StEPwISE AQUATION OF Cr(tetren)OH,3+

gen maleate should be reduced by a radical intermediate
mechanism. This mechanistic problem may be ex-
plained by assuming either that the AH¥ correlation
noted previously is fortuitious and the maleate reactions

Inorganic Chemistry, Vol. 10, No. 11, 1971 2437

all proceed by a radical mechanism or that the low AH*
and negative AS¥ for the maleate dianion bridge are the
results of better chelation to the reducing agent with a
general resonance-exchange mechanism,
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The stepwise “unwrapping’ of the tetraethylenepentamine (tetren) ligand from Cr(tetren)OH:%* to give Cr(OH:)s** has

been investigated spectrophotometrically and chromatographically in 0.1-4 F HCIO, (u =

stages) to 80° (last stages). The reactron scheme

2-4 M, NaClQy) from 10° (first

550 210 24 1
Cr(tetren)OHs*+ —> Cr(tetrenH)(OH, )¢+ —_> 1,2,3-Cr(tetrenH,)(OH;);# + —> Cr(tetrenH;)(OH,)8+ —>
HiO+ : ’ H;O+ H;0+ H;O+

0.173
Cr(tetrenH,)(OH,)5' + —0>+ Cr(OH,)*+ + Hjtetren®+
Hs

with first-order rate constants (10°, sec™!) accounts for the observations in 4 F HC104 at 60°; the tetraaquo complex gave
kinetic evidence of being a mixture, probably of geometric isomers, inasmuch as the % value obtained from a consecutive
first-order treatment decreased with increasing reaction extent (the value given above is based on initial slopes of the rate

plots).

Acid dependences of the rates are negligible in the range studied, except for the pentaaquo aquation, for which the
apparent first-order rate constant ks obeys the relation ks

= ks + (k' /[H*]).

The activation energies increase progres-

sively from 20.7 to 27.7 kcal mol ~! with the sticcessive stages of aquation, but the entropies of activation exhibit no regular-

ity. Comparisons are made with amine ligand “unwrapping’ for related chromium(III) complexes.

spectra of the tetren complexes are given.’

Introduction

Recently this laboratory has been engaged in studies
of the kinetics of amine ligand “‘unwrapping”’? in the
stepwise aquation of tetraaquoethylenediaminechro-
mium(III), Cr(en)(OH,)*+,% of 1,2,3-and 1,2,6-triaquo-
d1ethy1enetr1arn1nechrorn1um(III) 1,2,3- and 1,2,6-Cr-
(dren) (OH,)s3+,% and of 1,2,3- and 1,2,6-triaquo(1-azo-
nia-4,7,10- trrazadecane)chromrum(III) cations, 1,2,3-
and 1,2,6-Cr(trienH)(OH,);%+,% to hexaaquochromrum-
(III) cation, Cr(OH,)g3t.

With the recent synthesis and characterization® of
aquotetraethylenepentaminechromium(III) cation, Cr-
(tetren)OH,** (hereafter referred to as “monoaquo”)
in which the tetraethylenepentamme ligand (hereafter
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The d-d absorption

referred to as “‘tetren’’) has its normal denticity of five,
and of the isolable aquation intermediates Cr(tetrenH)-
(OH,)y*+ (“diaquo’’), 1,2,3-Cr(tetrenH,)(OH.)#+
(“triaquo’’), Cr(tetrenH;)(OH,),5+ (“‘tetraaquo”), and
Cr(tetrenH,)(OH,);"* (‘“pentaaquo’), in which the
tetren ligand is partially “‘unwrapped’” and protonated
and has respective denticities of four, three, two, and
one, it has become possible to investigate the kinetics of
these successive aquations. We report here the results
of that study, which allow a more complete examination
of the factors affecting the rates of amine ligand “‘un-
wrapping” from Cr(III) centers. We also present the
complete d-d absorption spectra of these tetren com-
plexes, for which only band maxima and minima were
reported earlier.®

Experimental Section

Aquo-tetren Complexes.—The above aquo-—tetren complexes
were mdrvrdually chromatographically isolated in aqueous HCIO;4
solutions, free of other chromium species (except possibly for
tetraaquo—see below), as described previously.® Purity was
established by agreement of the d—d electronic band maxima and
minima with those reported earlier.®

Other Materials and Procedures.—The source or preparation
of all other chemicals, the analytical methods, kinetic run pro-
cedures, spectrophotometry, and calculation of rate constants
from optical absorbance data were essentially as described earlier.*
Chromatographic procedures were essentially those used in the
isolation® of the complexes, with tetraaquo and pentaaquo solu-
tions prepared in the more concentrated form described pre-
viously.! First-order aquatlon rate constants k. are defined by
—an/dt = k,C, where C, is the molar- concentration of the
given substrate complex (» = 1 for monoaquo aquation, #» = 2
for diaquo aquation, etc.). Kinetic overlap between succes-
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sive aquations was present for all sequences except triaquo —
tetraaquo and pentaaguo — hexaaquo; a consecutive first-order
kinetics treatment was made when kinetic overlap was involved,
using the five-variable computer program discussed  earlier,’
with input 2 values obtained from initial slopes of first-order rate
plots for each substrate.

