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new spectrum has its maximum intensity a t  pH 9.5. 
I t  consists of nine lines (Figure 2g) whose spacing and 
intensity relationship speak for a complex formed by 
two equivalent N14 nuclei (the NO groups) and one N14 
nucleus (NCS group) with almost a double hyperfine 
constant. Nitrogen-15 experiments confirm these re- 
sults, exhibiting a nine-line spectrum due to a 1: 2: 1 
triplet from two NISO groups separated into a 1: 1 : 1 
triplet by one thiocyanate group. At even higher pH 
(> 11) a quintet spectrum becomes predominant a t  g = 
2.027. This corresponds to the one reported by Mc- 
Donald,' et al., in a water solution of FeS04 in the pres- 
ence of NO which was attributed to Fe(NO)?(OH)z-. 
I t  is then evident that  a t  pH 9.5 one thiocyanate group 
has been replaced by an OH group to form the Fe(N0)2- 
NCS(0H)- complex. N o  such observations are made 
with the iron-nitrosyl-halide complexes, which give no 
detectable esr signals above pH 7. 

Other spectra can be obtained in ethanol-water solu- 
tion with a variety of inorganic and organic ligands. 
Cyanate ion gives results close to the thiocyanate ion. 
Intense spectra were observed with sulfite, hyposulfite, 
carbonate, dithionite, and a number of other ligands. 

However we wish to emphasize here that these Fe- 
NO complexes, which give easily detectable esr spectra 
also in pure water solution in the presence of excess 
ligand concentration, arise from monomerization of a 
dimeric structure related to the red Roussin's sa1t.l 
With the exception of some organic complexes, which 
show better solubility, no advantages are obtained in 
the presence of ethanol. Nitrate, nitrite, and sulfate 
ions seem to give no detectable spectra in water or in 
alcoholic solutions. 

Esr Line Width.-In addition to the above-mentioned 
variation of the relative intensities of the various 
species, changes of temperature influence the line width 
of esr signals significantly. In all cases the best resolu- 
tion of the hyperfine splitting was obtained at  a temper- 
ature in the range between -155 and 5" depending on 
the ligand ion, while an increase of line width was ob- 
served above and below this temperature. This means 
that a t  least two mechanisms of relaxation are effective 
with opposite temperature coefficients. At lower tem- 
perature, the most probable line-broadening source is 
motional modulation of the anisotropic g and hyperfine 
tensors. The increase of line width above the point of 
maximum resolution may well be attributed to ligand 
exchange, the lifetime of the radical thus determining the 
electron spin relaxation time Tz. I t  is noteworthy that 
the line width does not depend on ligand concentration 
and on the number of ions coordinated in the complex 
(Table I). This would be accounted for only by an 
s N 1  exchange mechanism; that is, a process in which the 
rate-determining step corresponds to the loss of a ligand 
ion from the complex which is almost instantly replaced 
with a new ligand. However, spin rotational relaxa- 
tion may also account for the observed positive temper- 
ature dependence of the line width14 and more detailed 

(14) W. B.  Lewis and L. 0. Morgan, Tvansilion Metal Chem., 4, 77 
(1968) 

data would be necessary to make an unequivocal attri- 
bution. In  the present work all spectra were regis- 
tered a t  the temperature of maximum resolution. 
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Although the kinetics of the hydrolysis in alkaline 
and acid solutions of carboxylatopentaammine coin- 
plexes of Co(III), Rh(III) ,  and Ir(III)1-3 have already 
been reported, the Cr (111) analogs have only recently 
been prepared.* The complexes are usually prepared 
in aqueous solution by heating the aquopentaammine 
complex with the required carboxylic acid. In  the case 
of chromium (III), however, this procedure is not pos- 
sible owing to the rapid loss of ammonia from the metal 
ion and subsequent formation of a complex mixture of 
products. Recently preparative procedures involving 
much less vigorous conditions have been developed in 
the pentaamminecobalt (111) ~ y s t e m . ~ , ~  These methods 
have now been applied with some success to the prep- 
aration of the carboxylatopentaamminechromium- 
(111) complexes. 

