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The 1: 1 complex of chromium(II1) and hypophosphite ions in acidic perchlorate solutions has been studied. The formula 
CrHzPOzZ+ was verified by analysis and ion-exchange behavior. The visible-ultraviolet spectrum of the complex places 
hypophosphite ion a t  the same position as fluoride ion in the spectrochemical series. Studies were carried out on the rates 
of formation and aquation of the complex a t  45-65' and unit ionic strength, as a function of hydrogen ion concentration. 
The net rate of formation is given by the equation d[CrHzPO~~+]/dt = kt[Cr3+] [Hap021 - ka,[CrH~POzZ+][H+]. Values 
of the rate constants and the values of their thermodynamic activation parameters are presented and discussed, and com- 
parisons are made with kinetic data for similar complexes. 

Introduction 
The net reaction for formation of the 1: 1 complex 

between aquochromium(II1) and hypophosphorous 
acid is 

Cr(OHz)8+ + H ~ P O Z  = Cr(Hz0)6HzP0z2+ + H30+ (1) 

We have carried out a kinetic study on the formation of 
this complex, and also on the reverse reaction for its 
aquation (decomposition). The mechanisms of some 
oxidation-reduction reactions of hypophosphorous acid 
have been studied, but hypophosphite complexes of 
metal ions have received very little attention. Baner- 
jeea reported complex formation between iron(II1) and 
hypophosphite ions. The complexes with some metal 
ions appear reasonably stable; the equilibrium quotient 
for reaction 1 is -25 at  45-65' and unit ionic strength. 
These kinetic results provide interesting comparisons 
of mechanism with analogous reactions involving 
ligands that have been previously Hypo- 
phosphorous acid is a weak, monobasic acid, with an 
ionization quotient of 0.074 M a t  16' and ionic strength 
1.13 M.8 The hydrogen ion dependences of reaction 
rates for several other basic ligands, azide,4 fluoride,e 
and cyanideg ions, reveal a reaction path for aquation 
with a first-order dependence upon hydrogen ion. 
This path is not observed with nonbasic anions, and the 
comparison can be extended to include hypophosphite 
ion. The spectral properties of hypophosphite com- 
plexes are also of interest, for the position of hypophos- 
phite ion in the spectrochemical series has not pre- 
viously been determined. 

(1) (a) Work performed in the Ames Laboratory under the auspices of 
the U. S. Atomic Energy Commission. Contribution No. 1866. (b) Based 
on the M.S. thesis of D. E. B., Iowa State University, 1966. 
(2) (a) D. M. Yost and H. Russell, Jr., "Systematic Inorganic Chem- 

istry," Prentice-Hall, Inc., New York, N. Y., 1946, pp 192-197; (b) W. A. 
Jenkins and D. M. Yost, J .  Inovg. Nucl .  Chem., 11, 297 (1959). 
(3) S. Banerjee, Sci. Cult. (Calcutta), 16, 115 (1950); Chem. Abstv., 46, 

2355g (1951). 
(4) T. W. Swaddle and E. L. King, Inovg. Chem., 8,234 (1964). 
(5) J. H. Espenson, ibid., S, 968 (1964). 
( 6 )  T. W. Swaddle and E. L. King, ib id . ,  4, 532 (1965). 
(7) C. Postmus and E. L. King, J .  Phys.  Chem., 69, 1216 (1955). 
(8) R. 0. Griffith, A. McKeown, and R. P. Taylor, Trans. Faraday SOC., 

(9) J .  P. Birk and J. H. Espenson, unpublished experiments. 
86, 752 (1940). 

Experimental Section 
Reagents.-Hypophosphorous acid was purified and freed of 

phosphorous acid by the recrystallization method of Jenkins and 
Jones.lO The starting material was the reagent grade 50% acid. 
Hypophosphorous acid solutions were analyzed by oxidation- 
reduction procedures based on iodine" and on vanadium(V);12 
the two methods were in excellent agreement. A spectrophoto- 
metric metod was also used for analysis of lower concentrations 
of hypophosphite; hot concentrated perchloric acid oxidized 
hypophosphite to phosphate which was determined spectro- 
ph~tometrically'~ as "molybdovanadophosphoric acid" a t  4000 
A, where its molar extinction coefficient is 2.83 X lo3 M-' cm-l. 
Hydrated chromium(II1) perchlorate was prepared and analyzed 
as described previously.5 

Solutions of monohypophosphitochromium(II1) ion (the 1 : 1 
complex of chromium(II1) and hypophosphite ions, presumably 
hypophosphitopentaaquochromium(III), [ Cr(OH&( H~POZ)] 2 + ) ,  

were prepared as follows. Chromium(II1) perchlorate and 
hypophosphorous acid were mixed a t  relatively high concentra- 
tions, 0.5-2 M ,  with no additional hydrogen ion, and allowed to 
remain at  -45' for extended lengths of time. The desired com- 
plex was separated from the mixture of species [Cr(OH&,- 
(HzPOz)lnS-" by cation exchange. A neutral species and species 
of apparent ionic charge fl were removed from the resin column 
by elution with 0.3 F perchloric acid. A displacement procedure 
using 1 F barium perchlorate was used to isolate CrH2P0z2+, in a 
procedure similar to that described by Finholt, et d . 1 4  The resin 
used was Dowex 50W-X8, 200-400 mesh, and a very low flow 
rate was essential for good separation. With this procedure we 
obtained GU.  0.3-0.8 M CrHzPOP' at low acid concentration, 
containing essentially no other chromium species or free hypo- 
phosphorous acid. 