Results

Visible Absorption Spectra of Aquo-tetren Com-
plexes.—The d—d electronic spectra of the complexes in
0.1-4 F HCIO; (u = 4 M, NaClQ,) are given in Figure
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Figure 1.—Visible absorption spectra of aquotetraethylene-
pentaminechromium(III) complexes and of hexaaquochromium-
(III) cation in 0.1-4 F HCIO; (u = 4M, NaClO,): monoaquo,
Cr(tetren)OHy**, with main absorption band at 473 nm and ¢ 134

M~ em™1! (0°); diaquo, Cr{tetrenH)(OH,),** (0°); triaquo,
1,2,3-Cr(tetrenHy)(OH, )%+ (20-25°); “‘standard” tetraaquo,
Cr(tetrenH;)(OH:)8* (20-25°; see text); pentaaquo, Cr-

(tetrenH,)(OH,) '+ (20-25°); hexaaquo, Cr(OH.)e™* (20-25°).
The molar extinction coefficient ¢ is defined by the relation log
(Iy/I) = A = ecl, where ¢ is the molarity of the absorbing com-
plex and [ is the optical path length in centimeters.

Aquation of Cr(tetren)OH,** and Cr(tetrenH)-
(OH,).**.-—The reaction sequence

k1
Cr(tetren)OHgf‘” + H;Ot o Cr(tetrenH)(OHg)g“' 1)

k.
Cr(tetrenH)(OHy )i+ + HiO* —>
1,2,3-Cr(tetrenH,)(OH, )8+ (2)

was investigated by starting with a solution of mono-
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aquo (contaminated with diaquo) and following the
change in optical absorbance with time as the system
generated triaquo, for which the aquation is ca. 100-
fold slower than diaquo aquation at 10-30°. Figure 1
predicts one isosbestic point at 503 = 3 nm (e 94 =
3 M~ cm~?) for reaction 1 and no isosbestic points
for reaction 2. Experimentally, kinetic runs gave an
initial isosbestic point in the range 507-514 nm (e 77—
70), which is in satisfactory agreement with the kineti-
cally overlapping reactions 1 and 2 in view of the fact
that the initial monoaquo solution always contained
some diaquo (the chromatographic separation time for
isolation of monoaquo was about !/; half-life for mono-
aquo aquation). This initial isosbestic point was soon
lost due to the kinetic overlap (a single run starting with
diaquo gave the expected absence of isosbestic points).
A consecutive first-order analysis of the absorbance data
at 470 nm gave the values of 2, and %, given in Table I.

TaBLE I
F1rsT-ORDER RATE CONSTANTS FOR THE REACTIONS
i monoaquo — %y diaquo . triaquo
Temp,*

[HC10:], Cob

°C F mM w M 105k, 4 sec =1 108k2,% sec ™1
10.00 0.134 1.59 3.8 2.9+0.1 6.5=+=0.3
10.00 0.198 1.53 3.8 3.0x0.1 6.4=+=0.3
10.00 3.89 1.39 3.89 2.28 = 0.08 4.3=+=0.2
19.90 0.252 1.51 3.8 9.7x0.7 25.7+0.3
19.90 3.59 1.51 3.59 8.3=*x0.3 18.3+=1.0
30.10 0.222 1.59 3.8 303 98 £ 2

30.10 3.86 1.51 3.8 25=x2 67.8 = 0.8
30.10 1.78 1.50 1.78 48 =+=2 98.3 0.7

¢ Deviation ==0.05° °? Initial concentration of substrate.
¢ Ionic strength, controlled with NaClOs. ‘¢ Errors are standard
deviations.

At ionic strength 4 M the effect of varying hydrogen
ion concentration in the ranges shown in Table I is
relatively small below 0.3  HCIO,; there appears to be
some acid dependence of both &, and k. when the 3.6—
3.9 F HCIO, values are included, but this effect could
easily arise from the replacement of Na+* by H+ at the
very high ionic strength involved. No systematic study
of the effect of ionic strength was made, but in view of
the presumably small acid dependence the 30° data
suggest no major effect on % or k; in changing ionic
strength from 3.8 to 1.8 M.

Good linear Arrhenius plots were obtained for the two
ranges of acid concentration, 0.20-0.25 (0.20-0.35 for
k) and 3.6-3.9 F HCIOy (u = 3.6-3.9 M). Least-
squares analysis gave activation parameters agreeing
within the experimental errors, and only the 4 F HCIO,
values are given here: for reaction 1, E, = 20.7 =
0.6 kcal mol !, log PZ (sec™!) = 11.4 = 0.5, AS®0s* =
—9 = 2 cal deg~! mol~!; for reaction 2, £, = 23.1 =+
0.6 kecal mol—; log PZ (sec™) = 13.5 £ 0.5, AS®g* =
1 = 2 cal deg™! mol—i. Interpolated values for 10,
and 10%*:; at 25° are 1.4 and 3.5 sec™, respectively, in
4 F HCIO,.

