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The reaction of phosphate with Cr(NH,)sH,0%* (pH 1-2) yields the phosphato complex Cr(NH,)sH,PO,** which is stable
to further reaction (including NHj loss) at the temperatures 4060 °C investigated. From the kinetics (7 = 1.00 M (LiClO,))

evidence was obtained for outer-sphere association of HyPO, (K =

032 M) and H,PO,~ (K, = 1.8 M) with Cr(NH;);H,0%,

where K, and K, show little or no dependence on temperature. Rate constants for interchange leading to formation of

the phosphato complex are as far as could be ascertained identical (k; = k), with k(50 °C) =

1.45 X 1074 ¢! AH""

25.0 keal mol™!, and AS* = 1.1 cal K™! mol™, Compansons are made with other studies involving Cr(NH3)5H203

well as Cr(H20)63+ Reactivity patterns for Cr(NHg)SHZO are intermediate between those for Cr(H,0)¢** on the one
hand (I, assignment) and Co(NH;)sH,0* and other 2+ aquo ions on the other (I). The previously determined volume
of activation for H,O exchange on Cr(NH;)sH,0%* has been interpreted in terms of an I, assignment. This is consistent
with reactivity patterns only if it is accepted that plots of log k,q against log (KisKos) yield slopes of 1.0 for an Iy mechanism

and <1.0 for an I, mechanism.

Whereas substitution reactions of Cr(H,0)¢** are believed
to proceed by an associative interchange (I,) mechanism,’!
reactions of Cr(NH,;);H,0% (replacement of H,0O) and
Cr'-amine complexes remain controversial with no firm con-
sensus.?™ It is now recognized that nonparticipating ligands
are relevant in determining the course of a substitution process,
and this is particularly well illustrated in the case of cobalt(III)
by the assignment of a D mechanism for reactions of Co-
(CN);H,0% 7 and I, for Co(NH;)sH,0%*8 and with a sug-
gestion of associative character (I,) for the reactions of Co-
(H0)¢*?

We here report a study of the reaction of phosphate with
Cr(NH,);H,0*, which provides further information and helps
clarify some aspects of the substitution behavior of this com-
plex.

Experimental Section

Reactants. The nitrate salt of aquopentaamminechromium(III),
[Cr(NH,)sH,0](NO,);:NH,NO,, was first prepared.!® For the
conversion to the perchlorate salt 10 g of the latter was dissolved in
120 mL of water and 72% perchloric acid (60 mL) added.!! The
complex was recrystallized once by using the same procedure. Spectra
in 0.10 M HCIO, were in agreement with literature values A, 481
nm (e 35.3 M7 cm™) and )\, 361 nm (e 30.5 M~ em™).120 A
sample of the dihydrogen pHosphato complex [Cr(NH;)s(H,PO,)]-
(C10,)»2H,0 was prepared by the procedure in ref 14. The spectrum
in 0.10 M HCIO, gave Apae 502 nm (e 48.4 ML cm™) and A, 370
nm (¢ 29.3 M~! em™) in agreement with published values.! Solutions
of phosphoric acid were prepared from AnalaR (sp gr 1.75, Hopkin
and Williams) reagent. These were standardized by titration with
NaOH to the methyl orange end point. Solutions of lithium di-
hydrogen phosphate were prepared by mixing equivalent volumes of
H;PO, and LiOH (BDH, laboratory reagent). Lithium perchlorate
was prepared from Li,CO, (BDH, laboratory reagent) and 72% HCIO,
(BDH, AnalaR) and was recrystallized three times. Solutions were
standardized by passing down an Amberlite IR 120(H) resin column
and titrating the liberated H* with NaOH.

Determination of Acid Dissociation Constant of H;PO,. Solutions
of 0.10 M H;PO,, I = 1.00 M (LiClOQ,), were titrated potentiomet-
rically (pH meter Radiometer PHM 4d) with 1.0 M NaOH at three

different temperatures. Acid dissociation K, values obtained were
102K, (M) = 2.05 £ 0.06 (25 °C), 1.72 + 0.09 (40 °C), and 1.56
=+ 0.06 (50 °C). From a graph of log X, against reciprocal temperature
(K) an extrapolated value 102K, = 1.41 + 0.07 M (60 °C) was
obtained. Values obtained were in good agreement with the literature.'

