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The kinetic§ of the thermal hydro]ysis of.[Cr(NN)§]3f
{(NN) = “bipyridine and 1,10- phenanthroline) have
been 1nvest1gated in aqueous solutions at constaﬁt ionic
Stréngth (1.0 M) in the pH range 10.8 - 14 (bipy) aéd
0 - 14 (phen). The hydré]ysis reaction'is OH~ cata]ysed
The pH dependence of the rate of hydro]ys1§ was stud1ed -r
at 11° (bipy) and at 31.1° (phen), and exh1b1ts four dis-
crete regions., The stoichiometry of the hydrolysis re-

" .
action at pH > 9 is: [Cr(NN)3]3+ + 20H .__2b§7> R

[Cr(NN)Z(OH) ]+’ NN. The'pseudo first-order rate

obs: is dependent on hydroxide ion concentrqt1on

kobs [OH™ ]/(B + A[OH™ ]) +.COH™] + E[OH 12 in the,pH

v

range 6 -~ 14. The Eyr1ng act1vat1on parameters at 25°

,

vere determined via temperature~dependence snud14s. For
/

the [Cr( b1py) ]3 system, they are: (i) pH 9.8 (see (

_1,

reference 16), AH = 22.3|i 0.2 kcal/mol, oS = -8.8 ¢+

st 3.3 X 1078 sec™hy (i4) pH 11n82,
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T ant = 20.7 £ 0.2 kéal/mo1, AsT = 21276 £ 0.

6.9 1078.sec™}  (414) at 0.50 M OH™, AH

; o 0.6 kcal/mol, AS® = -1 : 2 eu, kohs“

? '\ . . For [ér@pnen)§]3+ at 25°+ (i) pH = 10,

: - 0.7 keal/mol, as’ = -8.4 t‘2.3.;u. k

Vf s secTVy (i1) pH =-12.17, aHT 2"21.6 £ 1.4 gcat/nb1,

i ' ast = 10,6 £ 1.4 eu, K, U3k W76 sec s (i)
.. at d.80. 4 oK , auT = 20.9 £ 0.4 kéal/mol, ast = 5.4 ¢

j ; . 1.2 eu,,!(obs 1. 9kx 307 /seefl._ The kinetic résults
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. dre interpreted in terms of'an,aseociative (A) mecheniem
1nvo]v1ng the fd&mation of a heptacoordinate 1nterme-‘
. diate via direct nucleophilic attack of a water molecule
](pHIG - 10.7) and of OH™ (pH 10.8 - 13) at .the metal
t~ ‘ " \centre . The second order dependence of k on. [OH]
» | “(pH 13) is rationalized in terms of the fomat1on of out '
v | outer;sphere complgxes fo{]owed by attack of this com- .

plex by another DH' to form some heptacoordinate inter-

mediate which, also, ultimately and imreVersi@iy,'re-

\ .
.’ i
. ——r
s ﬁa"‘”gw I e 1

A\
I WP DA, it T LSVOR L. TRPRLINS NI
Ay

2" leases NN into‘solut{on.‘ -~ . —‘
" ’ ) The reactivity of the [Rh(b{py)é]3+’cation in acj; 3
’ 8 .. dic and basic media has also been studied, and fqund’to : % ‘
e ) ne re]dtively“inert in both media at ambient temperature. f%
) ~ Four .new subst1tuted polypyr1dy1 chrom1um(III) com- , \ %ﬁ
B p]exes have been synthe51zed for future photochem16a1 é
Ni ud?es. These 1nc1ude the pe}ch1orate salts of ! %
.jitL(S-Clphen)3]3 : {Cr(4,7-Me2phen)3]3t, [Cr(4,7-Ph,- :
phen) ,13%, a\@ [Cr(4,4'-Phébi?y)3]ii; N2 ) 2
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- 1. INTRODUCTION

