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Scheme II. II is an associative intermediate involving H,0,
bonded as a monodentate at a face of the octahedron of
VO,(nta)*. The rearrangement to the distorted pentago-
nal-bipyramidal transition state (III) from the associative
complex (II) is enhanced by the protonation to an 0xo group
in the k, path.

There is no direct evidence to distinguish whether oxo ox-
ygen or oxygen in hydrogen peroxide is released as a water
molecule from the transition state (III). The oxygen exchange
on vanadium(V) ion is very slow,'® and mostly the oxygen
exchange of oxyanion is not first order but second order in
hydrogen ion concentration.!®?® The strength of the V=0
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bond in vanadium(V) complexes estimated from IR spectra
does not correspond to the reactivity of vanadium(V) com-
plexes with H,0,.! Thus as shown in Scheme II it is likely
that the peroxo in the product results from an oxo group of
the V(V)-NTA complex and an oxygen atom of hydrogen
peroxide.
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Pulsed NMR methods have been used to measure the transverse and longitudinal relaxation rates of oxygen-17 in aqueous
solutions of iron(III) (8.20 X 107°—0.315 m) and perchloric acid (0.34-3.89 m) from 0 to 140 °C. The results have been
used to determine the kinetic parameters for solvent water exchange from Fe(OH,)¢** and Fe(OH,);OH?**. The values
of k (s, 25 °C), AH* (kcal mol™), and AS™ (cal mol™ deg™) are (1.6 % 0.2) X 10?, 15.3 £ 0.6, and 2.9 % 1.6 for Fe(OH,)¢**
and (1.2 £ 0.1) X 10, 10.14 @ 0.35, and 1.26 + 0.95 for Fe(OH,)s(OH)**. The solvent exchange rates and various ligand
substitution rates are most consistent with associative activation for substitution on Fe(OH,)s** and dissociative activation

for Fe(OH,)s(OH)?*.

A standard method of determining the mechanism of ligand
substitution on a metal ion is to compare the solvent exchange
rate with the ligand substitution rate.> After correction for
ion pair formation it has been found, at least for cobalt(II)
and nickel(II), that the dissociative mechanism suggested by
Eigen and Wilkins® is most consistent with the results. There
have been a number of studies of ligand substitution on
iron(I1I), but the mechanistic conclusions remain uncertain
because of the lack of published water exchange rate data. The
iron(III) system is complicated by the ease with which the
Fe(OH,)¢** ion hydrolyzes and polymerizes.

This paper reports the results of oxygen-17 pulsed NMR
relaxation time measurements on aqueous iron(III) perchloric
acid solutions. The temperature and hydrogen ion dependence
of the water solvent exchange rate has been determined.

Experimental Section

Materials, Ferric perchlorate stock solutions were prepared from
two sources of iron. First, ammonium ferric sulfate (BDH AnalaR
grade) was treated with an excess of concentrated NaOH solution,
and the precipitated hydrated ferric oxide was dissolved in excess
perchloric acid. After concentration of the resulting solution and
cooling, crystals of Fe(ClO,);9H,0 were obtained and washed with
concentrated perchloric acid. The damp crystals were dissolved in
1 M perchloric acid to give a stock solution about 0.7 M in iron(III)
and 1.8 M in HCIO,. Second, high-purity iron (Alfa Products;
99.9989% considering metallic impurities) was dissolved in concentrated
nitric acid, and the solution was fumed with concentrated perchloric

acid. The resulting crystals were treated as above to give a stock
solution of similar composition.

The stock solutions were analyzed for iron both volumetrically by
reduction to iron(II) with stannous chloride and by reoxidation with
standard potassium dichromate* and spectrophotometrically as the
tris(1,10-phenanthroline)iron(II) complex after reduction with hy-
droxylamine.® The methods gave concordant results. Manganese(II)
is known to be a common impurity of iron compounds, and the very
effective NMR line-broadening characteristics of the ion make it a
highly undesirable contaminant. The two iron(III) stock solutions
were analyzed for manganese spectrophotometrically as MnO,~ after
oxidation of the solution with periodate. The manganese concentration
of the stock solutions was less than 2 X 10 M, and at these levels
no contribution to the 1’0 relaxation times from manganese(II) is
possible. The solutions were also analyzed for iron(II); the tests
were negative, and [iron(II)]/{iron(I1I)] < 5 X 1073,

The acid content of the stock solutions was measured by titration
of the solutions with standard NaOH by using phenolphthalein’ as
indicator and verified by displacement of H* from a cation-exchange
resin in the H* form.

