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An investigation of the stoichiometry and kinetics of the reduction of hydroxylamine, trimethylamine N-oxide, and dimethyl- 
aniline E-oxide by aqueous chromium(I1) is described. In  each case, 2 mol of chromium(I1) is consumed for each mole of 
oxidant. Evidence is offered in support of the con- 
clusion that the rate-controlling reaction leads to the formation of NH3+ (from ",OH+) or R3N+ (fron aminc oxides). 
These radicals then oxidize chromium(I1) without producing nitrogen-containing chromium(II1) products. In  all cases the 
chromium(II1) product formed is mainly Cr(H20)2+. Oxygen-18 tracer experiments with NH3018H+ as oxidant indicate 
that the attack of chromium(I1) on the oxidant takes place a t  the oxygen. 

The rates of the reactions are, however, first-order in each reactant. 

Tn troduc tion 
I n  aqueous acid solution hydroxylamine can be 

reduced to ammonium ion and ~ v a t e r . ~ , ~  In the reac- 
tion between titanium (111) and hydroxylamine 2 
mol of titanium(II1) is consumed for each mole of 
hydroxylamine. The reaction can be used for the 
quantitative determination of hydr~xy lamine .~ ,~  
When the reaction takes place in the presence of vinyl 
monomers, polymerization occurs, indicating that the 
reaction takes place in part by a free-radical mech- 
a n i ~ m . ~  Additive dimerization of the radical inter- 
mediate with olefins to yield diamines indicates, a t  
least when the reductant is titanium(III), that the 
radical formed in the reduction of hydroxylamine is 
NH2 (or possibly NHaf in acid so l~ t ion ) .~~ '  

T o  extend the work, the reduction of hydroxylamine8 
and several N-oxides by aqueous chromium(I1) was 
undertaken. Chrornium(I1) was chosen as the reduc- 
tant because the resulting chromium (111) products are 
not labile to substitution, so that examination of the 
products provides insight into the mechanism of reac- 
tion. 

Experimental Section 
Reagents.-The following reagent grade chemicals were used 

without further purification: SaBr,  Tu-aF, NaCl, NHaF 'HF ,  
HClO4, guanidine hydrochloride, cu,cY-diphenyl-p-picrylhydrazyl, 
ethanol, and 1,3-butadiene. LiC104 was made by the neutrali- 
zation of LiOH.H:O (G. F. Smith) with HC104. The resulting 
solid was twice recrystallized from water. Solid (NH20H)z- 
H2S04 and (K2Hn)~HzS04 (Matheson Coleman and Bell) were 
purified by recrystallizing them twice from water. Solid "2- 

OH .HC104 was prepared by the metathesis of (JSH?OH)~HZSO~ 
with Ba(C104)l. Aqueous Tic13 was obtained from Fisher Sci- 
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entific Co. as a 20Yc acidic solution. The water used in all 
experiments was distilled after having passed through deioniza- 
tion columns. The salt (SH20H)zH2S04 with hydroxylamine 
enriched in Ot8 was prepared by the reduction of nitrite with 
sulfiteg in Ols-enriched water. The chloride salt was converted 
to the sulfate by heating "?OH. HC1 in a sulfuric acid solution. 

Pyridine AT-oxide was prepared by the method of Ochiai'O and 
purified by distillation under vacuum. Trimethylamine N- 
oxide was prepared from an aqueous solution of H20n and tri- 
methylamine.ll It was recrystallized from water and titrated 
with standard acid to determine the content of water of hydra- 
tion. Dimethylaniline S-oxide was prepared by the addition of 
dimethylaniline to a solution of peracetic acid" and was recrystal- 
lized from a CHCI8-CC14 solution. 

Chromium(1I) perchlorate solutions were prepared by the re- 
duction of the chromium(II1) salt with arnalgarnated zinc under 
a stream of nitrogen.12 The solutions were analyzed for chro- 
mium(II1) by measuring the absorbance a t  408 mp. All hydroxyl- 
amine solutions were kept acidic to prevent decomposition into 
ammonium ion and nitrous oxide.13 Stock solutions were made 
up fresh daily. Ionic strength in all experiments was maintained 
with LiC104 arid HC104. 