- . <
H

-

Substit&tion reaétioné of'octahédfaf transition
"metal comp]exes have: been exten51ve1y stud1ed over the
years in anoeffqrt ‘eluc1date the mechanzsm(s) by
which they pfocéed The - general mechanisms_ for substi-
tution reactions of such complexes have begn. classi-

fied- by Ldngford and Gray [1,2] and Swaddle [3] as

‘either associative (A or I ) or d1ssoc1ative (D or Id)

Thgimost common subst1tut1on react1on 1s hydro]ysis,
whether in acidijc (aquat1on) or basic meQ1a. Such re-
actions présent an interesting cha]]engé because the -
solvent also serves as Fhe‘nucleophiﬂe: |

More recenf]y, there has been interest in the

.derglysis reactions of .metal chelates of the type

[ﬂ(NN)x]n+, where (NN) re*ers to some N- heterocyc11c
ligand and x = 2 or 3. Racem1zat1on and d1ssoc1a£1on
studies of [Fe(bipy)3]2+ [4,5,6,7] have shown that
this iron(II)-chelate undergoes acid bhydrdlysis via
a dissociative (D) pathway to yield a pentacoordinate
intermediate species. Aéalogous‘studies on the [Fe-
(phen)3]2+ catioa,[§] 'suggest.a dissociative pathway
for this cation, although some doubt about the

-
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Playsibility of the rigid phemanthroline 1igand acting
as a uhidentate 11gand has arisen. A dissbciative
mechanlsm has also been ascribed ™o the aquation of -
'iron(II) cheygtes with tridentate 1iganqs. namely- [Fe-
‘ (TPTZ)2]2+ [8] and [Fe(terpy) 2+ [9], fn‘wﬁich suc-

+
L, . . ' g
i . s
P - M (] (3 *
.
'

4 . ¥cessive Fe-N bond-rupture yields a pentacoordinate'.in-

termediate species 2. Dissociatfon and racemization

studies on the tris-bipyridyl and tris-phenanphro]ine‘
complexes of nicke](il) [10,11,72] reveal that these
- also undergo hydfolysis viava dissociative pathway.

}: ' The anomalous behavidur of bipyridyl and phenag;

‘ . 3 r

throline complexes of some transition metal ions has
2

prompted Gillard [13,14] ‘to postulate a base hydroly-.

" sis mechanism involving nucleophilic attack by water
. © T
or hydroxide ion on the carbon atom adjacent to the

nitrogen atom of the ligand.. The result of such an
- I .

E e — attack is the formation of a covalent hydrate which»
- is capable of undergoing protonat1on, 1ntram01ecu]§r
hydroxyl "shift, or deproton1t1on. This pathway,

herein referred to as Gillard's mechanism, has been’

-postulated for the base hydrolysis of [Ru(bipy)3]3+
v *

e AR e A it S

: [15]. ,
: ¥ - :
; | T .
f ’ TPTZ = 2,4,6-tripyridyl- §- tr1az1ne,- terpy = *
» 2,2',2"- terp§?1d1ne
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LN ' : The hydrolyses of tris- b1pyr1dy1 and trls phenan-
: thro]1ne complexes&of chromium{III) present an 1nteres-
\ twng ‘alienge in view of Swaddle's contention [31 that
\ ., cattonic copplexes of chromium(III) undergo substitu-
k'tion xjgfan associative-type mechanism (A or Ia) in. .
;?hose instances where .&n SNI b mechanism is nof appdi-
ciﬂe, and where the trans-effect [4] does not pre-
dominate. As the bipyridine and phenanthroline l1gands
do not possess. any ionizable hydrogen atoms, an SN]cb

'pathway is implausible; further, the trans-effect is ™

not operative in a tris-chelate. Maestri et al. [16]