The identity of the complex was established by analysis for 
the hypophosphite/chromium ratio, 1.04. In this analysis 
hypophosphite was determined by the spectrophotometric 
procedure described above, after volatilization of chromium as 
chromyl chloride. The net charge of +2 on the ionic species 
was indicated by its elution characteristics on cation-exchange 
resin, compared to chromium(II1) species of known charge. 

In the visible and ultraviolet spectral regions, hypophosphito- 
chromium(II1) ion has absorption maxima (A) and molar ex- 
tinction coefficients (M-l cm-l) as follows: 5960 (15.6), 4200 
(17.3), and 2660 (6.4). This spectrum is very similar to that of 
fluorochromium(III),6 with values of 5950 (12.2), 4170 (11.9), 
and 2680 (4.34). These observations establish that hypophos- 

(10) W. A. Jenkins and R. T. Jones, J .  A m .  Chem. SOL., 74, 1353 (1952). 
(11) R. T. Jones and E. H. Swift, Anal.  Chem., 26, 1272 (1953). 
(12) G. G. Rao and H. S .  Gowda, Z .  Anal. Chem., 146, 167 (1955). 
(13) K. P. Quinlan and M. A. DeSesa, Anal. Chem., 47, 1626 (1955). 
(14) J. E. Finholt, K. G. Careton, and W. J. Libbey, Inorg. Chem., S, 

1801 (1964). 
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phite ion falls very near fluoride ion in the spectrochemical 
series.'j At wavelengths shorter than 2500 A the complex absorbs 
more intensely than does hexaaquochromium(Ii1); a t  2100 A, 
for example, thc extinction coefficients are 522 and 33 cm-', 
respectively. The change in complex concentration in aquation 
and formation experiments was followed by measurements a t  
2100 A with a Cary Model 14 recording spectrophotometer. 
Wavelength positioning errors were shown not to be a source of 
appreciable uncertainty in absorbance readings, even though 
2100 A lies on the side of a sharply rising band for CrH2P022+, by 
repeated resetting of the wavelength scale and refilling of the 
silica cell with a particular solution of the complex. 

Reagent grade lithium and sodium perchlorates were recrystal- 
lized three times from water. Reagent grade 72% perchloric 
acid was used without purification, Water used in all solutions 
was triply distilled from alkaline permanganate in a tin-lined 
Barnstead still. 

Kinetics Experiments.-The rate of formation of CrH*PO?+ 
was followed by continuous absorbance measurements a t  2100 4 
for reactions carried out directly in a thermostated silica spectro- 
photometer cell, which was stoppered tightly to prevent evapora- 
tion. The value of d[CrHgPO?+]/dt was measured directly from 
the spectrophotometer chart record, using the synchronous 
motor of the spectrophotometer chart drive as the timer for the 
reaction. The recordings of absorbance v s .  time were linear 
a t  the start of the runs, and a straight line was drawn through 
that absorbance change corresponding to a change of no more 
than 370 of the difference between initial and equilibrium con- 
centrations of the limiting reagent. This was usually a change of 
0.05-0.3 absorbance unit. (The formation runs generally were 
followed only a little beyond this point.) Operation of the 
spectrophotometer with the water-filled cell holder thermostated 
a t  these relatively high temperatures caused considerable noise 
in the instrument response, which was reduced to tolerable 
levels by placing desiccant in the cell compartment. (Presumably 
this prevented condensation of water vapor on the cooler glass 
windows in the optical light path.) The observed rate of absorb- 
ance increase was converted to a reaction rate by use of the 
known extinction coefficient of CrH?P022C a t  2100 A, 522 M-' 
cm-', assumed to be temperature independent. 

Two methods were employed for the study of the kinetics of 
aquation of the complex. Most experiments involved measuring 
the disappearance of CrH2PO?+ a t  2100 A. Solutions for these 
runs were made up in 250-ml volumetric flasks held a t  constant 
temperature; a small volume of concentrated complex was added 
a t  the start of a run. At regular intervals, ca. 10-in1 samples 
were removed with a rapid draining pipet and were transferred 
to a dry test tube in an ethanol-Dry Ice bath. The quenched 
samples were stored at  Dry Ice temperature for times from 1 day 
to 2 weeks without apparent change. The samples were melted 
quickly at 25O, and their absorbances were read a t  2100 A at 
this temperature. This thawing and analysis procedure never 
took longer than ca. 40 min, and inappreciable reaction occurred 
a t  25" in this interval. Experimental values for the equilibrium 
absorbance readings were obtained from samples taken after ca. 
8-12 half-lives for aquation. 