Kinetic Measurements and Analysis.-Kinetic experiments 
were carried out with a Cary Model 14 spectrophotometer and a 
Gibson-Durrum stopped-flow apparatus. When the Cary 
spectrophotometer mas used, mixing of the reactants was achieved 
by injecting through a rubber serum cap one reactant solution, 
which had been previously thermostated, into a cell containing 
the other thermostated reactant solution. Temperature control 
was h0.5'. The order of mixing the hydroxylamine or amine N- 
oxide solutions and the chromium(I1) solution had no effect 
on the kinetic behavior of the system. In  all experiments re- 
ported, the chromium(I1) solution was added to the hydroxyl- 
amine or amine h--oxide solution. The Gibson-Durrutn stopped- 
flow apparatus has a mixing time of several milliseconds. Tem- 
perature control was to  C0.5'. All solutions were deoxygenated 
by a stream of nitrogen for at least 10 min before using. Chro- 
mium(II1) products were analyzed by spectrophotometry (Cr- 
(HzO)s3f, ~ 4 0 8 ~ ~  15.6 and c ~ ~ P ~ ~  13.414) and/or by using a cation- 
exchange column for separation and characterization. On a 
Dowex 50-X8 column 0.5 M HC104 removes chromium species 
of charge +2, 1.0 ;M He104 removes hexaaquochromium(III), 
and species of higher charge such as (CrOH)z4+ remain on 
the column under these conditions. 

In  the oxygen-18 experiments involving XH3'01*H and chro- 
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mium(I1) the resulting hexaquochromium(II1) was precipitated 
as the violet fluoride salt.'S Water was converted to COZ for 
oxygen-18 analysis by heating the sample with guanidine hydro- 
chloride.16 

Kinetic experiments were performed with both the sulfate and 
the perchlorate salt of hydroxylamine. While the sulfate salt is 
nonhydroscopic and easily handled, the perchlorate salt had to be 
stored and weighed in a drybox owing to  its extreme hydro- 
scopicity. The kinetics for each oxidant were checked a t  three 
wavelengths between 380 and 450 mp and found to be inde- 
pendent of wavelength. All experiments reported were carried 
out at 410 mp. 

For all oxidants, rate constants k are defined by the relation 

d[Cr(III)]/df = L[Cr2+] [oxidant] 

The values of k were determined from plots of In (A ,  - A t )  us. 
time for data obtained under psuedo-first-order conditions. A ,  
and A are the absorbances at infinite time and time t .  

Results 
Hydroxylamine.-The ion Cr(H20)5NH83 + has been 

shown1' to be a product of the reaction of chromium(I1) 
with HN8, and i t  was considered to be a possible prod- 
uct of the reaction of chromium(I1) with hydroxyl- 
amine. Investigation of the products of the latter 
reaction using cation-exchange techniques, however, 
showed that Cr (H20)e3+ constitutes more than 95% 
of the chromium(II1) product. A small amount, less 
than 5%, of the chromium(II1) remains on the column 
even when 2M HC104 is the eluent, and it is therefore 
concluded that a small part of the reaction produces 
condensed chromium(II1) species. Analysis of the 
unreacted hydroxylamine issuing from the cation- 
exchange column with titanium(II1) showed that 2 mol 
of chromium(I1) reacts for each mole of NHzOH con- 
sumed. The stoichiometry was also investigated with 
chromium(I1) in excess. The reaction under these 
conditions was followed spectrophotometrically a t  410 
mp and 2 mol of Cr(H20)63+ was produced for every 
mole of NH20H consumed. Excess chromium(I1) was 
oxidized by air and the solution was subjected to 
analysis by cation exchange. Ammonia analysis con- 
firmed that one NH3 is produced for each NH2OH 
originally present. The various observations show 
that the dominant net change taking place in the reduc- 
tion of hydroxylamine by chromium(I1) is 
2H+ + ~ C ~ ( H Z O ) ~ ~ +  f "30" + 

NH4+ + 2Cr(H20)a3+ + HzO (1) 