-

have 1nvest1gated the hydrolysis of [Cr b1dy) ]
! o the pH range 0 - 10.7 at 11°C, and postu]ated several
| @b mechanisms to account for the ohserved kinetics. The )
< ) two most 11ke1y pathways for this chrom1um(III) cation
under the coda1tlons of the exper1ment are an associa-
tive mechanism invo]ving“nuc]eophilic attack on the
central metal ion f% produce a heptacoordinate aquo~
intermedjate, and Gi]]ard's'mechanismeinvodving ndcleo-
. ' philic attack on the Cg (or CG‘) pdsitibn of the bi-
' "pyridine ring to yiéld a,éqvqlent hydrate. The former
pathway was concluded [16] as more appropria%e.

hydrolysis of [Cr(bipy)3]3+¢up to pH 14 at 11°C,
of [Cr(phen)3]3+ from pH 0 - 14 at 3f.1°C, have b?g\)

jnvestigated in an\effort to further elucidate the most

plausible yéz anism(s) for the hydrolysis of each of

4
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the two chromium({II).cations. Temperature-dependence :
studies have been carried out to determine the activa- 'W“ 3
o . : i I @ 3
‘ tion parameters for each system, ' - ¢ §

The current interest in tris- chelates prompted
further investigationpof complexes of'@therftfangition
metal ions. The hydrolysis of the [Rh(bipy12C12]+ L}
cation was studied [17]'and the coﬁplex was found to
be‘iqert to substitution in both adueodé acidic and ' .'.2

basic media at B80°C. Similar behaviour is exhibited

by the rhodium(III) cation [Rh(bipy)3]3+ in acidic

EIRY BT v T ST T T L DG DT Y

and basic media at 25°C. Thus, a kinetic iﬁVestiga— L*i

‘tion was not'undertaken for this cation. ’ '{ 3

1 ‘ Presently, active }gsearch centers around the é
photochemisfry of transition metal compounds, w#th con- . %
f;centrated,efforts in the-areas of transition metal hy- f

" drides‘and polypyridyl-chelates of prapsit%on metal ,i

ions. The photochemical and phdtophysica] behaviour of

chromium(III) chelates is receiving increased attention

owing to ‘the re]ative]y 1ong'1ifetjme§ of their lowest

¢i states and the high réactivity of these.exci-
. tead states toward redox quenchers. ‘The photoreactivit

v
- v Rt
i

of [Cr(bipy)3]3+ has be;n investigated [18]. - %gve al 5'

new polypyridyl ghe]a%es of chromium(II1) have been pre- g'

pared for photochemicé] invéstigation} jnc]uding o %
‘~ ; [Cr(S-C1phen)3]3+, [Cr(4;7-Me2pﬁen)333+, [Cr(4,7-Ph2— %

phen)3]3f, and [Cr(4,4'-Ph2bipy)3]3+. The preparatiopns T

. %
Y
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. of these ationic species and absorption spectra are
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L. included in Sections -1I-F and III, respectively.
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II. EXPERIMENTAL

by

A. Preparation of Compounds for Kinetic Measurements.

. ' B I Reagents<and Sofvents.‘ ’

. ' The following reagents were used as received‘ '

fﬁbmccbmmerciaJ'suppliers without further puvification:

: chromium(III) nitrate nonahydrate (Anachemia)y anbydrous"
chromium(II) chloride, 98% (Alfa Prqducts);'lglo-phepan-
throline mopcﬁydrate (%igma); 2;2'-bip;rid1ne (Eastman);
¢hlorine gas (Matheson); and oxygen gas (Matheson). e
Reagent grade absolute qethand] ﬂAnachemia) was used as
supplied. Sodium hydroride (5 M) was prepared’fr%m di-
lution of 50% (w/w) sodium hydrox1de (Fisher Scientific);

T all n1tr1c acid so]ut1ons were prepared by dilution of

704 (w/w) nitric acid (Baker Chemical); "and perchloric ,

acid solutions were prepared by dilution of reagent grade

70{‘(w[w) perchf%ric acid (Allied Chemical).