The complex ((NH3)SCr02C2F3) (C104)~ has been ob- 
tained by two different preparative routes. In  the first 
method ((NHS)&rCl) (ClO& was mixed with an equiv- 
alent amount of AgOzCzF3 dissolved in N,N-dimethyl- 
formamide (DMF). The second method6 also carried 
out in DMF used the reaction of ((NH3)&r0Hz)- 
(c104)3 with trifluoroacetic anhydride in the presence of 
a base, N,N-dimethylbenzylamine. A third m e t h ~ d , ~  
not reported in detail, involves the reaction of (("3);- 
CrN3) (c104)~ with isoamyl nitrite and trifluoracetic 
acid, also in DMF. The main disadvantage of the 
latter method is the difficulty in preparing pure ( (NHS)~-  
CrN3) (ClO&. 

The kinetics of the hydrolysis of (NH3)5CrOzCzF32+ 
have been studied in acid and alkaline solution, and the 

(1) F. Monacelli, F. Basolo, and R. G. Pearson, J .  Inorg. Nucl. Chem., 24, 

(2) (a) R. B. Jordan and H. Taube, J .  Am. Chem. Soc., 88, 4406 (1966); 

(3) N. S. Angerman and R. B. Jordan, Inoug. Chem., 6, 379, 1376 (1967). 
(4) E. Zinato, R. Lindholm, and A. W. Adamson, J .  I norg. Xucl. Chem., 

81, 449 (1969), have reported the preparation of ( ( X H ~ ) S C ~ O C ~ F ~ )  (Clod2 
by heating the aquo complex with trifluoroacetic acid in N,N-dimethyl- 
acetamide. The reported Xmax and extinction coefficients (483 mp, 50.3; 
359 m p ,  34.5) agree reasonably with those reported here. 

(5 )  R. B. Jordan, A. M. Sargeson, and H. Taube, Inorg. Chein., 6, 1091 
(1966). 

(6) 1,. M. Jackman, R. M. Scott, and R. H. Portman, Chem. Conznmn., 
1338 (1968). 

1241 (1962). 

(b) F. Monacelli, J .  Inorg. Nucl. Chem., 29, 1079 (1967). 
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results are compared to  previous work on analogous 
complexes. 

Experimental Section 
General Data.-Silver trifluoroacetate was prepared by mixing 

freshly prepared silver oxide with a concentrated aqueous solu- 
tion of trifluoroacetic acid. Water and excess acid were removed 
by vacuum distillation. The product was dried under vacuum a t  
85-70' in the absence of light. ((NHa)sCrCl)(C104)2 was pre- 
pared by dissolving ((SH3j;CrC1)C12 ( 5  g )  in ice-cold 3 dii H&04 
(500 ml) and adding cold 70cG HCIOi f100 nil), the solution being 
stirred during the latter addition. The  product (-2.5 g )  was 
collected, washed with methanol and ether, and dried under 
vacuum. ( ( S H ~ ) ~ C ~ O H ~ ) ( C ~ O I ) ~  was prepared by dissolving 
((ZjH3),CrOH2)(SOa).1' ( 5  g )  in water (60 1111) followed by the 
addition of ice-cold 70"', perchloric acid (30 ml).  The  solution 
was cooled thoroughly and 957; ethanol (40 ml j  \vas slowly added, 
the solution being stirred during the addition. The product was 
washed with ice-cold 957; ethanol (15 ml) and acetone (15 ml) and 
dried under vacuum. 

( (NH3)3Cr02C2F3)(C101)2.-Tn-o methods of preparation are 
described. 

(a )  ((XH3)jCrC1)(C101)n (7.6 g, 20 mmol) was dissolved in a 
minimum amount of N,S-dimethylformamide ( D M F )  a t  room 
temperature and an excess of silver trifluoroacetate (i g, 32 
mmol) was added. The solvent was allowed to stand over 
molecular sieves for a t  least 24 hr prior to use, the preparation 
being carried out in the presence of molecular sieves. The  
reaction mixture was tightly stoppered and stored in the absence 
of light for 12 hr.  The AgC1 formed was removed by filtration 
using Celite filter aid. The solvent was removed from the filtrate 
by vacuum distillation at room temperature until a thick syrup 
remained. X saturated aqueous solution of sodium perchlorate 
was added to  the syrup and the crude product was collected as 
the perchlorate salt.  an alternative it has been found tha t  
addition of ser-butyl alcohol precipitates the crude product from 
the filtered reaction solution. The complex was recrystallized 
by dissolving in the minimum amount of water a t  room tempera- 
ture followed by the addition of sutlicient iOCi;.  perchloric acid to  
make the  final solution 1 Ail in perchloric acid. The  mixture 
was cooled for 30 min in a refrigerator and the product was 
collected, washed with ethanol and ether, and dried under vac- 
uum. All solutions and precipitates of the product complex were 
protected from light as much as possible during the above opera- 
tions. Anal. Calcd for ((NH3)sCr02C2F3)(C104)2: Cr, 11.6; 
C, 5.43; H, 3.34; K, 15.60. Found: Cr, 11.5; C, 5.60; 
H, 3.80; N, 15.49. 