Aquation of 1,2,3-Cr(tetrenH,)(OH,);5*.—This tri-
aquo complex aquates in acid solution to tetraaquo

k3
1,2,3- Cr(tetrean)(OHg)a6+ + H, Ot —>
Cr(tetrenHa)(OH2)46 + (3)

as shown by cation-exchange chromatography and the
existence of three isosbestic points during spectral scans
over at least 3 half-lives in agreement within experimen-
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tal error with the values 400 = 1 (¢ 26.5 = 0.5); 429 +
1 (e13.1 = 0.5), arid 561 = 3nm (e30 £2 M 1em™1)
predicted for reaction 3 from Figure 1. Absorbance
vs. time data analyzed at 500 fim gave good first-order
rate plots (aquation of the tetraaquo product is ca. 50-
fold slower under the conditions studied), from which
values of the first-order rate constant %; were obtained.
These are presented in Table II.

TaABLE 11

FIRST-ORDER RATE CONSTANTS FOR THE AQUATION OF
: 1,2,3-Cr(tetrenHs)(OH;)¢ + ¢

Temp, {HC104], Co, Ly 108ks,

°c F mif M sec™t
40.00 4.08 1.86 4.08 2.08 =+ 0.06
50.10 4.08. 1.86 4.03 7.0%0.2
60.10 0.101 1.33 3.8 27.6£1.1
60.10 0.223 2.05 3.8 27.9+1.3
60.10 0.271 1.63 3.8 27.24+0.8
60.10 3.90 1.37 3.90 23.9+0.7
60.10 2.03 1.85 2.03 31.4+0.9

o The footnotes of Table I apply to the analogous columns
here.

These results suggest that acid concentration and
ionic strength effects on k; are small at 60°.

An excellent linear Arrhenius plot was obtained for
the 3.9-4.0 F HCIO, data, leading to least-squares
values of E, = 25.1 % 0.7 kcal mol—!, log PZ (sec™!) =
12.9 = 0.5, and AS®%* = —2 = 2 cal deg™—! mol™1,
The value of £; at 25° (extrapolated) is 2.7 X 10~8 sec—L.

Aquation of Cr(tetrenH,;)(OH,).".—Figure 1 pre-
dicts one isosbestic point, at 594 = 4nm (e 14 &= 2 /!
cm~1), with 4 region of near tangency at ca. 430 nm
(e ~13), for the reaction

. k .
Cr(tetrenHy)(OHy)#+ + HyO* ~—> Cr(tetrenH,J(OH )+  (4)

Experimentally most kinetic runs starting with tetra-
aquo exhibited an initial isosbestic point and a region of
near tangency located within the above ranges, with the
apparent isosbestic point moving to higher wavelengths
as kinetic overlap with aquation of pentaaquo set in.
Nevertheless, attempts to interpret the spectral changes
with time (at 520 nm) by consecutive first-order kinetics
failed, except for two runs.

When 51mp1e first-order plots were made, 1151ng the
“infinite-time’’ absorbance 4. from thé known spec-
trum of pentaaquo, most of the runs gave reasonably
linear plots for ca. 0.3-1 half-timeé from which “initial
slope”’ apparent %; values could be obtained. These
ky values are given in Table III. As shown by runs4, 5,
8, 9, 19, and 20, in which £, is calculated from the per
cent tetraaquo remaining at 5 hr and at 25 hr as directly
determined by chromatographic isolation, ks is sub-
stantially smaller at the greater reaction time. The
possibility of a rechelation reaction of pentaaquo to
tetraaquo was ruled out by heating pentaaquo in 4 F
HCIO, at 70° for 5 and 25 hr and chromatographing;
no trace of tetraaquo was found. Since the spectral,
chromatographic, and other evidence upon which the
orlgmal characterization® of the tetraaquo complex was
based is wholly consistent with the forthulation of this
complex as Cr(tetrenH;)(OH,)2+, we are inclined to
view the apparent falloff in %, values with increasing re-
action extent and the failure to obtain in most cases a
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TABLE II1

INITIAL-SLOPE FIRST-ORDER RATE CONSTANTS FOR
AQUATION oF Cr(tetrenH;)(OH,)s @

Run Temp, [HCI104], Co, # 108ks,
no. °C F mM M sec~t
1% 60.10 3.90 3.42 3.90 10
2¢ 60.10 3.90 2.81 3.90 7
3b 69.90 0.108 3.44 3.8 3746
4b 69.90 0.108 3.44 3.8 36¢
il 69.90 0.108 3.44 3.8 297
6¢ 70.00 0.110 3.28 3.8 25
7b 69.90 0.208 2.81 3.8 36
8b 69.90 0.208 2.81 3.8 31e
9b 69.90 0.208 2.81 3.8 20/
10¢ 70.03 0.210 3.12 3.8 11
11% 70.00 3.67 2.42 3.67 39¢
127 70.00 3.80 2.66 3.80 39
13% 70.03 3.83 2.15 3.83 708
14 70.00 3.87 2.81 3.87 19
15% 70.20 3.90 3.42 3.90 34
16% 70.11 3.94 3.72 3.94 30
17¢ 70.00 4.02 2.77 4.02 28
18 69.90 2.05 2.71 2.05 42
19% 69.90 2.05 2.71 2.05 30°¢
20¢ 69.90 2.05 2.71 2.05 137
21¢ 69.90 1.94 2.60 1.94 35
220 80.00 3.90 3.42 3.90 92