2. General Techniques. ° @

3

_ The syntheses of compounds, prepared with chro--

mium(II) thloride,’were carried out 1n a n1trogen -purged : -

P T e~ PP S T
F57T R ,.),hrammw«a“wﬁ

» glove bag using deoxygenated solvents,to avo1d premature

RACSTLN

oxidation of the chromous comp]ex. Thus, a stream of

nitrogen gas was bubbled through the solvents -for ca.

2 toke SR

45 minutes immediately prior to use. All filtrations

e
x'.):}?"jy, -
.

- were performed using sintered-glass funnels connected

™
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to.a water aspirator, Oxidation of the chromous com-.

\

plexés by chlorine gas .was carried out Jn a well-venti-

. a
- lated fumehood. Tygon tubing connected the lecture

[

bottle to a sintered-glass &iqursioh tube, 4dnd the

chlorine gas bubbled through the reaction solution

' until the solution was oxidized as noted by aifhange

of colour from purple to yellow. Drying of the final

product was carried out in'vacuo.

[y

3. Elemental Analyses. R oo

-

ETeméntal analyses were performed by Ga]braith

. . . . , & -
Laboratories, Inc., Knoxville, Tennessee. In those

preparations where elemental analyses were not performed,

the ultraviolet absorption sﬁectrum'of the final pro&uct

was recorded. and compared with pub]islfd spectra. N
4. Tris(1,10-phenanthroline)chromjum(IIT) Perchlo-
- rate. . ‘ .

T

This produci was synthesized-by a modified pro-

‘cedure; of Hunt\gg al. [19]. In a nitrogen-purged glove:

bag, a solution of 1.08 g (8.79 mmol) chromium(II) chlo-

ride dissolyed in 150 m]l deoxygenated, distilled water

- containing a few drops of 70% befch]oric acid was addgd

to a 'solution of 5:T7 g (26.1 mmol) 1310-phenanthro]ine
monohydrate in 50 ml deoxygenated‘methano?. The resul-
ting dark olive green mixture was stirred for 15
minutes, after which it was removg@ from the glove bag

and chlorine gas was bubbled through it for 40 minutes.

- [ K
During this' time, 2 ml of a saturated sodium perchlorate
{

MR s A
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‘The Rsulting black hixtune was stirred for 20 minutes,

v and subsequently 50 ml of a concentrated sodium perchlo-

, gas bubbled through it for 1.5 hours with stirring.

solution was addeq. The resulting yellow solution was
filtered and the crude, solid yellow product collected.

The crude'product was recrystallized from hot, distilled:

-

water containing a few drops of concen}rated hydrochlo-

e

rié acid. The Hot solution was Tiltered; and the f?]—

trate allowed to cool to induce crystallization. The

[y

solution was then Ti]tergd, and the yellow product was

~

subsequently collected and dried. Rngjstallizmtion

o

was repeated until the pure product, [Cr(phan)3](C104)3-
2H,0 wasdobtained. Yield 4.3 g (53% of theoretical).
Analysis: Calcd fon CreygHogNeCl30,,: €, 46.64; H,
3.04; N, 9.07; Found: C, 46.93; H, 3.02; N, 9.11.

5. Tris(2,2'-bipyridyl)chromium(IIl) Perchlorate.

The compound was prepared by a modified method,
!

of Baker and Mehta [20]. "A solution of 2.13 g (17.3 /
| ,
mmol) chromium(II) chloride dissolved in 150 ml deoxy-

2

genated 10°° M perchloric acid was added to a 100-m1

suspension of 8.23 g (52.7 mmo1) 2,2'-bipyridine in

2

10°° M perchloric acid in a nitrogen-purged glove bag.