A number of aquation studies were also carried out by an al- 
ternative procedure in which samples were quenched, and free 
hypophosphorous acid was separated and analyzed. The cationic 
chromium complexes were retained by an ion-exchange resin 
column, and the free hypophosphorous acid was rinsed through 
for analysis by the spectrophotometric procedure described 
above. 

Concentrations refer t o  room temperature; no correction was 
made for the error (based on the thermal expansion of pure 
water) of - O . i - l , i ~ o  introduced a t  45-85.' 

Results 
Formation of CrHzPOZ2+.-The kinetic study of for- 

mation of CrHzPOZ2+ was carried out under pseudo- 
(15) C. K. J@rgensen, "Absorption Spectra and Chemical Bonding in 

Complexes," Addison-Wesley Publishing Co., Reading, Mass., 1962. 

zero-order conditions ; changes in the concentration of 
complex were measured very early in a run, where the 
reactant chromium(II1) and hypophosphorous acid 
concentrations remained effectively constant. This 
technique was used by Postmus and King7 in their 
study of the formation of the chromium(II1) thio- 
cyanate complex. Studies were carried out a t  45.0, 
55.0, and 65.0' in solutions of 1.0 M ionic strength (per- 
chloric acid-sodium perchlorate) covering hydrogen ion 
concentrations of 0.2-1.0 M. The initial aquochro- 
mium(II1) concentration n-as varied from 0.001 to 
0.01 M ,  and that of hypophosphorous acid from 0.01 to 
0.15 M .  

The rate of formation of complex is consistent with a 
one-term rate law 

The value of kf in each experiment was then calculated 
from the slope of the absorbance trace vs. time in the 
early portions of each experiment together with the 
known molar extinction coefficient of the complex and 
the known initial concentrations. Hypophosphorous 
acid is dissociated to a slight extent, -4-18%, in this 
hydrogen ion concentration range. The acid ioniza- 
tion quotient QA a t  these temperatures was extrapolated 
from data8 a t  16 and 30' and 1.13 M ionic strength 
(KCI), assuming a linear dependence of log QA on 1/T. 
The values of QA so calculated are 0.055, 0.050, and 
0.044 ~$1 a t  45, 55, and 65'. Acid ionization corrections 
are relatively small and do not depend critically on the 
values chosen for QA. The individual experiments 
and the average values of kf are summarized in Table I. 

TABLE I 
OBSERVED SECOSD-ORDER RATE COXSTANTS ki 

( ~ - 1  SEC-1 x 104) FOR FORMATIOS OF 

HYPOPHOSPHITOCHROMIUM(III) ION 
(A) Experiments at 1.00 .M H+ 

(Cr3 + l o ,  [HaPOz], 
M F 45.0' 55.0° 6 ~ 5 . 0 ~  

0.001 0.074 2.84 7 .26  19.9 
0.002 0.0090 2.92 6.97 . . .  
0.002 0 ,037  2 .84  8 . 9 1  18.8 
0.002 0.074 2.74 7.70 17.7 
0,002 0 ,074  2.76 7.73 18.1 
0.002 0,074 2 .84  7.87 . . .  
0.002 0,015 2 .81  8 . 0 8  18 .5  
0.005 0,074 2 .81  8 . 6 8  19.8 
0,005 0,074 . . .  9.06 . . .  
0,010 0.074 2 .79  9.40 . . .  
0.005 0 ,074  . . .  9 .57  . . .  

(B)  Experiments a t  varying [H+]a 

M 45.0° 5 5 . 0 0  65.0' 
W'I, 

0,800 2.66 6.88 . . .  
0.600 2.67 7.87 . . .  
0. GOO 2 .78  . . .  . . .  
0.400 2 . 7 8  8 .25  . . .  
0.300 2 .71  7.88 2 3 . 8  
0.200 (3.43 ) b  9 .41  . . .  
Av k f ,  &-lsec-l X 2.78 f 0.25 8.22 2~ 0.86 1 9 . 5  & 2 . 1  

Conditions: 0.002 M Cr3+, 0.074 F HaPOs; 1.0 M ionic 
strength (NaC104). This value excluded from the average, 

Uncertainties are standard deviations. 
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Aquation of CrHzPO22+.-In all the experiments per- 
formed, the hydrogen ion concentration was much 
higher than that of the complex, and i t  remained effec- 
tively constant during a run. The net rate of aquation 
of hypophosphitochromium(II1) ion at constant [Hf] 
is given by the equation 

-d [CrHzPOzZ+]/dt = kl  [CrHzP0~2+] - 

kf[Cr3+l [HZ021 (3) 