@ The footnotes of Table I apply to the analogous columns here;
see text fof discussion of initial-slope k4, obtained by spectral
dnalysis at 520 nm unless noted otherwise. ? Tetraaquo sub-
strate chromatographically isolated from base hydrolysis solution
after first making it 4 Fin HClO4 and aging in the dark for 2 hr at
70°, the standard method as described previously.®! ¢ Tetra-
aquo substrate ‘isolated from. ‘‘standard’’ tetraaquo® after first
aging in 4 FHCIOsat 70° for 0; 1, 2, 3,4, and 5 hr (equal amounts
of .each). ¢ Consecutive first-order treatment also satisfactory.
¢ Based on amount of tetraaquo chromatographically isolated
from reaction solution at 5hr. / Same as footnote.¢, except 25 hr.
¢ Same as footnote. b, except aged 70 hr at 60°. * Same as foot-
note b, except aged 11 min at 100°. ¢ Same value from 490-nm
data also. 7 Sanie as footnote b, except aged 79 hr at 35°.
k Tetraaquo substrate isolated as for footnote b and then aged in
4 F HCIO, an additional 152 hr at 60° and chromatographically
reisolated.

satisfactory consecutive first-order analysis of the spec-
tral kinetic runs as suggesting standard tetraaquo as
previously synthesized® is a mixture of two or more geo-
metric isomers whose aquation rates under the experi-
mental conditions differ somewhat. Since all attempts
to sepdrate these apparent isomers chromatographically
have failed, attetipts were made to reduce the percent-
age of the more labile isomer by aging it out of the iso-
meric mixture under various conditions and then fol-
lowing the aquation rate (see Table III, runs 2, 6, 10-14,
17, and 21). In most cases this did result in a smaller
value of ks, In run 13 especially there was a sub-
staritial drop in k. associated with using a tetraaquo
substrate which was standard tetraaquo® aged for an ex-
tended period-in 4 F HC1O, at 60° and then reisolated
chromatographically; it is interesting that the kinetic
data for this run did fit satisfactorily a consecutive first-
order treatment. Tetraaquo made by this lengthy
aging procedtre mlght be expected to be chiefly (but
not necessarily pure) “slow’ isomer, and the d—d ab-
sorption spectrum was fourd to differ from that of stan-
dard tetraaquo in the 525-nm region (band at 529 nm
and € 45 vs: 525 nm and e 47.1 for standard tetraaquo)
but not significantly in the 390-nm region of the other
absorption band. If one takes the d-d spectrum of
thls lengthlly aged tetraaquo as that of the hypothesized

“slow” isomer, then mathematical analysis of the change
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in spectrum with time of the parallel consecutive first-
order sequence

T

‘\kif
ks,

P—>H (8)
e

8

where Ty and T refer to the more labile (‘“fast’) and
less labile (“slow”) isomers and P and H refer to the
pentaaquo and hexaaquo complexes shows that a first-
order rate law could be found at early stages of the re-
actions (and consecutive first-order for later stages)
within certain ranges of ky/ky and of [T¢lo/[Telo. The
isosbestic point results can also be accommodated.
However, in the absence of any reliable method for de-
termining the ratio [Ty]o/[Tslo, the fixing of the ratio
ku/ ks becomes essentially 1mposs1ble If scheme 5 is
valid, then the initial-slope values of 24 given in Table
III are related to k4 and ks by the equation 2T =
kui[Tilo + ky[Tslo.  Of course, the scheme may be still
more complicated, possibly with a concurrent isomeriza-
tion or with more than two isomers. For this reason
and because obtaining enough ‘‘slow’’ isomer for a single
kinetic run and making the run would require about 2
months, further study of the tetraaquo aquation was
abandoned. Even if it were possible to handle the
problem of the “slow” isomer by this approach, the
problem of the more labile isomer would not be solved.

At 70° initial-slope k, values (Table III) aré the same
within experimental error for 0.1, 0.2, and 3.9 F HCIO,
(u = 4 M). For order of magnitude purposes, an Ar-
rhenius plot was made of the initial-slope %4 values in
3.7-4.0 F HCIO,, despite the apparent composite nature
of k;.  This plot was linear, giving the apparent activa-
tion parameters E, = 259 = 24 kcal mol~!, log
PZ (sec™!) = 12.0 = 1.6, and AS®y* = —6 £ 7 cal™?
mol~1; kyat 25°is 3 X 108 sec~! by extrapolation.