rate solution, 150 ml of distilled water, and 2 ml of
1 M perchloric acid were added to the solution. The

solution was then removed from the glove bag and oxygen

The:resulting yellow solution was filtered to yield a

4
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‘ 'splid yellow product, which was disso]veg in 500 ml of
hot 10~% M perchloric.acid. The volume of the solution
was reduced to about 50 m1 by:additional heating. On
cooling, a ye119w~product formed which was cd11ecteq,
washed _twice with Qg% ethano1,‘once.§ith chloroform,
and ‘twice with n-heﬁtahe. The yield of the product,
[&%(bipy)3](c104)3-1/2H20, was'1b.§ g (74% of theore-
tiga]): The puriyy of. the product was determined by
compariégn of its absorption spectrum with that repor-
ted in the literature.[20]. , b

-

6. Diaquobis(1,10-phenanthroline)chnomium(III)
Nitrate. .o

‘Ihis compound was prepared by a modified proce-

-«

dure of Inskeep and Bjerrum [21]. Thus; a solution of
4.00 g (10.0 mmol) chromium(III) nitrate nonahydrate and-
L .o 7.21 g (36.4 mmol) of l,10—phenanthro]ine}mﬁnqhydrate

AN susperded in 100 ml of 0.4 M nitric acid was refluxed

-

for 8 hours: ¥After each hour of reflux, 5§ M sodium hy-
droxide was added, as necessary, to maintain the pH of
the reaction mixture at ‘ca.’'7. After the reflux was

completed, concentratedcnitric acid was added (ég.'4 mj)

to adjust the pH to 1. The solution volume was reduced

to oﬁe—half the original v61ume with heating.' The hot

4

solution was then filtered; allow q’pé cool to room-tem-
perature, and then stored in the cold (0°C) to induce

crystallization of the crude product. The crude pinkish-
red product was filterdd and subsequentiy’recrysfallized

Bl
~
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from 0.1 M nitric cid. The comp]ex,‘[Cr(phen)Z(HZO)z]-
L . ’ : . i
(N03)3'3/2H20 was collected (3.05 g, 46% of theoretical);

. ;and its purity ascertained by.comparison of the'ultra-

violet absorption spectrum with that reported by Ins-
keep and Bjerrum [21]., ,
\ .

B. Kinetic Measurements. .

1. General Techniques.

K N\ T " Owingito the enhanced rate of ligand substitution’

i

<

in the presence of ordinary laboratory f!uorescent .-

lighting, all experiments were performed in dim, red

R

light. Solutions wére thermostated to #0.1°C in an elec-

e

tronic, constant-femperature water bath (Lauda, model

KAR). K

SR

K

A1l absorption spectra were recorded‘on an AMINCO-

Bowman DW-2 UV/VIS spectrophotometer, equipped witﬁ

e

T

deuterium and tungsten-iodide lamps. UTtraviolet spet-
; N tra were recorded in the rdﬁge 210 - 360 nm, -and visible
' \Qfectra ip the 350 - 650 nm range, uﬁ]qss otherwise noted.
3 ‘ _Thg/spectrophotometer was calibrated as per the instruc-
| fions [22] provided-.by tHe'manufacturer, at 300 nm prior

to use.

The observed nate constants for the hydrolysis of

e
Te .

3 the [Cr(phen)3]3+ complex ion were~determiﬁed at 31.1 ¢

]

7 4 0.1°C, and those for [Cr(bipy)3]3+ were determined at 11 % ‘
g * L s : E
5 0.1°C. . The temperatures were chosen so that the reactions | -

°
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had a convenient half-l1ife. The overall reaction is

¢

&

’[Cr(NN)3]3+ + zouf/zﬂzé-hﬂs—) [Cr(NN),(0H),T*

' | | ~oF- (1)
" [Cr (KN) 5 (H,0),1%% + NN
The caqurse of the reaction was followed by extraction

of the Fe]eased-po]ypyridine NN"usiné hexanes (or n-hep-
Fané) from the the acidié or basic aqueous solutions at
various time-intervals. The concentration of free NN’
was then determined from ‘the appropriate calibration
curve (see Section II-3,ab), o éaluc]atgd from the

slopes of the calibration plots.

2. Sb]vents, Solvent Systems, and Preparation of
Solutions. '

a. Solvents.