The spectrophotometric aquation experiments were per- 
formed with relatively low initial concentrations of 
CrH2P022f (2-10 X M ) ,  to ensure that the reac- 
tions ran near to completion. The solutions were 
maintained a t  1.00 M ionic strength with lithium per- 
chlorate-perchloric acid mixtures; variation of hydro- 
gen ion concentration covered the range 0.08-1.0 M. 
The thermodynamic stability of the complex toward 
aquation a t  low [H+] set the lower limit of hydrogen ion 
concentration. The equilibrium per cent completion 
of the aquation runs lay in the range 82-99.8%, with 
the mean being 94%. In all the runs, the reverse reac- 
tion was taken into account.16 A pseudo-first-order 
rate constant kl was calculated from the slope of a 
graphical treatment of the data, according to the rela- 
tionll 

k1 = - -- f d 
2 - f d t  

{ [ C ~ X I O ~  - [CrXI[CrXI,} (4) 
[CrXIO([CrX] - [CrX],) 

where f represents the fraction of complex aquated a t  
equilibrium, and the subscripts 0 and 05 on complex 
concentrations refer to initial and equilibrium values. 
In the spectrophotometric experiments, absorbance 
values a t  2100 A were used directly in eq 4 in place of 
concentrations. 

The initial concentration of hypophosphite complex 
in the analytical aquation runs was 0.003-0.01 M .  This 
was generally somewhat higher than in the direct spec- 
trophotometric procedure to provide sufficient hypophos- 
phorous acid for sensitive analysis. A limited number 
of these runs were performed, a t  only two hydrogen ion 
concentrations, 0.5 and 1.0 M ,  a t  a single temperature, 
45.0'. Aquation was less complete under these condi- 
tions; the extent of aquation for these solutions ranged 
from 77 to 94%. The values of the equilibrium concen- 
trations used in eq 4 in calculating the pseudo-first- 
order rate constants in the analytical runs were com- 
puted from initial concentrations and the equilibrium 
quotient for formation of the complex, evaluation of 
which will be presented subsequently. 

The pseudo-first-order rate constant for aquation of 
hypophosphitochromium(II1) ion a t  constant hydrogen 
ion concentration, k l ,  varies directly with [H+]. 
Values of the second-order rate constant kz  = kl/  
[Hf]  are nearly constant; they do, however, show a 
small but regular increase with increasing hydrogen ion 
concentration. The assumption that replacing hydro- 

(16) Failure to account for the reverse of a reaction tha t  runs 98% to 
completion will lead to an error of -4% in the pseudo-first-order rate con- 
stant. 

(17) This equation is valid only for experiments where [Cr'+lo = [HsPOzIo 
= 0. 

TABLE I1 

(M-l  sec-' X lo6) FOR AQUATION, k., 
CORRECTED" SECOND-ORDER RATE CONSTANTS 

-- 7- ---[Hf], &f--------- 
[CrH~POza+lo, 0.081 0.149 0.300 0.538 0.600 1 nn 

M x 103 

0.25 
0.25 
0 .5  
0 . 5  
1 
1 
3b 
5b 

10b 
106 

0.5 
0 .5  
1 
1 

1 
1 

7 kaq (45.0°) 

1.21 1.16 1.14 1.29 
1.35 

1 .21  1.10 1.14 1.19 
1.19 1 14 1.20 

1.24 1.18,1.26 
1.25 1.27.1.28 

1 I 13,1.20 
1.27,1.30 
1.24,1.25 1.06 

1.12 1.27,1.29 

--kaq (55.0") - * 

3.01,3.05 
3.11,3.31 

3.06 3.07 3.03 2.95,3.00 3.11,3.16 
3.06 3.18 3.03 3.02,3.17 3.24,3.31 - c kaq (65.0°)--- 

6.94 6.75 6.84 7.03 6.99 
7.36 7.32 6.97 7.14 7.01 

a Harned rule correction, with @ = 0.10 M-l. The observed 
second-order rate constant ks can be calculated by dividing each 
entry here by exp(-@[H+]), with P = 0.10 M-l;  for the six 
[H+] values shown here, values of exp( -@[H+] ) are 0.992, 0.985, 
0.970, 0.945, 0.942, and 0.905. * Analytical aquation experi- 
ments; all other values refer to spectrophotometric runs. 

gen ion by lithium ion a t  constant ionic strength ensures 
constant activity coefficients is not rigorously correct. 
Variations in rate constants on the order of -10% on 
proceeding from 1 F HClO, to 1 F LiC104 are not un- 
rea~onable. '~~ l9 An empirical correction that can be 
made for this effect is in the form of Harned's rule 

kaq = kz exp(-/3[H+I) ( 5 )  
where kaq is a "true" second-order rate constant which 
incorporates an additional parameter p to account for 
changing activity coefficients. A value of p = +0.10 
M-l results in constant kaq values (a meaningful tem- 
perature dependence of p was not observed). This 
value of /3 leads to a correction factor exp(-@[H+]) = 
0.992-0.905 in the range of 0.081 < [H+] < 1.00 U. 
In  effect, a correction of this type amounts to referring 
all values of kaq to the medium 1 F LiC104. 