This method has also been applied to  the preparation of the 
analogous difluoroacetato and trichloroacetato coniplexes. It is 
limited however to carboxylic acids which form a t  least moder- 
ately soluble silver salts. 

These complexes may be prepared more conveniently by 
the addition of a slight excess of trifluoroacetic anhydride (0.5 g, 
2.4 mmol) to a solution of ((SH:j):CrOI-I2)(ClOi)3 (1.0 g, 2.2 
mmol) in D M F  (15 nil) in the presence of excess X,S-dimethyl- 
benzylamine (0.6 g ,  4.45 mmol). 'The product was precipitated 
1 min after mixing by the addition of sec-butyl alcohol (200 nil) to  
the reaction mixture. The  crude product was recrystallized from 
water as described previously. Anal .  Calcd for ((XH3)3- 
CrO?C2F3)(C104)2: C, 5.43; H, 3.34; N, 15.60. Found: 
C, 5 . 5 i ;  H, 3.15; S, 15.66. 

This seems to be the best general method of preparation al- 
though in some cases a significant amount of insoluble dark red 
material is also produced. 

Spectra.-The trifluoroacetato complex is oraiige-yellow and 
shows niasiiiin i i i  tlic visible ahorptioii  .;pectruni a t  803 and 
482 nip, w i t h  iiiular estiiirtiuii cuctlicierics o f  : 3 0 . ! )  a i i ( 1  4 9 . 4 ,  
rrspectivrly, i i i  1 

'l'lir> infrxrc.tl s1)ectrici:i ol' t hc coiii1)lcs h l i o w s  ilic c s l ~ t ~ t c t l  

(b )  

.I[ KaC1 solutioiis. 

(7)  G. G. Schlessinger, "Inorganic Laboratoi-y I'reparatiuns," Chemical 
Publishing Co., Inc., L-ew York ,  K. Y . ,  10G2. 

features, with a characteristic C-0 stretch at 1795 cm-', and is 
very similar to tha t  of ((PiH3jsCoOaCzF3)(C10,,)2.3 

Kinetic Procedure .-The rate of hydrolysis in acid solution 
was determined by following the decrease in absorbance a t  2338 
mp. T o  start the reaction a solution of the chrornium(II1) 
complex in water was added to  a solution of HC104-LiC1O4 in the 
concentrations necessary to  give a final ionic strength of 0.10 dB. 
A11 solutions were thermostated prior to mixing and duriiig the 
reaction. The absorbance decrease was measured using a 1-cm 
path length cell on a solution approximately 0.015 ~lii in chro- 
miumiII1) complex. Rate  constants were obtained from the 
usual plots of log ( A ,  - A m )  its. time. These plots were gener- 
ally linear to  greater than SOc% reaction. The  results are 
summarized in Table I .  The  reaction product was identified as 
( S H B ) ; C ~ O H ~ ~ +  by comparison of the visible spectrum with tha t  
of a sample of ((SH3)iCrOH2)(C104)3. 