Pseudo-first-order kinetics were obtained whether 
an excess of chromium(I1) or hydroxylamine was used. 
The first-order plots remained linear over the entire 
course of the reaction. Table I lists the rate constants 
k for the reaction of chromium(I1) with hydroxylamine. 
The rate constant k is independent of [H+]; this con- 
clusion is in agreement with that reached by Wells 
and Salam,8 who extended their studies to 4 X lop6 M 
HC104. Even when allowance is made for ionic 
strength differences, our value of k a t  25' and p = 1.3 
of 0.014 M-l sec-l does not agree with the previously 

(15) A. Laswick and R. A. Plane, J .  Am. C h e w  Soc., 81, 3564 (1959). 
(16) P. Moore, F. Basolo, and R. G. Pearson, Inoi'g. Chem., 6, 223 (1966). 
(17) M. Ardon and B. E. Mayer, J. Chem. Soc., 2819 (1962). 

published value of 1 .OO M-l sec-l a t  the same tempera- 
ture and p = 1.00.* 

The data recorded in Table I lead to values for AH* 

TABLE I 
KINETIC DATA ON THE Cr(II)-NH3+OH 
REACTION I N  THE PRESENCE O F  CIO4- a 

[HONH8+lb ["I, 103k, Temp, 

1 0.406 0,095 5 .75  285.0 
2 0.406 0.262 5 .75  285.0 
3 0.406 0.485 5.75 285.0 
4 0.406 0.095 13 .7  298.0 
5 0.406 0.262 14 .2  298.0 
6 0.406 0.485 13.7 298.0 
7 0.304 0.262 14.6 298.0 
8 0.507 0.262 14.1 298.0 
9 0.406 0.095 29.1 311.0 

10 0.406 0.262 29.4 311.0 
11 0.406 0.485 30 .7  311.0 
12 0.202 0.150 12.9 298.0 
13 0.172 0.150 12 .5  298.0 
14 0.148 0.150 12 .5  298.0 
15 0.110 0.150 12.5 298.0 
a p = 1.3. * For no. 1-11, [Cr2+]initial = 5.0 X X .  

No. or [Cr**I,C M M M -1 sec -1 OK 

For no. 12-15, [NH80H+]initial = 2.5 X l oM2 M .  

and AS* of 10.5 f 0.5 kcal mol-' and -37 f 2 eu. 
The small difference in rate constant between experi- 
ments with chromium(I1) in excess and those with 
NH8OH+ in excess is not a matter of concern. The 
reductant, Cr(C104)2, made a large contribution to the 
total ionic strength in the experiments with excess 
chromium(II), and the difference in rate between this 
group of experiments and the others is undoubtedly a 
result of the differences in ionic strength. 

Table I1 shows data which were obtained with S042- 
present in the solution. The results can be represented 
by the equation 

where 103kl takes the values 4.0 f 0.2, 11.5 i: 0.8, and 
25.3 f 0.8 M-I sec-l a t  284.0, 296.0, and 308.5"K, 
respectively, and 103Rz at  the same three temperatures 
takes the values 10.7 f 0.8, 17.5 f 1.4, and 29.0 f 
1.7M-1 sec-I. 

The values of k1 are in reasonable agreement with the 
values of k determined in the media containing only 
c104-. When the latter are corrected to the tempera- 
tures used for obtaining k l ,  they become 5.1 X 
12.0 X 

The ion Cr(H20)&304+ is a product when is 
present in the reaction mixture. At 25' when [HS04-]/ 
[H+] = 0.082, 7.4% of the chromium(I1) reacting 
appears as the sulfate complex, and a t  [HS04-]/ [H+] 
= 0.83, 22y0 is present in this form. 

