data suggest that  (1) the copper complex must have a suitable redox potential t o  facilitate electron transfer from the per- 
oxide anion to the central metal ion and (2) the complex must possess two adjacent free sites to facilitate the reaction of the 
intermediate L-Cu-OOH + with a second peroxide anion. 

Introduction deconiposition of hydrogen peroxide by copper com- 
In previous on the kinetics of Dlexes and chelates. we observed that the reac- 

(1) (a) J. Schubert, V. S. Sharma, E. I<. White, and L. S. BerRelson, 
J .  Ameu. Chem. Soc., 90, 4476 (1968); (b) J. Schubert and V. S.  Sharma, 

(2) V. S .  Sharma and J. Schubert, J. Amer.  Chem. SOC., 91, 6291 (1969). 
(3) V. S. Sharma, J. Schubert, H. B. Brooks, and  F. Sicilio, ibid., 92, 822 

tion appeared to involve a cu(II)-cu(I)  couple. 

copper complexes, therefore, should also control the 

Fac- 
Proc:'Inl. Conf .  Cooud. Chem., l l t h ,  19-22 (1968). 

(1970). 

tors controlling the oxidation-reduction potential of 

catalatic (;.e., catalase-like) activity of these complexes. 