Aluminum perchlorate was prepared from the nitrate salt (Fisher)
by fuming a concentrated aqueous solution with concentrated per-
chloric acid. When the mixture was cooled, white crystals of Al-
(Cl0,)y6H,0 were precipitated and were washed with perchloric acid
and dried at 100 °C for several hours. A stock solution in water was
analyzed for aluminum gravimetrically as tris(8-quinolinolato)alu-
minum* and for perchloric acid by ion-exchange displacement of H*.

Reagent grade sodium perchlorate (G. F. Smith) was recrystallized
twice, and a 1| M solution was prepared and analyzed by cation
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exchange. Other reagents were reagent grade and were used as
supplied. Water enriched to 10% in 70 was obtained from Pro-
chem/Isotopes and distilled in vacuo before use.

Sample Preparation. Hindman et al.® have reported that, in order
to obtain reproducible 1’Q spin—lattice relaxation times, careful cleaning
of glassware is necessary. Accordingly all glassware was treated with
a hot solution of sodium ethylenediaminetetraacetate in concentrated
NaOH and then with hot concentrated hydrochloric acid. The
glassware was rinsed with distilled water and then methanol. Samples
were prepared by the addition of known volumes of perchloric acid
(1 M or concentrated), | M NaClO,, 1 M NaHCO; (if required),
and iron(IIT) or aluminum(IIT) stock solution, in that order. The excess
water was distilled off at room temperature and oil pump pressure
(no perchloric acid distills under these conditions). The amount of
water remaining in the mixture was measured by weight difference.
A known volume of H,'"O was added to the mixture which was then
transferred to a 10-mm o.d. Pyrex tube. The solution was degassed
on the vacuum line by the freeze—thaw technique and then sealed under
vacuum.

NMR Measurements. These were performed on a Bruker SXP
pulse spectrometer operating at 8.4 MHz. A 14-kG Varian elec-
tromagnet and V3506 flux stabilizer were used. The experiments were
controlled by a Nicolet Instrument Corp. Model 1180 computer and
293A programmable pulser. Relaxation time data were collected and
analyzed by using programs developed in these laboratories. Chemical
shifts were measured by using Fourier transform software provided
by Nicolet Corp. The sample volume (0.8 ¢cm?®) was less than that
of the H; coil to avoid problems associated with inhomogeneity in
the H, field. Temperature was controlled to 0.3 K by the Bruker
B-ST 100/700 temperature control unit and was measured by a
thermocouple inserted into glycerol contained in an NMR sample
tube.

Spin—Lattice Relaxation Times (T,). These were measured by the
standard 180°-7-90° pulse sequence by using fifteen r values in the
range 0.2-47, and accumulating the data from 10 measurements at
each value of . Final data analysis was by a standard least-squares
method. The precision of the T, data was about 1%.

Spin—Spin Relaxation Times (T,). These were normally measured
by the Carr—Purcell-Meiboom—Gill pulse sequence.” At least 80 echo
trains were accumulated under computer control, and two or more
values of the 180° pulse separation were used. The data were analyzed
by a least-squares method. The T, values had a standard deviation
of 4-7%. For very short relaxation times (T, < 1 ms) the pulse echo
method was not reliable, and in these cases T,* was obtained from
the time constant for free induction decay, the signal:noise ratio of
the trace being improved by averaging about 1000 transients. A
correction of not more than 10% of T, was made to T,* to allow for
the effect of field inhomogeneity.

Shift measurements were made relative to an external standard for
pure H,’O placed concentrically just above the iron(III) solution.
Spectra were obtained by Fourier transformation after a 90° pulse
with use of the commercial program NTCFT-1180. Shifts were measured
in a 0.315 m iron(III) solution in 0.37 and 0.89 m HCIO,. The
magnitude of the shifts was ~430 Hz, varying with temperature and
reproducible to 4 Hz.

Results

Relaxation Times in the Absence of Iron(III). The oxygen-
17 transverse (T») and longitudinal (7) relaxation times have
been measured in blank solutions of 1.0 m HCIO,, 2.0 m
HCIO,, 1.0 m NaClO,, and 0.5 m HCIO, + 0.5 m HCIO,.
The two relaxation times were the same within the experi-
mental uncertainty and were essentially the same for the four
solutions. Values were measured at about 10 °C intervals from
—6 to +136 °C, and it was found that the values are given to
within £2% by function 1. The form of this equation was

T, = 1.975 X 10T exp(-5.436 X 107/T%) (1)

chosen on the assumption that the relaxation time depends on
a viscosity-dependent correlation time.!%!! The values of T

(8) Hindman, J. C.; Svernickas, A.; Wood, M. J. Phys. Chem. 1970, 74,
1266.
(9) Meiboom, S.; Gill, D. Rev. Sci. Instrum. 1958, 29, 688.
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Figure 1. Variation of the solvent water oxygen-17 relaxation rates

(TpPw)™ (upper curve) and (T,P,,)™! (lower curve) with temperature
for iron(III) in 0.95 m perchloric acid.

agree (£3%) with those in pure water of Hindman et al.? above
40 °C, but our T values are increasingly longer below 40 °C.
For example, at 25 °C our results give 7, = 7.58 X 1073 s,
while Hindman et al. obtained 6.85 X 107 s.