Albisetti, et u L . , ~  noted interference in their reactions 
of hydroxylamine with titanium(II1) if Br- or I- was 
present in the reaction mixture. A series of kinetic 
experiments was run in the presence of three different 
halides (F-, C1-, and Br-) and with hydroxylamine 
(0.40 M )  in excess of chromium(I1) (0.01 iW). In  
these experiments the concentration of halide was 

and 26.2 X l oF3  M-I sec-l. 
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TABLE I1 
KINETIC DATA ON THE Cr( II)-NH3+OH 
REACTION IS THE PRESESCE OF Sod2- a 

0.516 9.45 284,O 
0.402 8.16 284.0 
0.279 6.90 284.0 
0.516 20.40 296.0 
0.402 18.00 296.0 
0.2'79 16.15 296.0 
0.516 40.30 308.5 
0.402 36.80 308.5 
0.2'79 33.40 308.5 

A 410 mp, p = 1.50, [Cr2+]initial = 5.0 X X ,  and 
[KH30H+] = 0.40 X. Calculated using pK's for HSOI- 
of 0.86 in 1 M Lie104 (R. W. Ramette and R. F. Stewart, J .  
Phys. Chem., 65, 243 (1961)) and 0.52 in 1 A[ HClO4 (E. Eichler 
and S. Rabideau, J .  Chem. SOC., 77, 5501 (1955)). 

[HSOa-l/ [H 'Ib 103k, &-'  sec-1 Temp, O K  

0.007 M ;  [H+], 0.19 M; and [HSOd-1, 0.11 M. The 
pseudo-first-order rate constants for no halide, F-, 
C1-, and Br- were observed to be 8.8, 9.0, 8.9, and 8.9 X 

It can be seen that the halide 
ion a t  the level used does not affect the rate-determining 
step. No chromuiin compound containing halide was 
found as product when F- or C1- was present but 
in the presence of Br- some Cr(Hz0)5Br2+ was formed.18 
The amount of this ion was not quantitatively de- 
termined but was less than 25y0 of the total chromium- 
(111) product. 

The possibility of NzH4 being an intermediate was in- 
vestigated by adding 0.1 M chromium(I1) to 0.4 M 
(NzH4)HzS04. No detectable reaction took place in 
24 hr a t  298°K. Because the stoichiometry of the reac- 
tion of chromium(I1) with "SOH+ is 2: 1, we can con- 
clude that hydrazine is not an important intermediate in 
the reaction of chromium(I1) with NH3+OH. We 
disagree with Wells and Salam,8 who report that k for 
the chromium(I1)-hydrazine reaction at  25" and p = 
1.0 is 1.3 M-l sec.-l 

Identification of a radical intermediate was under- 
taken in a manner similar to that of Albisetti, et aL6 
Chromium(I1) was added to a solution containing 
hydroxylamine and an excess of 1,3-butadiene. Various 
amines were isolated in good yield from this reaction 
mixture. 
In a labeling experiment, the sulfate salt of the 0ls- 

labeled hydroxylamine was treated with a stoichiometric 
amount of chromium(I1). The product, C I - ( H ~ O ) ~ ~ + ,  
was precipitated as the fluoride salt by adding the 
final solution to a concentrated ammonium fluoride 
solution. The results show that the oxygen in over 
0.8 of 6 waters on half of the Cr(HzO)sa+ come from the 
oxygen in the hydroxylamine (between 0.40 and 0.45 
of the waters on all of the Cr(HZ0)e3+). This experi- 
ment combined with the butadiene experiment clearly 
shows that the initial attack of chromium(I1) takes 
place a t  the oxygen of hydroxylamine. 

Finally, a kinetic experiment with chromium(I1) and 
NH~OCHB+ showed that the rate of reaction with this 

sec-l, respectively. 

compound was many times slower than the rate of 
chromium (11) with NH30H+ under similar conditions. 

Pyridine N-Oxide.-No reaction was detectable 
between 0.4 M pyridine N-oxide and 0.1 M chromium- 
(11) in an aqueous acidic solution over a 24-hr period. 
When titanium(II1) was used as the reducing agent, the 
reaction went rapidly to completion. Work on the 
latter system is still in progress. 