Kinetic Runs. Anation reactions (carried out in thermostated
spectrophotometric cells) were monitored by conventional spectro-
photometry at A 520 nm (Unicam SP500) (Figure 1). Scan UV-
visible spectra (Unicam SP8000) gave retention of isosbestic points
at 368, 420, and 470 nm for a run at 60 °C ([H*] = 0.10 M, I =
1.00 M (LiClOQ,)), over a 10-h period. Solutions of Cr(NH;)sH,0**
and Cr(NH,)sH,PO,2* in 0.10 M HCIO, retained constant spectra
for at least 8 h at 60 °C. There is thus no evidence for ammonia loss
from the phosphato complex. On addition of an excess of H;PO, to
Cr(NH;)sH,0% and heating of the mixture (60 °C), an orange to
red color change was observed and the spectrum of Cr(NH;)sH,PO 2+
was obtained. The reaction can be summarized therefore by (1).

Cr(NH3)5H203+ +H PO4 - CF(NH3)5H2PO42+ + H* + Hzo
o))

First-order rate constants, K4, were obtained from slopes (%2.303)
of plots of absorbance changes log (4. — A4,) against time (¢), with
total phosphate, [PO4]r, in at least 10-fold excess of [Cr(NH;)sH,0%*].
The latter was generally ca. 0.014 M, repeat runs with the concen-
tration decreased 4X giving identical ke values. Values of the final
absorbance, A., were calculated from the known spectrum of Cr-
(NH;);H,PO,**. Plots were linear to at least 85% completion.
Variation of [H*] was achieved by mixing calculated amounts of
LiH,PO,, H;PO,, and HCIO,. The ionic strength was adjusted to
1.00 M (LiClO,) in all cases.
Results
First-order constants, kg4 (Table I), gave a nonlinear de-
pendence on total phosphate, [PO,]t, at each {H*] (Figure
2). A reaction scheme (2), which gives (3), is consistent with
' K
Cr(NH,),H,0% + H,PO, == Cr(NH,),H,0°H,PO, &
Kaj Cr(NH,), (H,P0,)** (2)
X, A
Cr(NH,),H,0% + H,PO, = Cr(NH,),H,0°% H,P0,” k.

0020-1669/79/1318-3345801.00/0 © 1979 American Chemical Society
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o KK[HI[PO; + KoK, (POl o
47 [HY] + K, + K| [H*][PO,]r + KK, [PO]r

data obtained. Equation 3 can be written as (4) where 4 and

H*] + K,
i ( [Pém) a0
B are as defined in (5) and (6). By inspection 4 and B will
A = Kk\[H*] + K;kK, )
B = K|[H*] + K,K, 6)

be constant at constant [H*], so that (4) can be tested for by
plotting 1/kquq against [PO4]1! at each [H*] (Figure 3).
Since the intercept (B/A) is as far as can be determined
invariant with [H*], we conclude that k, = k, (Table II).
Values of 4 from the slopes in Figure 3 have been graphed
against [H*] (Figure 4) and yield outer-sphere complexing
constants K; and K, (Table II). From the temperature vari-
ation of K, and K it is concluded that the enthalpy terms AH,
and AH, are around zero. To determine the corresponding
entropy terms, we used average values of X, (0.32 £0.11 M)
and K, (1.8 £ 0.5 M), The activation parameters AH* (25.0
+ 0.4 keal mol™!) and AS* (1.1 £ 1.1 cal K™! mol™!) were
obtained by a least-squares fit.