The small relaxation effect of iron(III) at low temperatures
makes a knowledge of the blank 7, and T, values rather
critical. For this reason relaxation times were measured on
a solution of 0.37 m Al(Cl0,), and 0.70 m HCIO, between
—0.2 and +46.1 °C. The results are described by eq 2, and

T, = 1.998 X 10T exp(-5.818 X 107/T%)  (2)

the relaxation times are about 15% shorter than in the
HC10,~NaClO, solutions.

Relaxation Times in the Presence of Iron(III). The solvent
water oxygen-17 relaxation times were measured in 13 solu-
tions with various concentrations of iron(III) (8.20 X
107-0.315 m) and perchloric acid (0.340-3.89 m) and ionic
strength, adjusted with NaClO,, between 1.05 and 4.03 M.
Most samples were checked for irreversible effects of heating
and aging on the relaxation rate. No such effects could be
detected.

The results are given in terms of (T;,Pp,)~!, where

1 [solvent] — 6[iron(III)]
PuTis 6[iron(III)]

(T e = (T}
3)

and (T ,)r. is the value of T, or T, in the presence of iron(III)
and (T ,),, is the analogous value in the absence of iron(III).
It was found that T ,,~' was directly dependent on iron(III)
as predicted by eq 3, and ionic strength had a minor effect
on (TI.ZPPm)_l-

The temperature dependence of (T 5,P,) " in 0.95 m HCIO,
is shown in Figure 1. These results are quite representative
of the behavior at other acidities. The (T,Py)™" data are
clearly divided into two regions; at high temperatures (10°/T
< 3.1) there is a high apparent activation energy of ~18 kcal
mol™ typical of chemical-exchange control of (T;Py)™!, while
at low temperature exchange is slow and nuclear relaxation

(10) Litovitz, T. A. J. Chem. Phys. 1952, 20, 1088.
(11) Rusnak, L. L.; Jordan, R. B. Inorg. Chem. 1976, 15, 709.
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Figure 2. Temperature dependence of (Tp,Py,)™ at varying acidities
of 0.34 m (¢), 0.495 m (v), 0.95 m (O), 1.87 m (A), and 3.89 m
(0).

in the outer sphere controls (szpm) with a typical low ac-
tivation energy of 2-3 kcal mol™!. Therefore

(TZPPm) I= Tm T+ TZO_l (4)

where 7, is the exchange lifetime of a solvent molecule from
the first coordination sphere of iron(III) and T,q is the
transverse relaxation time for outer-sphere solvent molecules.

The (Ty,P,)"! results in Flgure 1 are consistent with
chemical exchange as well since!?

(Tlppm) = (Tm + Tlm)_1 + TIO_1 (5)

At high temperature (103/T < 2.7) 7, < Ty, to give a region
of low activation energy with (T},P,)" ~ Ty, 7', As the
temperature decreases, 7, > Ty, and 7, becomes the con-
trolling factor until finally at low temperature the slight
bending can be attributed to the ;o™ contribution.
Unfortunately, the analysis is not as straightforward as the
above discussion might indicate because 7, has a significant
acid dependence. This can be seen from the results in Figures
2 and 3, which show (T: Zer)_l values in the temperature range
where (Ty,P,)”"' = 7, . It is clear from Figure 3 that

Tm | = ko + k[HY]™ (6)
The inverse hydrogen ion dependence of 7, is consistent
with solvent exchange from both Fe(OH,)¢’* and Fe-

(OH,)s(OH)**. Then the results should be considered as a
three-site problem such as eq 7.

(Hzo)wlun'
T2 4 r&‘
%' B\ %
M 2
Fe(OHalg T % FelOHp)stOH) Y + H™

The expression for (T,,)™" for this system has been devel-
oped.'**  From the work of Eyring and co- workers15 it is
possible to estimate that 7,37 ~ 2 X 107 s} and 73,7 ~ (0.3-2)
X 10° 5! depending on the acidity. As discussed subsequently,
the relaxation rates for H,'’O on Fe(OH,)s** (T5,!) and on
Fe(OH,)sOH?* (Ty;™!) are expected to be ~107 s7! so that
is is reasonable to assume that 73,7! 3 Tp;™! + 75,7! and, since
the results indicate that 75,7' < 10857}, then Tyl + 75571 >

(12) Luz, Z.; Meiboom, S. J. Chem. Phys. 1969, 40, 2686.