Trimethylamine N-Oxide.-The rate of reduction of 
(CH3)3NOH+ l o  with chromium(I1) is considerably 
faster than the rate of reduction of NH30H+. How- 
ever, it could still be followed kinetically on the Cary 
spectrophotometer. The stoichiometry is 2 mol of 
chromium(I1) to 1 mol of trimethylamine N-oxide 
with either reagent in excess. The stoichiometry in 
excess chromium(I1) was determined by observation 
of the C r ( H z o ) ~ ~ +  formed and in excess amine N-oxide 
by titration of the amine N-oxide with chromium(I1). 
As with the hydroxylamine system, more than 90y0 
of the chromium(II1) product is Cr(Hzo)e3+, but a 
small remainder is in the form of higher charged species. 
When trimethylamine oxide reacts with chromium(I1) 
in the presence of methyl methacrylate monomer, poly- 
merization of the latter is initiated. The nitrogen- 
containing product in all cases is trimethylamine. 
Unlike (CH3)3N+ cannot add to olefins without 
demethylation ; therefore direct evidence for the nature 
of the intermediate radical could not be obtained. 
Pseudo-first-order kinetics were obtained over the en- 
tire course of reaction with either reactant in excess. 
Table I11 summarizes the results for a series of con- 
centrations, temperature, and acidities using excess 
trimethylamine N-oxide. I t  is noted that over the 
concentration range of H+ ion studied (0.40-0.90 M) 
the reaction rate is independent of acidity. AH' 
and AS' for this reaction were computed to be 7.9 =t 
0.3 kcal mol-1 and -33  f. 1 eu. 

Dimethylaniline N-Oxide.-The kinetic experi- 
ments on the reduction of dimethylaniline N-oxide by 
chromium(I1) were run in a stopped-flow apparatus. 
,4s in the experiments with trimethylamine N-oxide, 
HC104 was added to the free base and the acidity of the 
solution was calculated using the dissociation constant 
of the conjugate acid.lg The stoichiometry was again 
2 mol of chromium(I1) to 1 mol of dimethylaniline N- 
oxide (either reactant in excess) and more than 90% 
of the chrornium(II1) product \vas Cr(H@)e3+ with a 
small amount of dimeric species. The results of a 
series of experiments in excess dimethylaniline oxide 
are summarized in Table 117. In this reaction, as in 
that of (CH3)sNOH+, there is no variation of rate with 
[H+] over the range studied (0.11-0.31 M ) .  AH' 
and AS* for this reaction are 5.7 =t 0.2 kcal mol-1 and 
-32 f 1 eu. 

cr,a-Diphenyl-P-picrylhydrazyl.-Bawn and Verdinz0 
studied the reduction of the stable free radical a,a- 
diphenyl-P-picrylhydrazyl (DPPH) by iron(I1). In 

(19) It should be noted that  a t  the acidities of the experiments, the domi- 
P. A. S. Smith, "Open-Chain Nitro- nant  form of the base is (CHs)C?OH': 

gen Compounds," W. A. Benjamin, Inc., New York, N. Y . ,  1866, p 22. 
(20) C. E. H. Dawn and D. Verdin, T r a m .  Z'araday Soc., 66, 519 (1960). (18) F. A. Guthrie and E. L. King, Inovg. Chenz., 3, 916 (1964). 



Vol. 7, No. 10, October 1968 OXIDATIONS OF AQUEOUS CHROMIUM(II) 1987 

TABLE I11 
KINETIC DATA ON THE REACTION OF 

CHROMIUM( 11) WITH (CH&NOH+ a 
[(CHdaNOH'I, W+I, k ,  

M M M-1 sec-1 

0.120 0.20 0.354 
0.160 0.20 0.344 
0.200 0.20 0.364 
0.205 0.45 0.362 
0.205 0.20 0.360 
0.205 0.45 0.396 
0.205 0.20 0.375 
0.205 0.45 0.477 
0.205 0.20 0.494 
0.205 0.45 0.664 
0.205 0.20 0.649 

Temp,  
O K  

284.2 
284.0 
284.4 
285.2 
285.0 
287.8 
287.2 
291.9 
291.9 
297.1 
297.1 

a h 410 rnp, p = 1.0, and [Cr"+linitiai = 3.8 X 10-'M. 