4

s .
% HydrochTéric acid solutions (or sodium hy-
droxide) were prepared by fdilution of hydrochloric acid
(or sodium hydroxide) concentrates, as supplied by Fisher
Scientific. Reagent grade sodium ohloride (Fisher Scien-

tific) was used to mgintain constant ioni’c strength.

_Boric acid (Fisher Scientific), reagent grade acetic acid

(Fisher Scientific), and ortho-phosphoris acid (85% w/w,

" Fisher Scientific) were used to prepare the Britton-

Robinsoh buffers [23]. Distilled water was used 1in all

preparations. Spectroana]ysed‘hexahes and n-heptane

(Fisher Scientific) were used as supplied. ,
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“b. Preparation of Solutions.-

¢

i) Sodiumschloride (4 M) was prepared by

dissolving 233.8 g of reagent grade sodium chloride in
oqi Titer of distilled water. |

‘ if) The Br1tton Rob1nson stock solution~
was prepared according to the procedure of Mongay and
Cerda [23]." Dilution of a mixture of 11.5 ml of acetic
acid, 7.5 ml of ortho phosphoric ac1d, and 12.4 g of
boric acid to 1.00 1gter gave,a 0. 20 M solution.

ii1) 'Sodium hydroxide *(1.000¢ 005 M)

.and hydrochloric acid (0.1000 + 0.0005 M) Dre-

pared by dilution of the appropriate'conce* f¥es.
]3+ %

c. Solvent Systems for [C[Lphenla

5

i) In the pH fange 4,66 - 12.17, the so]veﬁt
systems contain‘0.1000 + 0.0005 M sodium hydroxide, 4 M
sodium chloride, and 0.20 M Britton- Rob1nson stock S0~
lut;on in the volumes\g1ven in Tabie I Tpe pH of these
so]utiqps was measured using a Metrohm-Herisau E463 po-
tentiogfaph, equipped with a combination glass-calomel \
(saturated potassium éh]oride) electrode.

ii) For sodium hydroxide concentrations of

0.10, 0.30, 0.50, and 0.80 [OH"], it was necessary to

use .sodium chloride to maintain J:,ionic strength of 1.0 M.

The volume of 1.000 + 0.005 M sodium hydroxide and

weight p¥ sodium chloride required for the appropriagf

[OH™] used in this study are presented in Table II.
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) Table I
= ‘ : Preparation of Solvent Systems for [Cr(Bipy)3]3+ and
[Cr(phen)3]3+ Systemsi L ,ff
7 - \ B :
. pH. 4 W NaCl . 0.2 M BRE 0.1000 M |
o (+0.05) (m1) (m1) NaOH (m1)
4.66 125,00 20,00 . 60.00 |
. o 5.53 125.00 20,00 80,00 SRS
6.66 125,00 20,00 . - 105.0
7.75 125.00 € 20,00 ' 1200
8.43 125.00 . 20,00 130.0
| 8.88 125.00 - 20. 00~ 135.0
) . 9.45 12500 20,00 ©150.0
| ((’ 10.15 125.00 " 2000 . 165.0
Jo4s0 125.00 | 20.00 175.0
10.83 125.00 . 20,00 ° - 1850
L1114 125.00 20,00 200.0
11.31 125,00 . 2000 220.0 ;
, 11.67 12500 20,00 - 245.0
11.82 125,00 20.00 2650
W
, A
12.17 125.00 . 20,00 3000 §
a . - ¥
"+ Volume of solution is 500.0 mi /
b g