(13) Angerman, N. S,; Jordan, R. B. Inorg. Chem. 1969, 8, 1824.

(14) Led, J. J; Grant, D. M. J. Am. Chem. Soc. 1977, 99, 5845.

(15) Hemmes, P.; Rich, L. D.; Cole, D. L.; Eyring, E. M. J. Phys. Chem.
1971, 75, 929.
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Figure 3. Variation of the solvent water oxygen-17 relaxation rate
(T5pPy) " with {H*] at 69 °C (0), 79 °C (a), and 91 °C (¢). The
data are within +1 °C of the stated temperature and at varying ionic
strengths.

757", The equation given by Angerman and Jordan!3 reduces

to
Po YA(r3,7 Ty ') + B
T, == + Tl (8
u ( Tm) A2732—2 + B 0 ( )
where
A= sz-l + Tm-1
Aw, \? 1 1Y 28wAw,;
B==2) +{awl —+ — )} + =22
1 Ty, 71 72373
(Aw,Aw;)?
L 5[Fe(OH,):OH]
Ty =Ty — =~y L =
6[Fe(OH,)¢]
T+ o
6[H*]

and the 3/¢ factor assumes, in the absence of evidence to the
contrary, that the water molecules on Fe(OH,);OH?* are
equivalent.

L, SIFe(OH)OH] 5Ky
Tm o = T2 6[Fe(OHy) ' ~ ™ 7 g+
"1 = [Fe(OH,)s](T22)0™' + [Fe(OH,)sOH)(Tp)o™! =
[Felodd (Tao™ + —2(Typ)o™
wt)(L22)0 [H*] 23)o
P, = 6[Fe(OH,)] /{[H,0], - 6[Fe(OH,)]} =
6[Fe].«/[H,0],

[Felior = {Fe(OH,)¢] + [Fe(OH,)s(OH)]

and
K3 = [Fe(OH,)sOH][H*] /[Fe(OH,)s]

These expressions have made use of the condition that [H*]
> K,; and that the solvent concentration [H,0], > 6[Fe],y,
for the conditions of this study.

The observations are consistent with eq 2 if either (4/
7322Tam) > B or B » (A/7135°Tam), since in either case
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(PaTy)t = 7ot 4 B0y )
m4 2p m 6 20
and
-1 -1 K N
(PuTyp) =1y + 6[H+]T31 + (Ty") (10)

Equations 9 and 10 are consistent with the observations as
expressed by eq 4 and 6. It may be noted that T,™! is pre-
dicted to show an [H*]! dependence; however, none was
observed. This is reasonable if (7,;)o = (T23)q, since at low
temperature K,; ~ 1.5 X 107 M,!" so that K,;/[H*] « 1, and
then (T2)o™! K Kos/{[H*N(T23)0}

The equation for T;,™! can be derived directly from eq 8
when it is recognized that changes in precessional frequency
(Aw) do not contribute to longitudinal relaxation. Therefore
B =0%and

PuTip)' = (Tin + 1) + (T1o)! (11)

where T, and 7o’ are defined analogously to 7, and Tyg'.
No [H*] dependence of T, could be detected probably for
the reasons given above for the lack of [H*] dependence of
T.o™'. This observation, combined with the high-temperature
value of Ky; (~1072 M) and lowest [H*] studied (0.34 m),
is consistent with T,57! < 5T,7L.

The temperature dependences of (T;,P,)™" and (T,Py)™"
have been fitted to eq 10 and 11 after susbtitution of appro-
priate functions. The variation of K,; with temperature and
ionic strength was determined from Matijevic et al.'” (eq 12).

AH,;® = 8014 - 171(x - 1.00)
AS,;° = 13.85 - 0.832(u - 1.00) (12)
K;; = exp{(-AH,;° + TAS)°)/RT)

The usual transition-state theory equation was used for the
temperature dependence of *au,; and 75;. The outer-sphere
relaxation rate was assumed to have the same temperature
dependence as the solvent, so that

(T12)o™ = ((C12)0/T) exp(E,/ T (13)
and similarly for the inner-sphere T,
(Typ)™! = (Cim/ T) exp(Ep/ T°) (14)

As shown by Figure 1, the T, results define 7, over a much
larger temperature range than the T, results. The latter also
suffer from complete uncertainty about the outer-sphere
contribution at low temperature and some uncertainty in the
temperature dependence of T, at high temperature. As a
result only the T, data have been used to evaluate the sol-
vent-exchange-rate parameters. These parameters were fixed
in the analysis of the T, data, and the resultant fit simply
shows that the two data sets are compatible with the same
exchange-rate parameters.