Values of kaq for these experiments are summarized in 
Table 11. At each of the three temperatures the aver- 
age values of k,, are 1.22 f 0.01 (standard deviation), 
3.03 f 0.03, and 7.07 & 0.07 (units M-l sec-l X lo5). 
These averages include only the spectrophotometric 
runs, since the equilibrium quotient used for calculating 

(18) (a) T. W. Newton and F. B. Baker, J .  Phys. Chem., 67, 1425 (1963); 
(b) G. Gordon and P. H. Tewari, ibid., 70, 200 (1966); (c) T. W. Newton 
and F. B. Baker, Inorg. Chem., 4, 1166 (1965). 

(19) Our experiments on the rate of complex formation were done with 
sodium perchlorate as supporting electrolyte, whereas those on aquation 
were with lithium perchlorate. We have ignored any differences arising from 
this source, although in a t  least one study a sizable rate discrepancy was 
found [D. H. Huchital and H. Taube, J .  Am. Chem. Soc., 87, 5371 (1965)l. 
In view of the relative insensitivity of the activity coefficient of HCl in 
HCI-MC1 solutions of constant ionic strength when M is Li, compared t o  
noticeable changes for M = Na [H. S. Harned, ib id . ,  48, 326 (1926)], 
lithium perchlorate appears to be the preferable choice for ensuring less 
variation in activity coefficient. 
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[CrH2POz2+] in the analytical aquation experiments 
was derived from these kinetic data. 

The term exp(-P[H+]) was used to resolve trends in 
the values of kaq/[H+] as H +  was traded for Li+ over 
the range 0.08-1.0 lL;r H +  a t  constant unit ionic strength. 
The value of P ,  0.10 I i f - I ,  needed to resolve the dis- 
crepancy is not unreasonable, although it is near the 
upper limit one might care to invoke for the pair H+, 
Li+.18 This seemed the most satisfactory of several 
alternatives. It would be possible to ignore the trend in 
kz  with [H+]. Another alternative is to ascribe this 
trend to an additional reaction pathway; ;.e., the rate 
equation for aquation 

-d In [CrHzPOZ2+]/dt = ka,’[H+] + k,q”[H+]Z (6) 
Although the added rate lam term kaq’[H+I2 apparently 
never gains sufficient importance to be studied accu- 
rately, a value of k,,’could be obtained in this way. 
This explanation appears distinctly less desirable for the 
reason that the reaction path second order in hydrogen 
ion requires a transition state of composition [CrHz- 
POz.2H4+]*. Such a formulation would be quite 
difficult to resolve on the basis of a reasonable reaction 
mechanism. Values of the main rate law term first 
order in hydrogen ion would be much the same on either 
basis. The additional rate law term, if it  exists, never 
becomes sufficiently important to make a sizable con- 
tribution to the rate, and the preferable approach seems 
to be to admit that these data do not conclusively 
demonstrate its presence. 

A number of similar aquation reactions of chromium- 
(111) complexes (e.g., halide, azide, thiocyanate ions), 
have been studied; in no previous instance has failure 
of the “constant ionic strength principle” been ob- 
served. This may be a consequence of the fact that, for 
each of these other complexes, terms that are inversely 
proportional to, and/or independent of, hydrogen ion 
concentration were also important. Any need for an 
activity coefficient correction of the sort made here could 
be hidden in the rate parameters of the multiterm rate 
equation. 

Equilibrium Quotient.-The value of the equilibrium 
quotient Q for formation of hypophosphitochromium- 
(111), eq 1, is related to the forward and reverse reaction 
rate constants. The net rate of formation of complex 
is given by the equation 
d [CrH2P022f]/dt = k f  

(7) 
and the equilibrium quotient Q = k f / k , , .  The for- 
ward and reverse rate laws result in the correct form 
of the equilibrium quotient. In view of the fact that 
lithium perchlorate was the inert salt used in the aqua- 
tion experiments, and sodium perchlorate in the forma- 
tion experiments, a rate constant ratio would represent 
an equilibrium quotient with a slightly different activity 
coefficient reference for reactants than for products. 
This difference is not necessarily trivial, for several 
workers18 have noted appreciable effects due to replace- 
ment of Li+ by Na+ in rather different types of reac- 
tions. To avoid such discrepancies the rate constants 

[HsPO~I - 
k,, [CrHd’Os2 + I [H + 1 

used in the equilibrium quotient computation were 
referred t o  the medium 1 F HCIOar ( i e . ,  the values of k,, 
without the Harned rule correction were used). On 
this basis, and considering each temperature separately, 
values of Q are 20.7 f 3.2, 24.0 f 3 . i ,  and 25.0 * 3.7 
a t  45.0, 65.0, and 65.0’. 