Aquation of Cr(tetrenH,){(OH,);"*.—The d-d spectra
of pentaaquo and of hexaaquo (Figure 1) predict for
the reaction

Cr (tetrenH4)<OH2)57+ + H;0t -—>
Cr(OH,)e®* 4+ Histetren®+ (6)

one isosbestic point at 608 = 3 nm (¢ 10.0 = 2.0 M~!
cm~1) and a region of near tangency centered at 440 nm
(¢9). Spectral scans made during the aquation of pen-
taaquo exhibited for at least 2 half-times one isosbestic
point at 608 £ 2 nm (e 9.7 = 0.6) and the expected re-
gion of tangency, in good agreement with expectations
for reaction 6. Good linear first-order plots of log
(A — A,) vs. t were obtained at 440 nm over 2 or more
half-times. The values of k; are tabulated in Table IV.
There appears to be a small dependence of ks on
HCIO, formality. Plots of ks vs. 1/[H*], with [H¥]
taken equal to the HCIQ, formality (u = 4 M), are lin-
ear for the 70 and 80° data of Table IV but curved for
the 60° runs. The acid dependence at 70 and &80° i
best interpreted, for reasons described* for the analogous
aquation of Cr(dienH,) (OH,);’+, in terms of the relation
ks = ks + (RspKo/[HT]), where ks, is the first-order
rate constant for aquation of the species Cr(tetrenH.,)-

(7) Neither spectral nor kinetic evidence for the production of more than
one isomer of pentaaquo from the two apparent isomers of tetraagquo was
obtained,
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TaBLE IV

FIRST-ORDER RATE CONSTANTS FOR AQUATION OF
Cr(tetrenH,)(OH, )" + @

Temp, (HC104], Co, # 10%%s,

°C F mM M sec!
60.20 0.118 3.19 3.8 2.33 £ 0.03
60.20 0.215 3.38 3.8 2.20 = 0.03
60.20 0.218 3.79 3.8 2.24 = 0.03
60.20 3.96 3.00 3.96 1.73 = 0.03
70.05 0.118 3.19 3.8 8.4+0.1
70.10 0.215 3.38 3.8 7.17 £0.09
70.10 3.96 3.00 3.96 5.81 %= 0.02
80.20 0.118 3.19 3.8 28.3 = 0.4
80.10 0.215 3.38 3.8 24.8+0.5
80.10 3.96 3.00 3.96 19.3£0.6
80.10 1.98 2.78 1.98 32.5+0.8

@ The footnotes of Table I apply to the analogous columns
here.

(OHg)s™ ™, ks is the first-order rate constant for aquation
of Cr(tetrenH,) (OH,),0H%+, and X, is the first acid dis-
sociation constant of Cr(tetrenH4) (OH,);"*. Failure
of this relation to fit the 60° data may poss1bly mean
that the second acid dissociation of the substrate is also
involved: Judging from the single kinetic run made in
ionic strength 1.98 M at 80°, there is 4 small ionic
strength dependence of k; relative to 4 M/ ionic strength;
such effects are not uncommon at such high ionic
strengths.

At ionic strength 3.6-4 A7, Arrhenius plots for ks, and
ksn K, are approximately linear, despite thie failure of
the 1/[H*] relation at 60°. Treating the acid-indepen-
dent path (&;,) only, the activation parameters are £, =
29,5 = 0.6 keal mol~?, log PZ (sec™!) = 13.5 = 0.4,
and AS%e* = 2 = 2 cal dég~! mol~1. In 4 F HCIO,,
ks =~ 8 X 107%sec™! at 25° by extrapolation.

Discussion

As discussed elsewhere,® the parent compound [Cr-
(tetren)Cl]Cl; used in the synthesis of the aquo-tetren
complexes probably has the «B8R configuration of
aBR-[Co(tetren)C1](ClO,).® The latter has been
reported to convert substantially in basic aqueous solu-
tion to the aBS form.® Thus the Cr(tetren)OH,** in-
volved in our work is ptobably one of the two diastereo-
isomers of I, Figure 2. As mentioned earlier,? Fisher~
Hirschfelder models suggest that aquation vie rupture
of a Cr-N bond between two amino N atoms which are
still boutid to the Cr atom is very improbable. On this
assurnption and the assimption that no geometric isom-
erizations occur (although relatively little is known
about isomerization rates of octahedral Cr(III) com-
plexes, aquation of Cr(III) amine complexes commonly
is so much faster than isomerization that the latter is
often not observed?), the probable sequernce of aquation
steps starting with monoaquo is shown in Figure 2.
Spectral evidence® suggests that the diaquo complex has
a cis diaquo corfiguration and the triaquo complex Has
the 1,2,3 (facial) configuration, as shown. Except for
tetraaquo (see above), neither the chromatographic nor
kinetic results suggest that more than one geometric
isomer of each complex is involved, and where pathways
leading to more than one isomer are shown in Figure 2,
these are presumed to be alternative and not concurrent
routes. However, we must admit that some isomers

(8) M. R. 8now, D. A, Buckingham, P. A, Marzilli, and A. M. Sargeson,

Chem. Commun., 981 (1969).
(9) C.S. Garner and D. A. House, Transition Metal Chem., 6, 221 (1970).
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Formula

S+ ructure

Crltetren)oH,””

manoaquo

Cr(tetrenH) ((JHz):+

d iaquo

Crltetren Hz)(OHz)3 s

+r~iacluo

6+
Cr(\‘e'rrenﬁs)(Oth

fefraaquo

Crltatrent JOH ).

pon'faaq.u‘:

3+ -
(L»(oﬂz_),3

hexaocluo
+

5
tetrenH, ¥

Figure 2.—Probable successive steps in the aquation of Cr(tetren)OH,3+ (applicable to isomers with either R or S configuration about the
asymmetric N atom; charges of species not shown).