The results of nonlinear least-squares analysis of the data
are summarized in Table I. The results for r;, are much
better characterized than those for r,; because 7, makes the
dominant contribution to . This can be seen clearly from
the relatively small intercept values in Figure 3. The uncer-
tainty in E, also contributes significantly to that in 7,; because
both T,0 and 7, are important in the low-temperature region.
For example, if E, is changed from 2.92 X 107 to 5.44 X 107,
then AH,,* decreases by 1.3 kcal mol™! and r,,7! (25 °C)

(16) The equation of Led and Grant gives the same result, but negative terms
must be eliminated by expansion before the approximations are made.

(17) Sapleszko, R. S; Patel, R. C.; Matijevic, E. J. Phys. Chem. 1977, 81,
1061.
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Table I. Least-Squares Best-Fit Parameters® for Iron(III) in Water
Fe(OH,)** Fe(OH,),OH**
T 57Ty '(25°C), 87t (1.6 0.2) X 10° (1.4 +0.1) X 10°

AH#*, kcal moI'? 15.3+ 0.6 10.14 £ 0.35
AS* calmol'deg! 29:1.6 1.26 £ 0.95
Cop s deg (1.99 £ 0.49) x 10*
E,,=Ep,b deg? (2.92 £ 0.57) X 107
Cym, §7! deg (3.04 £ 0.08) X 10¢
C,,, s ' deg (1.52 £ 0.23) x 10°

@ Errors quoted are 1 standard deviation, and 95% confidence
limits are ~3 times these values.  Fixed in fitting the 7'}, results.

Table II. Oxygen-17 Chemical Shifts in Aqueous

Fe(Cl0,), Solutions
T,K [H], m 10Avjv P2
272 0.37 1.19
273 0.89 '1.18
282 0.37 1.11
282 0.89 1.12
292 0.37 1.07
293 0.89 1.09
302 0.37 1.03
304 0.89 1.05
312 0.37 1.03
313 0.89 1.01

@ A is referenced to pure H,'"0 and v, = 8.43 MHz. ® P is
calculated by assuming eight water molecules in the second co-
ordination sphere of Fe(OH,),**.

changes from 157 to 246 s™, whereas the corresponding values
for 75, change by less than 1%.

The E, value which best fits the (T,P,,)! results is much
smaller than that found for the solvent blanks. This behavior
seems to be typical of systems in which the electron spin
relaxation time is the correlation time for the nuclear relax-
ation.!® This observation is consistent with the subsequent
discussion of the outer-sphere relaxation mechanism.

Outer-Sphere Chemical Shift. A significant solvent oxy-
gen-17 chemical shift was studied between 0 and 40 °C. The
shift must be due to a scalar interaction with second coordi-
nation sphere solvent nuclei because inner-sphere exchange
is so slow at these temperatures. The same effect has been
observed with chromium(III) in water.!® The observed shift
should be related to the mole fraction of second coordination
sphere solvent molecules (P,) and the chemical shift in the
second coordination sphere (Awg) by eq 15. The scalar

Awgped = —Po(Awo) (15)

coupling constant (4/A) can be calculated from the usual
expression (eq 16). Values of Awgy (Table II) have the

Awg = ~(A4/h)(wigB(S)(S + 1)/3kTy)  (16)

expected temperature dependence. If a second sphere coor-
dination number of 8 is assumed, then 4/A = (3.1 £ 0.1) X
10® rad s™!. A value of 2 X 10¢ rad s™! can be calculated from
Alei’s data on chromium(III),!® while nickel(II) gives 4 X 10°
rad s”! from the data of Hunt et al.?

Outer-Sphere Relaxation. The results clearly show that
(T)o' » (Ty)o™". Even though the latter is not well-defined,
the magnitude of 100-200 s™! is consistent with a dipolar
relaxation mechanism with an interaction distance of ~4 A2!
and a correlation time of ~4 X 107! 5,22

The difference between T, and T,! is normally ascribed
to a scalar contribution to 7,7}, given by eq 17, where 7.1 =

(18) Rusnak, L. L.; Jordan, R. B. Inorg. Chem. 1975, 14, 988.

(19) Alei, M. Inorg. Chem. 1964, 3, 44.

(20) Hunt, J. P.; Dodgen, H. W.; Bechtold, D. B.; Lin, G. J. Phys. Chem.
1978, 82, 333.

(21) Hair, N. J.; Beattie, J. K. Inorg. Chem. 1977, 16, 245.

(22) Angerman, N. S.; Jordan, R. B. J. Chem. Phys. 1971, 54, 837.