Discussion

The common intercept observed in Figure 3 carries the
implication that k; and k, for the formation of Cr-
(NH,)sH,PO,** from outer-sphere complexes involving H,PO,
and H,PO,™ are as far as can be ascertained identical. Any
differences in rate constants are relatively small and cannot
be distinguished by the procedure employed. The same applies
for the corresponding reactions of C,O,H™ and C,0,%,'¢ where
it has been concluded that within experimental error the rate
constants for interchange are identical. These observations
are consistent with an I or I, process, since it is reasonable
- that O=P(OH); and O=P(OH),0 should present the same
“face” to the complex and therefore react at about the same
rate once they are within the outer-coordination sphere. Ac-
tivation parameters for the interchange with H;PO, and
H,PO, (Table II) are similar to those for C,0,H™ and C,0,%
(AH* = 26.4 kcal mol™ and AS* = 8.6 cal K™ mol™).

Anation rate constants k,, (Table III; k; and k, in this
paper) are now known for a number of reactions in which it
has been possible to determine Kgg (K, and K, in this pa-
per).>1617 For the admittedly limited range of reactants the
spread in k,, (and also k; = k,,Kog) is now close to an order
of magnitude. This is in excess of the spread of ca. 5X in kg,
for reactions of Ni** and Co?* with a wide range of nucleo-
philes, which is regarded as acceptable for an I, assignment.'®
Therefore these observations do not now provide as strong
support for an I; assignment for the reactions of Cr-
(NH;)sH,O* as previously indicated.’> It appears that H,0
dissociation from Cr(NH;)sH,0%" in an interchange process
involving an outer-sphere complex is not the only rate-con-
trolling feature but that there is a dependence also on the
nature and identity of the incoming ligand (i.e., some associ-
ative character). At the same time it must be reiterated that
knes/ ke (ratio of kg values) is 6 for Cr(NH;)sH,0%* whereas
for Cr(H,0)¢*" it is 60.> The dependence of the interchange
process on incoming nucleophile is not therefore as great for
Cr(NH;)sH;0%* as for Cr(H,0)4°".

One of the prime difficulties in assessing fully the behavior
of Cr(NH,)sH,0%" is the restriction of studies to a limited
number of incoming nucleophiles due to the incidence of sub-
sequent reactions involving rapid loss of coordinated NH;.!®
Previously we have indicated that a linear free energy plot of
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A {nm)
Figure 1. UV-visible spectra of Cr(NH;);H,0** (---) and Cr-
(NH;)s(H,PO,)?* (A) in aqueous solution; [H*] = 0.10 M; [ = 1.00
M (LiClOy,).

Table I. First-Order Rate Constants, &gy ¢q, for the Anation of
Cr(NH,);H,0°" (0.014 M) with Phosphate®

IOSkObSd, s7!
[H*],M [PO,]T,M 40.0°C 50.0°C 60.0°C
0.010 0.143 2.15
0.20 0.77 2.90 10.8
0.30 1.11 3.85 14.9
0.50 1.56 5.8 19.4
0.70 6.8 23.4
0.80 1.99 7.4 24.0
0.025 0.143 1.65
0.20 0.57 2.14 7.0
0.30 0.78 3.06 9.9
0.50 1.09 4.5 14.1
0.70 6.0 19.4
0.80 1.54 6.2 20.2
0.050 0.143 1.19 4.0
0.20 0.43 1.65 5.3
0.30 0.67 2.22 7.8
0.50 0.93 3.32 11.9
0.70 4.4 15.2
0.80 1.26 4.7 15.8
0.075 0.20 0.42 1.38 4.4
0.30 0.61 1.89 6.0
0.50 0.86 2.96 9.1
0.70 3.9 12.4
0.80 1.31 4.2 13.1
0.100 0.143 2.56
0.20 0.38 1.19 3.61
0.30 0.53 1.72 5.1
0.40 6.9
0.50 0.90 2.54 7.9
0.60 2.99
0.70 3.22 10.0
0.80 1.18

¢ Total phosphate, [PO, ], in >10-fold excess;/ = 1.00 M (Li-
Cl10,).