In addition, the equilibrium quotient mas studied in 
some direct experiments, with analysis for free hypo- 
phosphorous acid in equilibrated solutions prepared 
from initially pure complex. The results were not very 
precise nor the accuracy very high. Presumably the 
problem arises from two sources; the equilibrium con- 
centration of complex was generally rather low, 6-230/, 
of its starting value, and was calculated as the difference 
between total chromium and equilibrium hypophos- 
phorous acid concentrations ; errors in this difference 
may be substantial. This computation assumes initially 
pure complex. If as little as 1% Cr3+ were present in 
the original solution of complex prepared by ion-ex- 
change procedure, the calculated value of Q in typical 
experiments under these conditions would be in error by 
-8%. The equilibrium experiments were duplicated, 
in part, with several preparations of complex. Values 
of the equilibrium quotient in solutions prepared from 
the same sample of complex agreed considerably better 
than did one series compared to the other. For ex- 
ample, one preparation averaged @ = 20.8 f 0.5 (four 
runs), another 15 =t 1 (ten runs), and a third 14.7 (one 
run) at 45.0’. Although this procedure has not re- 
sulted in an accurate value for Q, the semiquantitative 
agreement with the value based on the kinetic compari- 
sons lends some support to the correctness of the later 
calculation. 

Interpretation and Discussion 
The individual rate constants for formation of hypo- 

phosphitochromium ion were fit to the relation 

kf = K(kgT/h) exp(ASf*/X - AHf*/RT) (8) 

considering simultaneously the 37 data points at the 
three temperatures. This computation of AHf* and 
A&* ( K  = 1) was carried out with the aid of a non- 
linear least-squares computer program. An analogous 
relation was assumed to hold also for k,,, and the acti- 
vation parameters were evaluated in the same manner. 
These values can be used to calculate AHo and A S o  
for the equilibrium quotient Q. The results of these 
computations, with standard deviations also listed, 
are given in Table 111. The values for the rate con- 
stants calculated from these activation parameters are 
in good agreement with the individual averages a t  the 
separate temperatures. The value of A S ”  associated 
with Q refers to the standard state 1 F HC104, as dis- 
cussed above. 

Labile outer-sphere association of Cr3- and HZPOZ- 

TABLE I11 
A H ,  A S ,  Calcd a t  

kcal mole-’ cal mole-‘ dep-1 45.0° 
ki ,&-’sec- l  20.3 i 0 . 4  - 11.2 It 1.3 2.82 X l o M 4  
k,,, M-lsec-l  18.1 =t 0 . 2  -24 .1  h 0 . 5  1.23 X 
Q 2 . 1  + 0 . 6  12.7 i 1.8 22.9 
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probably is not important under these conditions. No 
appreciable absorbance changes in the ultraviolet region 
were noted when the solutions were mixed, other than 
the very slow changes accompanying the inner-sphere 
complex formation. Outer-sphere interactions between 
ions of charge +3 and -1 have been shown to be 
extremely small, even in the case of Co(NHs)e3+ plus 
halide ion, where very large ultraviolet spectral changes 
were noted.20 Since the predominant form of the 
ligand in acidic solution is the neutral molecule, ion 
association appears rather unfavorable in these circum- 
stances. At least, we find no spectral evidence for a 
stable or unstable outer-sphere complex and also no 
kinetic requirement for a stable one. 

The rate law for aquation of hypophosphitochromium- 
(111) ion consists of but a single term, directly propor- 
tional to [H+]. This is a novel situation, for two or 
more rate law terms of the form -d In [CrX2+]/dt = 
Z k n  [H+]" have generally been noted in the aquation of 
similar complexes Cr(OHz)bX2+, with values of n 
consisting of two or more adjacent members of the 
series -2, - 1, 0, +l. Of all the ligands studied, and 
the list includes the halides,5p6 azide, th i~cyanate ,~  
and cyanideg complexes, for only the hypophosphite 
complex is the rate law term ko missing. Those ligands 
that are appreciably basic (cyanide, fluoride, azide, and 
hypophosphite) are the only ones for which the term k l .  
[H'] was noted. It is most reasonable to attribute this 
k1  term to a transition state with the immediate prod- 
ucts HX and aquochromium(II1) ,4*8 since it is observed 
only for basic ligands, where HX is a favorable product. 
If the presence of this rate law term is attributed 
to HX being a weak acid, then one might hope to cor- 
relate the relative magnitude of such a term with the 
basicity of X-. Such a correlation is, however, rather 
unsuccessful for the four anions for which data are 
available. The values of kl /ko  at  45" are >lo0 (H2POZ-), 
10.6 (F-), 10.5 (CN-), and 6.6 M-I (N3-). The base 
strengths of the free ligands are in the order CN- >> 
N3- > F- > HzP02-. That this correlation is as poor 
as i t  is may be due to the rather simple base strength 
parameter used; e.g., the cyanide ion will form as pre- 
liminary product the less stable HNC, not HCN, and in 
the case of fluoride ion the proton is added rather near 
the positively charged chromium nucleus, whereas with 
hypophosphite ion the basic site is considerably further 
removed. The assumption made here in comparing 
k l / k ,  ratios is that these reactions proceed by similar 
mechanisms. The inference has been made on the 
basis of arguments based on values of ASo* that for 
CrF2+ and CrN2+ the primary products of dissociation 
along the KO path are CrOH2+ and H F  (HN3) rather 
than Cr3+ and F- (N3-). This is not necessarily the 
case for CrH2POz2+, especially since the base strength 
of these ions increases in the order H2PO2- < CrOH2+ N 