Kinetics of Solvent Water Exchange on Iron(III)

S+ 4T

(Ty0)! = (A/R)o? 3 Tie

Lan

1+ wlry

T\ '+ 7y 77t = T + 7,7, 7, is the residence time of
a solvent molecule in the second coordination sphere, and 77,
and T, are the transverse and longitudinal electron spin re-
laxation times respectively. Since (4/h)o = 3.1 X 10 rad
s7!, the magnitude of (T;0)™! (~2 X 10° s7) requires that the
scalar correlation time be ~1 X 1071%s, This value is con-
sistent with the T, values for Fe(OH,)¢** 2* and implies that
the outer-sphere 7, > 107'%s. Wuthrich and Connick?* came
to the same conclusion for the outer-sphere lifetime of VO**
in water.

Inner-Sphere Relaxation. The known Fe-O interaction
distance?* and a reasonable correlation time of 4 X 107!! s give
a dipolar (T,)! = 1.3 X 10* s™! compared to the extrapolated
experimental value of 3 X 10%s7!. A scalar contribution to
(T1m) " of 1.4 X 10* s71 is possible if T}, = T, = 2.6 X 10710
s and A/h = 2 X 10® rad s™'. This coupling constant gives
a scalar contribution to (T5p)™! = 3 X 107 57!, which is at least
consistent with one of the possible conditions which give eq
10; ice., (Top)™' > 770

It is also possible to obtain eq 10 if B > A%r3; 2. Reasonable
assumptions indicate that B =~ Aw,?/73,? so that eq 10 requires
Awy? 3 (151 + Ty ')? or that at least Aw,? > 7,72 The
observed value of (T,,Py,)"! at the highest temperature (140
°C) gives Aw,? 2 10 X 1052 or Aw, 2 3 X 10° rad s™!. This
value can be used to estimate a scalar coupling constant of
22 X 10® rad s™!. This value is consistent with that required
to give a significant scalar contribution to T,

Inner-Sphere Chemical Shift. This should be a short analysis
because no inner-sphere shift was observed. This is consistent
with the above estimates because the line width would be 3
times larger than the shift at high temperature. At low tem-
perature the shift is greatly reduced because the system is in
the slow-exchange region. For example, at 55°Cina 0.1 m
iron(III) solution the inner-sphere shift is calculated to be ~0.1
Hz.

Discussion

Ligand substitution reactions are often analyzed in terms
of the dissociative ion pair (DIP) mechanism proposed by
Eigen and Wilkins.> This mechanism can be tested by a
comparison of the rates of ligand substitution and solvent
exchange. The mechanism can be formulated as eq 18, where

K .
M(S)s + L == [M(S)¢L] —» [M(S)sL] + S —
M(S)sL (18)

Ks is the formation constant for the outer-sphere precursor
complex and k* is the rate constant for dissociative solvent
elimination. Normally the measured rate constant for ligand
substitution is ke = k*Kgs, and an estimate of Kqg is used
to calculate k*. Then, after statistical correction,?® k* is
compared to the solvent exchange rate (k.,), and if k* =~ k,,
the result is taken to support the DIP mechanism. However,
the statistical factor is somewhat uncertain, %’ and calculation
of Kos,2® especially at the high ionic strengths used in most
iron(III) studies, is of doubtful validity.” Therefore, it seems
more meaningful to compare Ky values with the expectation
that they will be fairly constant for a particular ligand charge

(23) Levanon, H.; Stein, G.; Luz., Z. J. Chem. Phys. 1970, 53, 876.

(24) Wuthrich, K.; Connick, R. E. Inorg. Chem. 1967, 6, 583.

(25) Neely, J.; Connick, R. E. J. Am. Chem. Soc. 1970, 92, 3476.

(26) Nichols, P. J.; Grant, M. W. Aust. J. Chem. 1978, 31, 2581.

(27) Muir, W. R,; Langford, C. H. J. Am. Chem. Soc. 1967, 89, 3141.
(28) Fuoss, R. M. J. Am. Chem. Soc. 1958, 80, 5059.

(29) Perlmutter-Hayman, B.; Tapuhi, E. J. Coord. Chem. 1978, 8, 78.
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Table III. Ligand-Substitution Rate Constants on

Iron(I1I) in Water
Kopsa» M1 51 (25°C)
ligand Fe(OH,),**  Fe(OH,),OH?*

oKl 2.3 X 10° 1.14 X 105
cro 4.8 5.5 % 10°
Br ¢ 1.58 2.8 % 10°
NCs ¢ 90 5x 103
Cl,cco; ¢ 63 7.8 x 10°
Cl,CHCO, ¢ 118 1.9 x 10
CICH,CO; © 1.5 x 10° 4.1x 10
CH,CO,H' 27 <2.8 % 10°
C,H,0H¢ 1.5% 10°
H,CC(O)NH(OH)! 1.2 2.0x 10°
H,0O! 1.6 X 10? 1.4 x 10°