may conceivably have such closely related kinetic and
spectral parameters that our techniques would not dis-
tinguish among them,

Table V compares the rate parameters for multiden-
tate amine ‘“‘unwrapping’’ from Cr(III) centers for all
such aquoamine complexes investigated so far. As in
aquation of the aquo—en, aquo-dien, and aquo—trien
analogs, the “‘unwrapping” of the amine ligand becomes
progressively slower with each successive stage for the
aquo—tetren complexes (except for an abnormally high
aquation rate for Cr(tetrenH)(OH,),**). Two hypoth-
eses have been advanced to account for this trend
toward decreasing aquation rates with increased ligand
unwrapping. In the first,*itis argued that there is con-

siderable ring strain associated with the several chelate
rings in the complex, which strain is partly relieved as
the ligand unwraps. In the second,’an additional con-
sideration is the ‘‘grease’ effect of the ligand ethylene
bridges, which would be expected to hinder solvation in
the aqueous medium in both the ground state and tran-
sition state, but presumably more so in the latter be-
cause of the greater solvation demanded by the separat-
ing charges of the Cr(III) center and the charged pro-
tonated free portion of the partly unwrapped ligand.
The ‘‘grease’ effect of chelated ethylene groups has been
used™® to rationalize the decreasing aquation rate of a

(10) R. G. Pearson, C. R. Boston, and F. Basolo, J. Phys. Chem., §9, 304
(19565).
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TABLE V
RATE PARAMETERS FOR AQUATION OF SoME CHrROMIUM(III)-AQUoAMINE COMPLEXES
No. of
chelate [HC104], 108%™ Eg, ASg98%,
Complex rings F secl kcal mol -1 cal deg~! mol !

Cr(tetren)OHy%+ 2 4 4 5500 20.7+0.6 -9t 2
Cr(trien)(OHg )3 * ¢ 3 - C . s

1,2,6-Cr(dien)(OH,);3 T ¢ 2 1 1600° 19.2+0.6 —11 4+ 2
1,2,3-Cr(dien)(OH;);3* ¢ 2 1 5.89 24.3+0.7 —-7=x3
Pink Cr(en)(NH;3)(OH,)st 7 1 3 13.3 27.5640.3 +42=1
Cr(en)(OH;),3* ¢ 1 3 0.30 27.7+1.5 —3=x5
Cr(tetrenH )(OHy)t* = 3 4 2100* 23.1%£0.6 +1x£2
1,2,6-Cr(trienH)(OH, )5t + # 2 2 1200¢ 18.0£2.6 —-20%+ 9
1,2,3-Cr(trienH)(OHg )t * 2 2 <137% 21.2 £ 2.2k —15 £ 7*
Cr(dienH)(OH, )4+ @ 1 1 2.16 24.0+0.6 —-10£ 2
Cr(enH)(OHz)s*+ ¢ 0 3 0.19 24.5+ 2.3 —-11 %7
1,2,3-Cr(tetrenH:)(OH,)s* + 2 2 4 24 25.1+0.7 -2 2
Cr(trienHz)(OH,)# * * 1 2 3.07 24.2£0.7 -9x7
Cr(dienH,)(OH,)5* ¢ 0 1 0.26° 26.5 £ 0.8 -6+ 3!
Cr(tetrenH;)(OH,)S T e 1 4 1 25.9+ 2.4 —6x7
Cr(trienHs)(OH,)sf + * 0 2 0.208 28.1+0.8 —2x2
Cr(tetrenHy)(OH, )7+ @ 0 4 0.173¢ 27.7x£0.7 —4 £+ 2!

@ This research. b Extrapolated from 10-35° values. ¢ Repeated attempts to synthesize this complex were unsuccessful: R. L.
Wilder, D. A. Kamp, and C. 8. Garner, Inorg. Chem., 10, 1393 (1971). ¢ Reference 4. ¢ Extrapolated from 15-30° values. * T.J.
Williams and C. S. Garner, Inorg. Chem., 8, 1639 (1969); complex has unknown configuration. ¢ Reference 3. * Reference 5. ¢ Ex-
trapolated from 20-35° values. ¢ Extrapolated from 40-50° values. * Reaction may include concurrent isomerization. * Acid-

independent path.
» Rate constants at 60°.

chloro ligand with increasing chelation in some Co-
(I1I) complexes, such as the series cis-Co(NH;),Cl™,
cis-Co(en) (NH;),Cl*, cis-Colen),ClL*, and cis-a-Co-
(trien)Cl;+.1* Sargesonand Searle!? questioned the valid-
ity of this solvation argument inasmuch as c¢is-8-Co-
(trien)Clyt does not fit the pattern.