F- < N3-. Perhaps the large kl /k , ,  ratio for CrHzPOZ2+ 
reflects a mechanism in which the ko term corresponds 
to initial production of Cr3+ and H Z P O ~ - . ~ ~  

(20) E. L. King, R.  E. Visco, and J. H. Espenson, J .  Phys. Chem., 63, 
755 (1959). 
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The partial molar entropy of an ion in aqueous solu- 
tion is a function of its ionic charge and its radius. For 
a series of complexes Cr(OHz)6X2+ one could expect 
that a large contribution to the differences in AS* 
for the net activation processes 

Cr(OH2)6XZf + H +  = [Cr(OH2),X * - Ha+]* 

in the case of a series of CrX2+ complexes would be 
made by the entropy of solvation of the HX molecule.22 

Valuesof A S O H X  (eu) are 4P3 (HN3), 38 (H~POZ), 31 
(HCN), and 26 (HF); the observed AS1* values are 
-8.3 ( a ~ i d e ) , ~  - 11.1 ( ~ y a n i d e ) , ~  - 12.4 (fluoride),6 
and - 24 (hypophosphite). Three ligands follow the 
anticipated pattern, but the value of AS* for the hypo- 
phosphitochromium(II1) ion is considerably more 
negative (by ca. 15 eu) than predicted by this model; 
the net activation process for aquation of CrHzPOZ2+ 
creates more order than one predicts from the extent to 
which free hypophosphorous acid itself creates order in 
the solvent. This comparison has made the assumption 
that the ions Cr(OHz)sX2+ have the same partial molar 
entropies, which appears quite reasonable. An addi- 
tional assumption made here is that the four reactions 
have similar mechanisms. Failure of the attempted 
correlation suggests that there may be rather significant 
differences in the mechanisms. This entropy could be 
provided by involvement, in the net activation process 
for the hypophosphite complex, of one water molecule 
more than that in the analogous processes for the other 
complexes. Although this provides a mild suggestion 
that bond making to water, as well as bond breaking 
for the ligand, exerts more influence in the case of hypo- 
phosphite ion as a ligand, this does not constitute defini- 
tive proof of a displacement mechanism in this instance, 
compared to a dissociative mechanism in the other. 

These results on hypophosphite complex formation 
are of interest in themselves, but a number of impor- 
tant related problems that merit attention should also 
be mentioned. The oxidation of hypophosphorous acid 
by chromium(V1) has been studied previously,24,25 
but the kinetic behavior was rather unusual and the 
two studies were not in agreement. The stoichiometry 
was not examined in detail and we have evidence that 
the Cr(II1) product is not CT(OH&~+, but consists 
rather of hypophosphite and/or phosphite complexes 
of chromium(II1). A study of the nature and extent of 
such complex formation should provide some important 
information on the mechanism. It may also explain 
some of the kinetic complexity noted in the earlier 
studies, for if reactant concentrations are diminished 
by complex formationJZ6 this effect must be taken into 

(21) We are grateful to Prof. E L. King for this suggestion. 
(22) Such a correlation was shown to exist for the aquation of the halide 

(23) W. M. Latimer, "Oxidation Potentials," 2d ed, Prentice-Hall, Inc., 

124) A. D Mitchell, J .  Chem. Soc., 564 (1924). 
(25) K. Pan and S-H. Lin, J .  Chinese Chem. Soc. (Taiwan), 1111 7, 75 

(1960). 
(26) Several other instances have been noted where chromium(V1) cap- 

tures ligands during its reduction to chromium(II1) (M. T.  Beck and I. 
Bardi, Acta Chzm. Acad .  Sci. Hung., 89, 283 (1961); M. T. Beck, I. Seres 
and I. Bgrrdi, ibid., 41, 231 (1884); G. P. Haight, Jr., E. Perchonock, P, 
Emmenegger, and G. Gordon, J .  Am. Chem. SOG., 87,3835 (1965)l. 

complexes (ref 6). 