@ Cavasino, F. P. J, Phys. Chem. 1968, 72, 1378, b Reference
37. ¢ Reference 40. ¢ Funahashi, S.; Adachi, S; Tanaka, M.
Bull. Chem. Soc. Jpn. 1973, 46, 479. € Reference 30. [ Pandey,
R. N.; M. Smith, W. Can. J. Cherm. 1972, 50, 194. ¢ Cavasino, F.
P.; DiDio, E.J. Chem. Soc. A 1970, 1151. h Monzyk, B.;
Crumblis, A. L. J. Am. Chem. Soc. 1979, 101, 6203. ' This

work; units are s~ '.

because Kqg depends strongly on the reactant charge product.

Values of k.4 for some ligand systems are given in Table
I11, and more complete tabulations can be found elsewhere, 303!
The results for Fe(OH,)sOH?* conform to the expectations
of the DIP mechanism, in that k. changes from ~1 X 10°
to ~5 X 103 to ~2 X 10° M1 57! as the ligand charge changes
from -2 to -1 to 0. Similar changes are observed for Ni-
(OH,)¢** 32 for which the DIP mechanism is well established,
although the value of k. for a uninegative ion is 2-3 times
smaller than k., for Ni(OH,)¢** whereas it is ~20 times
smaller for Fe(OH,)sOH?*. This difference could be ascribed
to the higher ionic strength normally used with iron(III) (~1
M) compared to nickel(II) (~0.1 M). Higher ionic strength
should decrease Kqg. It is also possible that the nonreacting
(OH") ligand may affect Kog and/or the probability of ligand
substitution from the ion pair.

The results for dichloro- and monochloroacetate seem to be
exceptions to the above discussion in that the k., values are
larger than expected for a uninegative ion. The same effect
has been observed for these ions and acetate ion, reacting with
nickel(II) in methanol.*® Hoffmann3 has suggested an in-
ternal hydrolysis mechanism for the latter case, and a similar
suggestion was made by Perlmutter-Hayman and Tapuhi**
for the iron(III) system. A hydrogen bonding contribution
to Kos would also seem to be a possibility with the more basic
acetates.

The reactions of Fe(OH,)s** do not show the simple cor-
relation of kqpeq With ligand charge. The substantial enter-
ing-group dependence is indicative of an associative activation
process for substitution on Fe(OH,)s**3% Similar effects have
been noted by Swaddle and Lo* for substitution on Cr-
(DMF)¢**, and other evidence points to associative activation
for substitution on chromium(III).3 The large dependence
of ke on the basicity of the acetate ligands and the fact that
kopsa > kex for chloroacetate are most easily understood in
terms of an associative mechanism.

Volumes of activation also are consistent with the above
mechanistic suggestions. The values of AV* for reaction of
Fe(OH,)s(OH)** with CI- and NCS~ are +8 and +7 cm’
mol!, respectively.’’® Similar values have been found for

(30) Perlmutter-Hayman, B.; Tapuhi, E. J. Coord. Chem. 1976, 6, 31.
(31) Mentasti, E. Inorg. Chem. 1979, 18, 1512.

(32) Wilkins, R. G. Acc. Chem. Res. 1970, 3, 408.

(33) Dickert, F.; Wank, R. Ber. Bunsenges. Phys. Chem. 1972, 76, 1028.
(34) Hoffmann, H. Pure Appl. Chem. 1975, 41, 327.

(35) Swaddle, T. W. Coord. Chem. Rev. 1974, 14, 217.

(36) Lo, S.T.D.; Swaddle, T. W. Inorg. Chem. 1976, 15, 1881.
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substitution on Ni(OH,)¢?*,”® and they are consistent with a
dissociative mechanism. In contrast, the AV* values for re-
action of CI~,” NCS-, and Br~“ with Fe(OH,)¢’* are -5,
-1, and -19 cm?® mol™!, respectively, and are consistent with
an associative mechanism.

In conclusion, the comparison of ligand-substitution rate
constants with varying ligands and the water solvent exchange

(37) Hasinoff, B. B. Can. J. Chem. 1976, 54, 1820.

(38) Jost, A. Ber. Bunsenges. Phys. Chem. 1976, 80, 316.