The rate parameters in Table V may be examined to
shed some light on which of the effects listed above
may be more important. In Table V the substrates are
grouped together by charge, since complexes with a
given charge have potentially the same unwrapped
ligand ends ‘“dangling” from the Cr(III) center. For
example, the substrates of charge 5+ may have either
one (CH,);NHy(CH,):NH;?* group or two (CH,),NH;+
groups or a mixture of the two types, depending on the
isomeric mixture involved in the reaction. Within each
charge group of Table V the number of chelate rings is
decreasing. Each charge group shows a trend toward
lower aquation rate with decreasing number of chelate
rings (the two 1,2,6-triaquo species appear to have ab-
normally large rate constants, and possible reasons pre-
sented earlier*® will not be repeated here, since the tri-
aquo complex in the tetren series appears to be the 1,2,3
isomer, with no 1,2,6 isomer known). The activation
energies appear to be increasing within each charge
group, if one ignores the two 1,2,6-triaquo complexes;
two apparent reversals of this order could be due to ex-
perimental errors. These trends in E, are what one
would expect if the ring strain effect were predominant,
since decreasing numbers of chelated ethylene groups
would have been expected to favor solvation and thus
decrease activation energies and increase rate constants.
This conclusion must be regarded as tentative, however,
in light of the small differences found in £, values and
the relatively large experimental errors. Entropies of
activation show no regular pattern; inasmuch as AS®*
values calculated from transition-state theory in the
usual way assume unit activity coefficient ratios or,

(11 R. L. Wilder, D. A. Kamp, and C. S. Garner, Tnorg. Chem., 10, 1393
(1971).
(12) A. M. Sargeson and G. A. Searle, 7bid., 6, 2172 (1967).

= Probably an isomeric mixture; rate parameters from initial-slope ks values of “‘standard’’ tetraaquo (see text).

stated equivalently, assume a standard state of a hy-
pothetical ideal 1 3/ solution in “solvent” consisting of
everything except the reactant or transition-state so-
lutes, as well as assuming unit transmission coefficients,
part of the randomness of AS®* may be due to the con-
siderably different acid and ionic strengths in which dif-
ferent substrates were investigated.

The data of Table V show also that there are no large
differences in rate constant from one amine system to
another for a given aquation step. For example,
10% (sec™?) values for aquation of the pentaaquo com-
plexes range only from 0.17 to 0.26. Those for tetra-
aquo aquation range from 0.3 to 3, while the 1,2,3-tri-
aquo aquations range from 6 to 24. In none of these
three cases does there appear to be a correlation, within
the small range found, of aquation rate with length
or charge of ligand chain already unwrapped.

Finally it remains to consider the unusually high re-
activity of the diaquo-tetren complex relative to the
other aquo-tetren species. This reactivity may also
exist in the aquo-trien system, for repeated attempts to
synthesize Cr(trien)(OHz),?+ were unsuccessful.’'  Ac-
tivation energies show no discontinuity for the diaquo-
tetren complex, instead showing an apparently smooth
increase (within the sometimes large experimental er-
rors) with the successive aquation steps, namely,
20.7 < 23.1 < 25.1 < 259 < 27.7 kcal mol™*. The
entropies of activation appear to be small and positive
for Cr(tetrenH)(OH,),** and apparently negative for
all the other aquo-tetren complexes, although the ex-
perimental errors are very large. Thus the diaquo com-
plex has next to the smallest E, value and apparently
the largest AS°* value and, hence, an abnormally large
k value. Although the aquation mechanisms for Cr-
(III) and Co(III) octahedral substrates are still not
fully understood, the evidence strongly favors dissocia-
tive mechanisms.’* Tobe!* has suggested, as a result
of an extensive study of AS°* and per cent steric change
for a series of cobalt(III)-amine complexes having four

(18) Seeref 9, p204.
(14) M. L. Tobe, Inorg. Chem., T, 1260 (1968).
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Co-N bonds, that steric change is associated with a
higher (and positive) AS°* than is retention of configu-
ration; this pattern seems to apply also to the few re-
lated bis(ethylenediamine)chromium(III) complexes
so studied.®® Thus it is probable that aquation of the
aquo-tetren complexes proceeds via a dissociative
mechanism, possibly through a trigonal-bipyramidal

(15) Seeref 8, p 206.
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intermmediate (which predicts steric change) for Cr-

tetrenH)(OHy),4* and through tetragonal-pyramidal
intermediates (which predict retention) for all the other
aquo—tetren complexes. Alternatively, there may be
an isomerization intervening in the series at the diaquo
step or simply an isomerically abnormal form of the
diaquo substrate. An X-ray crystallographic study of
all the “‘partially unwrapped”’ complexes would be
most interesting if crystalline solids could be isolated.
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The pentaaquopyridinechromium(I1I) ion was prepared by the aquation of a tetraaquobispyridinechromium(III) ion fol-

lowed by the separation on an ion-exchange column,
acidity and temperature,

The rate of aquation of the former complex was studied as a function of
The rate law is of the form —d In (Cr(py)3t)/dt = ko + k—i/(H™).

In 1.0 M ionic strength

(HCIO, + NaClOy) the specific rates extrapolated to 25° and the corresponding activation parameters have the values &, =
1.2 X 1078 sec™!, AH,* = 27.2 £ 0.7 kcal mol™!, AS;*¥ = —3.5 = 2.0 cal mol~! deg=1, and k—; = 9.9 X 1071 sec™* M,
AH_* = 35.6 = 0.3kcal mol !, AS_,¥ = 15.2 = 0.8 cal mol—! deg 1.