TABLE 1V 
KINETIC DATA ON THE REACTION OF 

CHROMIUM(II) WITH CGHS(CH~)~NOH+ a 

[CBHB(CH~)Z- [H+l ,  k ,  Temp, 
N O H + ] ,  M M M-1 sec-1 O K  

0.03 0.21 30.0 295.5 
0.04 0.21 33.2 295.5 
0.05 0.21 31 .8  295.5 
0.04 0.11 32 .8  295.5 
0.04 0.31 33.0 295.5 
0.04 0.31 20.0 282.5 
0.04 0.31 34.9 297.5 
0.04 0.31 58.5 312.5 

a 410 mp, p = 1.0, and [Cr2+] initial = 1.2 X M. 

additional qualitative experiments they used other 
reductants and found that the product spectrum for all 
except chromium(I1) agreed with that of a,a-diphenyl- 
0-picrylhydrazine. Since we were interested in the 
reaction of N radicals with chromium(II), we repeated 
the experiment of reducing DPPH with chromium(I1) 
in a 1 : 1 (v/v) ethanol-water solution. The final solu- 
tion was passed through a Dowex 50-X8 cation-ex- 
change column. It was found that most, but not all, of 
the reduced organic product was coordinated to the 
chromium(II1) and that little of the chromium(II1) 
was present as Cr(H20)e3+. 

Discussion 
The activated complex for the reduction by chro- 

mium(I1) of hydroxylamine or the amine oxides studied 
contains 1 mol of chromium(I1) and 1 mol of oxidizing 
agent. The compositions of the activated complexes 
are hereby specified, but important questions as to 
their geometry remain to be answered. In  view of the 
great propensity of chromium(I1) to capture groups 
derived from the oxidant, reduction of the present 
class of oxidants by outer-sphere activated complexes 
seems unlikely. It moreover seems to be excluded by 
arguments along the following line. 

A one-electron reduction of ",OH+ by an outer- 
sphere mechanism would yield either NH3 + OH or 
NH3+ + OH- (=NH2 + HzO). The former of the 
possibilities is ruled out by the observation that copious 
amounts of nitrogen-containing radicals are produced ; 
the latter, by the fact that transfer of oxygen from 
NH30H+ to the chromium is efficient. Thus the evi- 

dence requires direct attack on "SOH+ by chromium 
(11) and, to explain the oxygen-tracer results, attack on 
oxygen rather than on nitrogen 
H +  -!- NHaO1*Hf 4- Cra+(H20)s+ 

-!- ( H Z O ) ~ C ~ O ' ~ H Z ~ +  + HzO 

By analogy, and to explain the formation of nitrogen 
radicals when amine oxides react, we assume a similar 
reaction for them. Evidence in favor of a one-electron 
rather than a two-electron reduction is the fact that 
when butadiene is present, amines are formed in good 
yield, as well as the fact that Cr(H20)63+ rather than 
((Hz0)4CrOH)24+ is the main product.21 The fact 
that, when chromium(I1) acts on hydroxylamine, 
polymerization of methyl methacrylate is initiated 
also shows that the reducing reaction proceeds a t  least 
in part of the formation of radicals.5 The evidence 
favoring a one-electron course for the reduction of hy- 
droxylamine by titanium(II1) has already been referred 
to;6 evidence in support of a one-electron change for the 
reaction of iron(I1) with (CH3)3NOH+ has also been 
adduced.22 

The radical NH2 is not powerful enough as an oxi- 
dizing agent to produce HO from H2013 and, on com- 
bining the data which are the basis for this conclusion 
with estimates of the affinity of NH2 for H+, i t  appears 
that NH3+ is also not powerful enough to oxidize water. 
Thus, NH3+ must disappear by reaction with chromium- 

It is interesting that the radicals NH3+, N(CH3)3+, 
and N(CH&CsHb+ react with chromium(I1) without 
being captured. This has precedent in the behavior 
of Sod- which reacts with chromium(I1) without form- 
ing CrS04+.23 In principle, NH3+ can react with 
chromium(I1) by an outer-sphere electron transfer, but 
it seems more likely that i t  reacts by abstracting a 
hydrogen atom from the coordination sphere of the 
aquated ion 

Cr(HzO)$+ f NHI+ + Cr(H20)50H2f + NHa+ 

This kind of reaction path has also been postulated 
for the reaction of HO (or SO4-) with (NH3)5CoOH23+ t4  

and for the reaction of SO4- with Cr(H20)62+. 2 3  

The fact that the rate of reaction is not affected by 
Br- even though the product distribution is affected by 
Br- shows that Br- is not involved in the rate-deter- 
ming step, and it must therefore react with an inter- 
mediate formed in or subsequent to the rate-determining 
step. The reaction sequence which leads to the forma- 
tion of CrBr2+ undoubtedly is 

(11). 