(39) Grant, M. W. J. Chem. Soc., Faraday Trans. 1 1973, 69, 560.
(40) Hasinoff, B. B. Can. J. Chem. 1979, 57, 77.

rate seems more consistent with dissociative activation for
substitution on Fe(OH,)s(OH)?* and associative activation
for Fe(OH,)¢**.
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The photoaquation of trans- and cis-[Cr(NH;),F,]* in acidic aqueous medium at 22 °C leads to efficient ammonia aquation
(¢ = 0.36 and 0.45, respectively, for irradiation in the lowest quartet state) with minor yields of fluoride. The quantum
yields or quantum yield ratios show small wavelength dependencies. The observed products from trans-[Cr(NH,),F,]*
were 1,6-difluoro-2-aquotriamminechromium(IIT) (mer FWF) and 1,2-difluoro-6-aquotriamminechromium(IIT) (mer WFF)
in a 1:2.5 ratio, while the cis compound yielded these two products in a 1:1.5 ratio, with the addition of small, wave-
length-dependent amounts of 1,2-difluoro-3-aquotriamminechromium(III} ion. The results for the trans compound are
consistent with both the edge displacement model of photostereochemistry and a recent theory invoking dissociative,
symmetry-restricted photoreaction. In contrast the results for the cis compound do not fit at all well with the edge displacement
model but are consistent with the symmetry-restricted, dissociative model, despite some difficult ambiguities which arise

in its application.

Introduction

The development of theoretical models'~? for the photo-
chemical modes of reaction of chromium(III) and other metal
complexes and recently their photostereochemistry® has been
and continues to be a vigorous area of research. Of at least
equal importance is the continued and further exploration of
the behavior of actual systems under a variety of conditions
to provide a background of data to explore validity of the
theories. In particular emphasis should be on the need to
provide data which will test and discriminate between the
models with the maximum stringency wherever possible.

For a large number of the chromium complexes studied to
date the different models give very similar predictions, so the
data, although interesting and valuable in their own right, do
not provide the desired discrimination. A satisfying exception
has been the data on fluoroammine complexes of chromium-
(III); it was an early elegant study? of trans-[Cr(en),F,]* that
first showed that, while many complexes underwent the pho-
toreaction mode predicted by Adamson’s rules,'” this was not
universal. More recently a comparison® of the photochemistry

(1) A. W. Adamson, J. Phys. Chem., 71, 798 (1967).

(2) S. C. Pyke and R. G. Linck, J. Am. Chem. Soc., 93, 5281 (1971).

(3) M. Wrighton, H. B. Gray, and G. S. Hammond, Mol. Photochem., 5,
165 (1973).

(4) J. I Zink, J. Am. Chem. Soc., 94, 8039 (1972).

(5) A.D. Kirk, Mol. Photochem., 8, 127 (1973).

(6) M. T. Gandolfi, M. F. Manfrin, A. Juris, L. Moggi, and V. Balzani,
Inorg. Chem., 13, 1342 (1974).

(7) L.G. Vanquickenborne and A. Ceulemans, J. Am. Chem. Soc., 99, 2208
(1977); see also J. T. Zink, ibid., 96, 4464 (1974).

(8) L. G. Vanquickenborne and A. Ceulemans, J. Am. Chem. Soc., 100,
475 (1978), and references therein.

of [Cr(NH;)sF]** and trans-[Cr(en) ,NH;F]?* has provided
a test of the recent Vanquickenborne and Ceulemans (VC)
models.”® These satisfactorily accounted for the reaction
modes but gave correct predictions of the photostereochemistry
only if it was assumed'®!" that the theory could be extended
to allow reaction of the postulated five-coordinate trigonal-
bipyramidal intermediate in an electronically excited state.

For extension of the range of compounds studied and
hopefully for further useful background data, a study of the
photoreaction modes and stereochemistry of trans- and cis-
[Cr(NH;),4F,]* has been undertaken and is reported here. The
photochemistry of the analogous trans-[Cr(en),F,]* has been
the subject of a dispute®!2 over whether or not the photo and
thermal products of ethylenediamine aquation are identical
and therefore over the stereoretentivity of the process. The
analogous amine compounds with their fewer, more readily
identifiable product isomers offered an excellent potential for
clear-cut product isomer analysis, and therefore a more definite
verdict as to whether the photoaquation of the equatorial
ammonia is, by analogy, stereoretentive as originally sug-
gested.? These compounds in addition provide an opportunity
of a further test of the VC theory of photostereochemistry.

Experimental Section

Preparation of Complexes. Both trans- and cis-[Cr(NH;)F,]*
were most conveniently prepared by fluoride anation'*! in acidified

(9) A.D.Kirkand C. F. C. Wong, Inorg. Chem., 18, 593 (1979).
(10) A. D. Kirk, Inorg. Chem., 18, 2326 (1979).
(11) L. G. Vanquickenborne and A. Ceulemans, /norg. Chem., 18, 3475
(1979).
(12) M. F. Manfrin, D. Sandrini, A. Juris, and M. T. Gandolfi, Inorg. Chem.,
17, 90 (1978).
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