Introduction

In recent years the aquation of a number of mono-
substituted complexes of chromium(III), CrX"*+, has
been studied. Particularly useful information about
the reaction mechanism has been gained from correla-
tions of the activation parameters for the series of com-
plexes with n = 2.12 The aquation of some complexes
with X being a unidentate amine-type ligand was also
investigated.®*

In an attempt to prepare a series of monosubstituted
complex ions of 34~ charge and to investigate their aqua-
tion kinetics, we report in this paper studies on the pen-
taaquopyridine complex ion. In the acidic media the
net equation for the aquation reactions is’

Cr(HO)py®+t + H* + H,O0 —> Cr(H,0)** + Hpy* (1)

Experimental Section

Preparation of Pentaaquopyridinechromium(III).—This com-
plex was prepared in solution by the stepwise aquation of a tetra-
aquobis(pyridine)chromium(II1) cation and by the subsequent
separation on an ion-exchange column. Crude [Cr(py):(Hz0)s-
(OH ), Cl, prepared according to Pfeiffer,® was dissolved in
aqueous perchloric acid and freed of chloride anion and some
other complex species on a Dowex 50W-X8 ion-exchange column
with 1 M perchloric acid, and a tetraaquobis(pyridine)chromium-
(IIT) species was then eluted with 3 M perchloric acid. Pre-
liminary experiments showed that this species aquates by a
stepwise pathway in acidic media, accumulating the pentaaquo-
pyridine intermediate.? At 75° in 1 M HCIO; the first-order

(1) T. W. Swaddle and G. Guastalla, Inorg. Chem., T, 1915 (1968).

(2) T.W.Swaddle, J. Amer. Chem. Soc., 89, 4338 (1967).

(8) E. Jgrgensen and J. Bjerrum, Acte Chem. Scand., 123, 1047 (1958).

(4) J. H. Espenson and D. W, Carlyle, Inorg. Chem., §, 586 (1966).

(5) R.F. Childers, Jr., K. G. Vander Zyl, Jr., D. A. House, R. G. Hughes,
and C. S. Garner, £bid., 7, 749 (1968).

(6) D. K. Lin and C. S. Garner, J. Amer. Chem. Soc., 91, 6637 (1969).

(7) Abbreviation:' py = pyridine.

(8) P. Pfeiffer, Z. Anorg. Allg. Chem., 831,401 (1902).

(9) Detailed kinetic studies of this reaction and attempts for stereo-
chemical characterization of the bis-pyridine species are in progress.

rate constant for the dissociation of the first pyridine amounts to
1.12 X 10~¢sec ™ and for the second pyridine 1.06 X 107 sec™.
The aging of the bis-pyridine complex at these conditions for
about 700 min leads to about 709, of the chromium(III) in the
form of the pentaaquopyridine, 299 in the form of the hexa-
aquo-, and 1%, in the form of the tetraaquobis(pyridine) complex
cation. HCIO; (1 M) elutes the hexaaquopyridine easier than
the pentaaquopyridine, and the latter easier than the tetraaquo-
bis(pyridine )chromium(II1) cation on a Dowex 50W-X8 ion-
exchange column. After pyridinium and blue-gray hexaaquo-
chromium(III) ions had been washed off the column with 1 M
HCI1O,, the middle portion of the bluish red pentaaquopyridine
complex was eluted with 3 M HClO;. Solutions of the complex,
usually obtained in concentrations of (2-6) X 1072 M and stored
at —5°, did not change for an extended period of time.

Acidic stock solutions of pentaaquopyridinechromium(III) ion
(hereafter pyridinechromium(II1)) with a more favorable com-
plex to perchloric acid ratio (low acidity), used for kinetic runs at
low acidities, were obtained by extracting the pure complex
from a cation-exchange resin with a solution containing 1 M
sodium perchlorate and 5 X 103 M perchloric acid. Solutions
of the complex (2~-5) X 107% M were obtained in this way. At-
tempts were made to reduce acid concentration in more concen-
trated stock solutions of the complex containing 3 or 6 M per-
chloric acid by titration with KOH at 0°. However, aquation
of the complex to a significant degree was observed.

Other Materials.—All solutions were prepared with double
distilled water. All chemicals used were analytical grade.
Perchloric acid, pyridine, and chromium(I1I) chloride (all Merck)
were used without further purification. Sodium perchlorate
was prepared by neutralizing sodium carbonate with perchloric
acid. Sodium carbonate (Merck) was recrystallized three times
from water.

Analytical Methods.—Chromium(III) was determined spec-
trophotometrically as chromate ion (¢ 4.83 X 103 at 372 nm) after
decomposition of the complex and oxidation with alkaline per-
oxide.’ Pyridine was determined spectrophotometrically (e
5.29 X 10% at 255.7 mm)" in 0.1 M hydrochloric or perchloric
acid after aquation of the complex for 10 or more half-lives.
The concentration of free perchloric acid in pyridinechromium-

(10) G. W. Haupt, J. Res. Nat. Bur, Stand., 48, 2331 (1952).
(11) H. C. Brown and X. B. Mihm, J. Amer. Chem, Soc., T7, 1723 (1955).