Table II. Summary of Outer-Sphere Formation Constants for
H,PO, (X,)and H,PO,” (X,) with Cr(NH,),H,0°** ¢

temp,

°C 10°k, (=k,), ™! K, M K, M
40.0  3.9:05 0.24:0.09 2.0+0.3
50.0 14.02.0 0.48+0.12 1205
60.0 46.0+8.0 025£0.13  22:06
AHY=250:040  AH, ~0QF AH, ~ (P
as¥t=1.1¢1.1¢ AS, =-2.3¢  AS, = +1.2¢

¢ Prior to outer- and inner-sphere interchange process &, (=k,)
is as defined in eq 2;7 = 1.00 M (LiClO,). P kcal mol~!. ¢ cal
K™! mol™*,

log k,q against log (K sKqg) for five X~ ligands gives a slope
of 0.91 £ 0.05.% Since then, the value of K;sKqg (the overall
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Figure 2. Variation of first-order rate constants, kg, for the reaction
of Cr(NH,;)sH,0%" with total phosphate, [PO,]r, at 50 °C; I = 1.00
M (LiClO,); [H*] = 0.010 M (@), 0.025 M (m), 0.050 M (+), 0.075
M (¥), 0.10 M (aA).
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Figure 3. Dependence of first-order rate constants, kg4, for the
reaction of Cr(NH,;)sH,0%" on total phosphate concentration, [PO,]r,
at 50 °C; I = 1.00 M (LiClO,); [H*] = 0.01 M (@), 0.025 M (m),
0.05M (+), 0.075 M (v), 0.10 M (a).

equilibrium constant for formation of Cr(NH;)sX?*) has been
challenged for X~ = Br~and a new value 0.019 M reported.?
We have redetermined this quantity and find a value of 0.34
+ 0.03 M in agreement with the earlier determination (0.30
M), from formation and aquation rate constants.’> On present
evidence (without opting for one or other of these determina-
tions?!) it can be concluded that the slope in Figure 5 is in the
range 0.7-0.9. We do not think at this stage that it is prof-
itable (or valid) to mark the point for H,O exchange on this
correlation,?® which is exclusively for 1- reactants. A s1m11ar
plot for Cr(H20)63+ yields a slope of 0.56.22

Instances in which associative characteristics of substitution
on Cr(NH,)sX?* appear to be emphasized are the reactions
in which N'Hj loss is observed.!® Interestingly no NHj, loss
is observed from the complex Cr(NH;)sH,PO,*, and it has
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Figure 4, Dependence of the constant A4, defined in eq 5, on [H*],
for the reaction of Cr(NH,)sH,0% with phosphate at 50 °C; I =
1.00 M (LiClO,).
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Figure 5. Linear free energy plot of log k,q against —log (KisKos)
for acidopentaamminechromium(III) complexes at 50 °C; I = 1.00
M (LiClO,).

Table III. Comparison of Anation Rate Constants, Quter-Sphere
Association Constants (from Kinetics), and Formation Rate
Constants (k¢ = k,,Kqg) for Reactions of Cr(NH,),H,0°%** ¢

10%,,,° Kos®  10%s,

s M-t Mg ref

H,PO, 1.45 0.32 0.46 this work
H,PO,” 1.45 1.79 2.59 this work
NCS~ d 4.16 3

Ccl- 0.69 3
HC,0,” 6.2°¢ 1.16 6.45 16
C,0,* 6.2°¢ 4.5 29.1 16

NH "’CH CO," 14.2 0.55 7.82 17

H, O 13.7 22

@ At50°C;1=1.00 M (LiCIO,). Yk, and &, in this paper.
¢ K, and K, in this paper. 9 Kqg is smaller than the value (0.68
M~') previously reported in ref 3 [R. van Eldik (personal com-
munication) and T. Ramasami (unpublished work)]. ¢ Rate con-
stants k,y, for the reactions of HC,0,” (5.86 s™!) and C,0,*"
(6.46 s™) are equal within experimental error.

likewise been concluded that with other large anionic ligands
such as Se0,%" and 10;™ no clear-cut NH;-labilizing effect is
observed.! With smaller oxyanions such as NO,~,2 NO,~,24
SO,F,1? SO,7,1% and CO4%" % as well as carboxylate lig-
ands,!”? NH; loss is apparent and is believed to occur with
transient chelation of the oxy groups.