In alkaline solution the rate of hydrolysis was followed by 
obscrving the increase in absorbance a t  395 mp, due to  formation 
of (SH3);Cr0H2+. The reaction was initiated by mixing a solu- 
tion of S a O H  with a solution of the chromium(II1) complex in 
KaC1, in the concentrations necessary to  give a final ionic 
strength of 1.0 M. -111 solutions were thermostated prior to 
mixing. Spectra of the reaction product iX,,, a t  396 and 5038 
inp with tmdl 44.0 and 44.9, respectively) indicate it to  be (SH3);- 

CrOH2+ (A,,,,,, at 395 and 504 mp with 43.6 and 45.2, re- 
spectively). The latter was prepared by dissolving r(KH3)j- 
CrOH2)iC10i)3 in 0.05 di S a O H  and running the spectrum irn- 
mediately. Blank experiments have shown tha t  ISH3),CrOH2+ 
decomposes in alkaline solution more slowly than the hydrolysis 
of (NH3)iCr02C2F32" under the conditions of the kinetic runs. 
However the decomposition of the  product places a lower 
limit on the hydroxide ion concentration tha t  can be used. The 
results of this study are summarized in Table 111. In all cases 
the usual plots of log. (<-Im - A t )  were linear to  greater than 8056 
and generally to greater than 90@& reaction. The problem of 
decomposition has prevented further studies on the other more 
sloivly hydrolyzing carboxylate complexes. 

For both acid and alkaline hydrolysis the activation energies 
and entropies were determined from plots of log ( k l T )  vs. 1 / T .  

Standard chemicals of reagent grade were used. Lithium 
perchlorate solutions were prepared by neutralization of lithium 
carbonate with perchloric acid and were standardized by ion 
exchange. Solutions were prepared from deionized water which 
had bcen distillcd from alkaline permanganate. The  spectro- 
photometric measurements were made on Bausch and Lomb 505 
and Precision spectrophotometers. The temperature of the 
spectrophotometric cell holder was controlled using a Colora 
constant-temperature bath and a Thermistemp temperature 
controller (Model 71) with the thermistor probe in the cell holder. 

Results 
The kinetic data summarized in Table I show that 

the hydrolysis of (NH3)jCrO&zF32 + in acid solution 
follows the rate law 

There is no indication of any acid catalysis over the 
range of acid concentration studied. Monacelli, 
Basolo, and Pearson' have observed an acid-catalyzed 
path for the aquation of the acetatopentaarnmine coni- 
plexes of cobalt(III), rhodium(III), and iridium(II1) 
but found no or barely detectable acid catalysis for the 
analogous trifluoroacetate coniplexcs. Protonation of 
the carboxylatr ligand is iiut  as favorable obzing to the 
loivrr basicity of  CF:,C02 . 'The chroiriium(II1) ooiri- 
plex studied here seetiis to be consistent with thc [)re- 
vious observations. 

(8 )  I<. J. Ralahura, private communication 
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TABLE I 
HYDROLYSIS OF (XH3)jCr02C2F32f in ACIDIC  SOLUTION^^' 

1o4k&sd, S e C - l - - - - - - -  
[H+l ,  &I 5 7 . 5 O  67.5' 76.5' 

0.0943 2 .54  6.89 15.4 
0.0754 2 .96  6.89 15.4 
0.0566 2 .69  6.42 14.4 
0.0377 2 . 6 3  6.89 16.0 
0.0189 3.04 6.89 15.4 

Ionic strength 0.10 M adjusted with LiCIOa. By extrapola- 
tion, kobsd = 8.7 X 10-8 sec-' a t  25". 

The activation enthalpy and entropy for the aqua- 
tion are given in Table I1 along with the values for the 
cobalt (I I I), rhodium (I I I ) ,  and iridium (I I I) systems. 
As usual the AH* for the reaction of the chromium(II1) 
complex is lower than that for the other metal ions. 

TABLE I1 
ACTIVATION PARAMETERS FOR HYDROLYSIS IN ACID SOLUTION 

OF TRIFLUOROACETATOPENTAAMMINE COMPLEXES 
A H A * ,  AS**, 

Complex kcal mol -1 eu Ref 

(NH3)5Cr02C2F32 + 20.2  -25 This 
work 

(NHa)eCoOsCzF3' + 26 - 2  1 
( N H Z ) ~ R ~ O ~ C ~ F ~ ' I -  25 -6  1 
(NH3)jIr02C2F32+ 24 - 14 1 