NH3+ + Br- + NH3 f Br 

Br + CrZ+ -+- CrBr2+ 

Scavenging of Br by chromium(I1) is known to be very 
efficient.12 Chloride ion and fluoride ion are much 
more difficult to  oxidize than is bromide ion, and this 
is in accord with the observation that the bromide ion 

(21) M. Ardon and R. A. Plane, J .  Am. Chem. SOC., 81,3197 (1959). 
(22) J. P. Ferris and R. Gerne, Tetrahedron Lettevs, 24, 1613 (1964). 
(23) D. E. Pennington and A. Haim,  to be submitted for publication. 
(24) D. D. Thusius and H. Taube, J .  Phys. Chem., 71, 3845 (1967). 
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(but not the former ions) affects the identity of the 
products. 

According to the rate data, a t  the lower [HS04-]/ 
[H+] ratio used for product analysis, 21% of the reac- 
tion takes place by the S042--dependent path, while a t  
the higher [HS04-]/ [H+]  ratio, 4370 takes place by this 
path. If it is assumed that the sulfate product is 
formed when S O A ~ -  is involved in the attack of chro- 
mium(I1) on KH30H+, but not in the reaction of chro- 
mium(I1) with NH3+, it would be expected that 10.5 and 
22%, respectively, of the chromium(I1) would appear as 
the sulfate complex. The experimental values of 7.4 
and 22% of the chromium(II1) appearing as the sulfate 
complex are in reasonable agreement with the supposi- 
tion advanced. 

The rate data for the several oxidants are summarized 
in Table V. The values of AS* are remarkably con- 

TABLE V 
SUMMARY OF KINETIC PARAMETERS 

k(29S°K), A H + : ,  A S S ,  
Oxidant M - 1  sec-1 p kcal mol -1 eu  

NHaOH' 0.0141 1 .3  1 0 . 5 i  0 .5  - 3 7 i  2 
(CH3)aNOH' 0.66 1 .0  7 . 9 i  0 .3  - 3 3 f  1 
( CH8)2CsHsliOHC 36 1.0 5 . 7 i  0 .2  - 3 3 f  1 

stant for the series of reactions differing quite markedly 
in the nature of the substituents on the nitrogen. The 
increase in rates is in line with the increased stability 
of the radical generated when OH is abstracted by the 
reducing agent. 
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Aquation Kinetics of the Green-Blue Isomer of 
Dibromodiaquoethylenediaminechrornium(II1) Cation and of the  
Magenta Isomer of Bromotriaquoethylenediaminechromium(I11) Cation1 