On the above evidence it would appear that Cr(NH;)sH,0**
remains an other than clear-cut case for either an I  or I,
assignment. Volumes of activation (AV?) are also believed
to be a reliable criterion for mechanism, at least for solvent-
exchange reactions.! Thus if bond breaking is the step which
sets the exchange process in motion, then an expansion must
occur in going to the transition state and AV? is positive. If
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bond making is the critical step, then there is a collapse of the
encounter complex and AV* will be negative. The actual
magnitude of AV* is often more difficult to interpret. For
Co(NH;)sH,0* AV* is +1.2 cm?® mol™!, consistent with an
I, assignment,?’ whereas for Cr(H,0)¢* it is —9.3 cm?® mol™,
consistent with an I, process.® For the complex Cr-
(NH;)sH,0%* a value of —5.8 cm?® mol™ is observed, which
is also believed to be diagnostic of an I, mechanism.? The
magnitude of the latter as compared to the other two values
has been discussed by Swaddle and Stranks.”

To summarize, one can accept implicitly that the sign of
the volume of activation for solvent exchange is indeed diag-
nostic of mechanism. It then has to be accepted that for an
I process a plot of log k., against log (KsKos) must yield a
slope of 1.0 and that slopes <1.0 are indicative of some asso-
ciative contribution and are therefore I,. For an I, assignment
Swaddle! has indicated that slopes can vary over a wide range
(from 0 to 1.0) and that for any one complex with a sufficiently
wide range of nucleophiles such a plot should be curved. Thus
the different slopes for Cr(NH,)sH,0% and Cr(H,0)4** could
be explained in terms of different regions of such curves being
effective. The weakness in this approach is that as yet there
are no known cases of substitution at a metal ion in which
curvature has in fact been observed, and it is indeed surprising
that for Cr(H,0)**, where a fairly wide range of nucleophiles
have been tested, no such feature is apparent. The alternative
(and at this stage possibly less acceptable) approach is to say
that the sign of AV* for solvent exchange on Cr(NH;);H,0*
is itself somewhat misleading and/or does not necessarily apply
to anation reactions, in which case the reactivity pattern dis-
played by Cr(NH;)sH,0%" might best be described as inter-
mediate between the I, and I extremes. This would be con-
sistent with our previous stance® that “Cr(NH,);H,0%" ex-
hibits more dissociative character than Cr(H,0)¢>* in the
substitution of H,O”. Such discussion unfortunately reduces
to semantics and how one defines an I, process. Is it to be
when there is some associative contribution or when the asso-
ciated character is dominant?

Finally values of Kog (Table IIT) for outer-sphere association
with Cr(NH,)sH,0% merit some comment., High anion con-
centrations, and therefore ionic strengths, are necessary in these
studies and thus have the effect of decreasing Kog. Values
previously reported for hexaaquo ions are as follows: for Cr3*
with NCS~, Kog =~ 1.0 M7} ( = 0.6 M);* for Cr** with CI,
Kos =1.5 M—l (I =1.0 M);31 for Fe3+ with Br_, Kos =0.3
M (I = 1.0 M);3 for Fe** with CI', Kgs ~ 1.5 M1 (I = 0.6
M).?* The Kqg values in Table III are closely similar for 1-
oxyanions, somewhat greater for 2— ions, and less for zero-
charged species. In other words an acceptable pattern emerges
with (in the light of the Kgg for H,PO,") the zwitterion
NH;*CH,CO, exhibiting behavior intermediate between 1-
ions and zero-charged species. All the partners in Table III

Ferrer and Sykes

for which Kog has been evaluated are oxy species capable of
H bonding to ligands on the Cr(IIT) complex. For anions, e.g.,
Cl” and Br~, Kog values are smaller, and these could not be
evaluated from the kinetics studies.’
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