Monacelli, Basolo, and Pearson' have interpreted the 
similarity of the rates for the cobalt(III), rhodium(III), 
and iridium(II1) complexes as evidence for carbon- 
oxygen bond breaking in the aquation reaction. It 
should be noted however that the similarity in AH* 
and AS* for the cobalt and rhodium complexes is not 
particularly unusual; the aquations of (NH3)5CoBr2+ 
and (NH3)6RhBr2+ lo have AH* values of 24.0 and 25.0 
kcal mol-l and AS* of -4 and - 5  eu, respectively. 
In addition, for the alkaline hydrolysis path, which is 
known to proceed with C-0 bond breaking, the values 
of AH2* and AS2* are much less sensitive to a change in 
the metal ion (Table IV). These considerations show 
that it is very dangerous to draw any conclusions about 
the detailed mechanism of the aquation from the rela- 
tive rate constants. 

The kinetic results for the hydrolysis of (NH3)5Cr02- 
C2F3*+ in alkaline solution are summarized in Table 111. 
It is apparent from the data in this table that the hy- 
drolysis rate is not first order in hydroxide ion concen- 
tration. The results may be adequately described by a 
rate law of the form 

- d In [( NH3)jCr02C2F32+] 
dt = ki[OH-] f kp[OH-]' 

Under conditions pseudo first order in hydroxide ion 

vs. [OH-] should be linear. This type of plot for each 
temperature studied is shown in Figure 1. A least- 
squares analysis of the data yields the values for kz  
shown in Table I 11. The least-squares analysis gave 
values for k l  which were either slightly negative or zero 
within the limits of error. A t  20" an upper limit (of 

kobsd = k1 [OH-] + kz [OH-]' and plots Of  kobsd/  [OH-] 

(9) F. Basolo and R. G. Pearson, "Mechanisms of Inorganic Reactions," 
John Wiley & Sons, Inc., New York, N. Y., 1967, p 164. 

(10) S. C. Chan, Australian J .  Chem., 20, 61 (1967). 

i i 

0.20 /35.0" 

0.020 0.040 0.060 

[OH-] M 

Figure 1.-Alkaline hydrolysis of ( NH&Cr02C2Fa2 +. 
of kobed/[OH-], M-' sec-', with [OH-]. 

Variation 

TABLE I11 
HYDROLYSIS OF (NH3)d2r02C2F3'+ IN ALKALINE SOLUTION, 

Temp, 
O C  

2 0 . 0  

25.0 

30 .0  

35 .0  

a Values 

102 [OH -1, 
M 

3.00  
3 .14  
3.57 
4 .29  
4 .72  
5 . 3 5  
2 .86  
3 .14  
3 . 5 7  
3 .90  
4 . 2 8  
4.72 
5 . 3 5  
5 .90  
2 .77  
3 . 0 8  
3 . 5 8  
3 . 7 5  
4 .00  
4 . 5 5  
4 . 7 3  
1 78 
2 . 5 8  
2 . 5 8  
2 . 8 5  
3 .14  
3 . 5 7  
4 .18  
4 .73  
4 .80  
4 90 

p = 1.0 M (NaC1) 
lOkobsd/[OH-], 1bf-l sec-1 

Calcd Exptl M-? sec-1 

0 . 6 3  0.65 
0 .66  0.67 
0 . 7 5  0 . 6 9  2 . 1 1  + 0.11 
0.91 0.94 
1 .00  1 .03  
1.14 1 .12  
0 .75  0.79 
0 .83  0 .80  
0.95 0.93 
1 . 0 5  1 . 0 3  2 .90  i: 0.06 
1.16 1 .17  
1 . 2 8  1 .29  
1 .47  1 . 4 7  
1 .63  1 . 6 3  
0.91 0 .90  
1.02 1 .04  
1.18 1 . 2 0  
1 . 2 4  1 .22  3 . 3 5  +C 0 . 0 7  
1 . 3 3  1 . 3 0  
1 .51  1 .54  
1 . 5 7  1 .56  
0.62 0 . 6 8  
0 .95  1 . 0 3  
0 .95  0 . 8 8  
1 .06  0.98 
1.18 
1 .36  1 .39  
1 .61  I .55 
1.84 1.90  
1 , 8 G  1.83 
1.8G 1.90  