BY R. GRAHAM HUGHES ASD CLIFFORD S. GARNER 

Recehed M a y  8, 1968 

The aquation of Cr(en)(OHz)zBr2+ (green-blue isomer) has been investigated by spectrophotometry and by Br- release in 
0.01-2 F He104 from 17 to 35". see-' in 0.3-2 F HClOd 
(p = 2 M, NaC104); E, = 19.8 f 0.2 kea1 mol-' and log PZ(sec-') = 11.20 =t 0.01. The product is magenta Cr(en)- 
(OH2)3Br2+. iilternatively, but less probably, k ,  could be associated with a rate-controlling isomerization t o  one of the other 
two possible geometric isomers of Cr(en) (OH2)2Br2+, followed by relatively fast aquation to the observed product. The 
apparent first-order rate constant kz for hydrolysis of the latter was determined by spectrophotometry and by Br- release in 
0.01-3 F HC104 from 25 to 60"; Cr(en)(OH~)4~+ is the product. In 0.03-3 F HClOd ( p  = 3 ill, NaC104) a t  40, 50, and 60°, 
kz = kta + (kz'/[H+]), where k2, is the first-order rate constant for aquation of magenta Cr(en)(OH&Br2+ and ks' has been 
interpreted as kZhKs, kzh being the first-order rate constant for aquation of Cr(en)(OHz)z(OH)Br+ and K ,  being the first acid 
dissociation constant of magenta C r ( e r ~ ) ( o H ~ ) ~ B r ~ + .  At 25' k2. = (3 f 1) X 10-6 sec-l (by extrapolation), E, = 22.0 4= 
0.3 kcal mol-', and log PZ(sec-1) = 11.62 i 0.07. There is no evi- 
dence for Cr-N bond rupture in these aquations. Visible absorption spectra are presented for green-blue Cr(en) (OH&Br2+ 
and magenta Cr(en)(OH2)3Br2+. 

At 25.01' the aquation rate constant is k l  = (3.95 =k 0.05) X 

At 40' and p = 3 M ,  k2h is estimated as -0.2 sec-l. 

€n tro duc tion 
Recently we synthesized the green-blue dibromodi- 

aquoethylenediaminechromium (111) cation, Cr(en)- 
(OH2)zBr2+, in aqueous solution by reaction of diperoxo- 
aquoethylenediaminechromium (IV) monohydrate, [Cr- 
(en) (OH,) (O&]. HzO, with hydrobromic acid.2 \Ve ob- 
served that this dibromo complex hydrolyzed in per- 
chloric acid solution to the magenta bromotriaquo- 
ethylenediaminechromium(II1) cation, Cr (en) (OH2)3- 
Rr2+, which in turn hydrolyzed to the tetraaquoethyl- 
enediaminechromium(II1) cation, Cr(en) (OH2)43+. 

We report here a kinetic study of these two reactions, 
which are of interest for comparison with the cor- 

(1) (a) Work partly supported hy Contract AT(l1-1)-34, Project No. 12, 
between the  U. S. Atomic Energy Commission and the university. This 
paper constitutes Report Iuo. UCLA-34P12-70 to the  AEC. (h) Presented 
a t  the  156th National Meeting of the  American Chemical Society, Atlantic 
City, N. J.,  Sept 1968. 

(2) R.  G. Hughes and C. S. Garner, Inorp. C h e m . ,  6 ,  1519 (1967). 

responding reactions of their chloro analogs3 and the 
related d i b r ~ m o - ~ ~ ~  and bromoaquobis(ethy1enedi- 
amine)~hromium(III)~ cations. This study also 
provides a further opportunity to examine the possibil- 
ity of Cr-N bond breakage in competition with Cr-X 
(X = halogen or pseudohalogen) bond breakage. Such 
competitive Cr-N breakage has been reported in a va- 
riety of chromium(II1)-amine complexes. 4,6-11 The 

(3) D. M, Tully-Smith, R. K. Kurimoto, D. A. House, and C. S. Garner, 

(4) L. P. Quinn and  C.  S. Garner, i b i d . ,  3, 1348 (1964). 
(5) A. M. Weiner and J. A. McLean, Jr., ib id . ,  3, 1469 (1964). 
(6) C. S. Garner and D. J. MacDonald in "Advances in t h e  Chemistry 

of the  Coordination Compounds," S. Kirschner, Ed., T h e  Macmillan Co., 
Xew York, N. Y., 1961, pp  266-276. 

(7) D. J. MacDonald and C. S. Garner, J. Am. Chein. Soc., 63, 4152 
(1961). 

(8) D. J. MacDonald and C. S. Gqrner, Inoig. Chem., 1, 20 (1962). 
(9) D. C. Olson and C. S. Garner, i b i d . ,  2, 414 (1963). 
(10) J. ?VI. Veigel and C. S. Garner, i b i d . ,  4, 1569 (1965). 
(11) C. Y. Hsu and  C. S. Garner, Inovp.  Ch im.  Acta ,  1, 17 (1967). 

ib id . ,  6 ,  1524 (19fi7). 