New York, N .  Y., 1852. 
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account in treating the kinetic data. Studies have not 
been made on hypophosphite ion as a "bridging" 
ligand in electron-transfer reactions ; the rate of 
Cr(I1)-Cr(II1) exchange in CrHzP022+ + *Cr2+ 
should provide very useful information on this point. 
This reaction may be of especial interest, in view of the 
important role of phosphate ions in biochemical oxida- 
tion-reduction processes. Hypophosphorous acid is 
itself a reducing agent with some unusual kinetic prop- 
erties, which have been previously summarized.z 

The question of the mechanism of oxidation of coordi- 
nated hypophosphite ion merits attention. Prelimi- 
nary experiments have shown that this ligand can be 
oxidized while remaining coordinated to chroniium- 
(111). For example, the net reaction with iodine solu- 
tions is 

CrH2P022+ f 1 3 -  + HzO = c r H ~ P 0 3 ~  ' + 31- $. 2H 

The mechanism of this reaction has not yet been in- 
vestigated in detail, but probably differs substantially 
from that for the free acid. 
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Kinetics of trans-Dichlorobis(piperidine)platinum(II) in Different Solvents 

BY UMBERTO BELLUCO, ANGEL0 ORIO, AND MARIO MARTELLI 

Receined February 28, 1966 

Rate data of monohalide displacements on trans-dichlorobis(piperidine)platinum(II) with several entering groups in five 
structurally different dipolar aprotic solvents are reported. The entering group reactivity order parallels the polarizability 
order in all the solvents and the reactivity does not vary strongly as the hydrogen-bonding capacity changes from protic 
to aprotic solvents. The kinetic data are discussed in terms of solvation of the reagent entering group. 

Introduction 
Rate data concerning the solvent effect in substitution 

reactions of some Pt(I1) phosphine complexes have re- 
cently been reported. The objectives of investigations 
on this subject are to offer, first, some evidence concern- 
ing the mechanism of nucleophilic displacement in the 
reactions of d8 complexes and, second, to determine the 
factors which promote strong interactions between the 
reaction center and the entering group at  the transition 
state. 

This paper reports a kinetic study of trans- [Pt(pip)l- 
CI,] (pip = piperidine) with several entering groups in a 
variety of structurally different dipolar aprotic solvents. 
The effect of the solvent on the rates of these reactions 
is investigated and a comparison between the rate data 
of the piperidine and of the analogous phosphine com- 
plex is presented. 

Experimental Section 
Materials.-Platinum(I1) compounds were prepared following 

the methods reported in the literature.2 All the compounds were 
characterized by analysis. 

Acetone was dried with potassium carbonate and distilled, 
bp 56.5'; dimethyl sulfoxide was distilled under reduced pressure 
in nitrogen atmosphere; nitromethane was washed with aqueous 
sodium hydrogen carbonate, dried with calcium chloride, and 
fractionated, bp 101'; dimethylformamide was dried with 
calcium oxide and distilled, bp 153'; acetonitrile was dried with 
potassium carbonate and fractionated, bp 81". Other materials 
used were reagent grade. 

(1) (a) U. Belluco, M. Martelli, and A. Orio, Inorg. Chem., 5, 582 (1966); 
(b) U. Relluco, P. Rigo, M. Graziani, and R. Ettorre, ibid., 5, 1126 (1966). 

(2) J. Chatt, L. A. Ducanson, and L. hl. Venanzi, J .  Chem. SOL., 4461 
(1955). 

Kinetics.-The reactions of isotopic exchange were follorcd 
by the same procedure as previously reported.'% 

Other reactions were followed by measuring changes in optical 
density of the reaction mixture in the ultraviolet region by means 
of 1-cm quartz cclls in the thermostat-controlled cell compart- 
ment of a Bcckman DK-2A, a Beckman DU, and an Optica 
CF-4 spectrophotometer. The reactions in nitromethane wcre 
carried out in 0.1-cm quartz cells. The reference cell in each 
case contained the reagent blank. In the case of relatively fast 
reactions, an Optica CF-4 was used and the chart drive on the 
attached recorder was started a t  the moment of mixing. The 
absorbance a t  a selected wavelength was recorded against time, 
starting a few seconds after mixing. The solution of entering group 
was added with a syringe. A11 solutions were kept a t  25' prior 
to mixing. At the experimental temperature, 25 =I= 0.1", there was 
no evidence to suggest a cis-tram isomerization. In the range 
of the experimental concentrations, Beer's law was obeyed for 
both reactants and products in all the solvents examined. 

The kinetics were performed with a IO-100-fold excess of the 
entering group in order to provide pseudo-first-order conditions 
and to force the reactions to go to completion. The complex 
concentration was changed in the range 10-4-10-3 M. Tetra- 
butylammonium salts were used. Except in a few cases, a t  least 
four concentrations of entering group were examined, in the range 
5 X 10-3 to 5 X M .  The ionic-strength effects were not 
important, as found for the reactions in methanol.a No attempt 
was made therefore to  keep a constant electrolyte concentration. 

The reactions proceed by a slow, rate-determining step, followed 
by a rapid second step 

kabnd 
trans-[Pt(pip)zC12] + Y- traizs-[Pt(pip)~YCl] + C1- 

trans-[Pt(pip)2YCl] + Y- + trans-[Pt(pip)2Y~] + Cl- 
fast 

Except in acetone, good linearity was obtained for the plots 
of kobsd ZIS. the initial reagent concentrations with nonzero inter- 
cepts in all the solvents. 

(3) U. Belluco, L. Cattalini, F. Basolo, R. G. Pearson, and A. Tuico, 
J .  A m .  Chem. SOL., 87, 241 (1966). 