1.17 4 .10  i 0.15 

determined by least-squares analysis. Errors are 
approximate 95y0 confidence limits. 
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the 95yo confidence limits) was 2.5 X loF3 sec-'. 
The actual value of kl is too small to determine accu- 
rately and could well be several orders of magnitude 
smaller than the upper limit given. Comparison of other 
pentaammine systems" shows that kl for chromium- 
(111) is generally about I / ~ o o  times as great as for cobalt- 
(111). 
M-' sec-' for ( N H ~ ) S C ~ O Q C ~ F ~ ~ +  based on the anal- 
ogous rate constant for (NH3)5C002C2F32+.2a 

A term second order in hydroxide ion has been ob- 
served for several carboxylatopentaamminecobalt- 
(III)2a33 and -rhodium(III)2b complexes. The l8O tracer 
work of Jordan and TaubeZa has shown that this hy- 
drolysis path involves carbon-oxygen bond breaking in 
( S H ~ ) ~ C O O ~ C ~ F ~ ~ + .  Subsequent kinetic studies3 have 
shown that this reaction is quite sensitive to the car- 
boxylate ligand and insensitive to the metal ion. The 
activation parameters for the alkaline hydrolysis of 
(XH3)bCr02C2F32+ confirm this generalization when 
compared to previous results (see Table IV). The 

TABLE IV 
ACTIVATION PARAMETERS FOR ALKALINE HYDROLYSIS OF 

TRIFLUOROACETATOPESTAAMMISE COMPLEXES~ 

Therefore 81 is estimated to be about 2 X 

-First order- -Second order-. 

kcdl AS,*, kcal AS*+,  
A H , * ,  A H & ,  

Complex mol-' eta mol-' eu Ref 

(NH~)6CrO~CzF~2C . . . . . . 6. 6zb  -34.3b This 

(NHs)3CoOzC2F32C 27 .7  10 6 . 8  -37 7a 
work 

(P\TH3)jRh0zCzF32+ 18.0 -13 7 . 5  -36 2b 
a All values are for ionic strength 1.0 ,If adjusted with NaC1. 

The values of kz calculated from these parameters at 20, 25,  30, 
These may and 35" are 2.25,  2.77, 3.39, and 4.12, respectively. 

be compared to the experimental values given in Table 11. 

mechanism of this reaction, as discussed previously, 2a 

is thought to involve the concerted attack of tn70 hy- 
droxide ions, one making a bond with the acyl carbon 
atom of the ligand and the second removing a proton 
from the first. The process is considered to be con- 
certed because formation of likely intermediates seems 
inconsistent with the low activation energy for the 
over-all reaction. The great similarity in activation 
parameters, especially AS2*, indicates that the same 
mechanism is operative for all of the trifluoroacetato 
complexes studied thus far. 

(11) Reference Q ,  p 180. 
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In recent years considerable interest has developed in 
coordination compounds containing metals in their 
lower oxidation states. These compounds are gen- 

I- R e f e r e n c e  E l e c t r o d e  
Ag Wire  

D.M.E. o r  Pt 
Indicator Electrode 

, c- Teflon Plug  

I C  

1 

Figure 1 .-Construction of the polarographic cell and reference 
electrode. 

erally prepared by the chemical reduction of similar 
compounds containing the metal in a higher oxidation 
state. The use of electrochemical reduction for this 
purpose has not been investigated to any appreciable 
extent, although it should have certain advantages over 
chemical reduction in many applications. For example 
(a) since the redox chemistry of the starting materials 
can be examined using electrochemical techniques, it  is 
possible to start with a better understanding of the 
system; (b) since the potential can be precisely con- 
trolled, a greater selectivity in reducing conditions is 
available; and (c) the system is probably cleaner since 
the reducing agent is an inert electrode. The sup- 
porting electrolytes commonly used in electrochemistry 
can in general be separated from the electrolysis prod- 
ucts without undue difficulty. In many cases, where 
the reactants and products are sufficiently conducting, 
it is not necessary to add a supporting electrolyte a t  all. 

The preparation of two new Rh(0) complexes, Rh- 
( (C6H5)3P)i and Rh( (C6H5)2PCH3)4, by electroreduction 
of Rh(1) compounds in acetonitrile is described in this 
paper. 

Experimental Section 
Apparatus.-A controlled-potential polarugraph constructed 

in this laboratory and a Moseley 2D-2X X - Y  recorder were used 