BR = Britton-~Robinson stock solution.
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Fable Il . \
Preparation of Solvent Systems for [Cr(biby)3]3+ and

v

. '[Cr'(phen)3]3+ Systems2
‘ N

—

Eon T 11.000 M NaOH ~ NaCl
' (m1) (g)
‘0.10 ' 50.00 - 26.302
0.30 18720 . 20.458
0.50 250.0 ' 14,612
0.80 h 400.0 5.845
1.0 5000 cem

a
Volume of solution is 500.0 ml.
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’ d."Solveni Systems for [Cr(bipy)blii- ~

i) In the pH range 10.83 - 12,16, the vo-
lumes of sodjum hydroxide ( 0.1000 + 0.005 M), sodium
cﬁ]orfde (4 M), and Britton-Robinson stock solution
(0.2 ﬂ5 used are given in Table I. The pH of these so-
‘lutions were measured in the same manner‘és.preyiously o
mentioned for the ICr(phen)3]3+ system. \\

ii). For sodium hydroxide concentrations of
0.10, 0.50, and 0.80 [OH"1, ‘the volumes of sodium hydro--
‘xide and weight .of sodium chloride required are presen-
ted in Table II. i ”

3. Calibration Curves. L

The reaction between [Cr(phen53]3+ and water
{or hydroxide jon) and that between'[Cr(bipy)3]3+ and
water (or hydroxide ion) was followed as mentioned ear-

lier by measuring the amount of free 1,10-phenanthroline

X or free 2,2'-bipyridine released, respectively. Cali-

bratfon curves were obtained for each system using the

procedures outlined below.

a. ,Calibration Curves for [Cr(phen)3]3+.
1,10-phenanthroline monohydrate (ca. 1 x

10"% nole) was dissolved jn 50.00 ml of solvent at the

& .
desired pH {(or TOH ]). Three or four dilutions of the

) .
original solution were prepared to obtain solutions over

3 5

- 107" M. Two ml of each

the concentration range 10~

solution was pipetted into’'a 25-m1 screw-top, glass vial

.




n

«

c%ntaining exactly 5.00 ml of hexanes. The'solutjon was
shakgn manually for exactly one minute, and allowed to
}stand for €wo minutes,~~Mith the aid of a Pasteur pipet,
a sufficient volume of the upper non-aqueoug phase con-
tainiﬁg 1,10-phenanthroline wasvtransferréd to a cuvet,
and ;he ultrav101:§ absorption spectrum recorded in the
; ranée 210 - 290 nm. The concentrations of. the 1,10-
phenanthroline ;o1utions and the absorbance maxima at’
231 and é62 nm wer% recorded, and,plotted to obtain the
calibration Eurve. This procedure was followed for each
of the following solutions of pH 5.53, 6.66, 7.75, 8.43,
'8.88, 10.15, 11.14, and 0.80 [0H")]. The data and cali-

brafion curves are .presented in Table III and Appendix ..

- o

A, respectively.
" 1%t

b. Calibration Curve f;r [Cr(bipy)3
The same general }roéedure was followed as
that for the ca]ibratibn curves f&r [br(phen)é]3+ de~
-scribed above, except for the following alterations:
(i) it was ﬁ%cessary to'construct%only one ca1i§ration
curve, at pH 10.50, as the absorbance was constant over
the entir; pH range studied; (ii) n-heptane was used
for thé extractio& procedure; fﬁ%i) the ultraviolet ab-
sorption spectrum was recorded in the 210 - 320 nm range

-

for the upper non-aqueous ohase; (iv) absorbance maxima,

at 23} and 282 nm were recorded and plotted against .

concentration of 2,2'-bipyridine to obtain the calibration

a

\) . .
’ - o
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Table 111

Data for the ,10-phenanthroline Calibration Curves

Ll

[~

2) pH =5.53;C = 1.1x 107 n.
A ' - \\4‘, .
No, [PHEN] . ' r— Absorbance? —
(M) 231 nm 262 nm,
T 1.099 x 1073 ° . '1.795
\ 4.399 x 107 1.430 ©0.765
3 2.199 x 1074 0.693 0.379
4 1.099 x 10°% 0.323 0.178

. |
Agy = 3:233 x 1077 [PHEND; Ay = 164 x 107 (preN]

o ~
b) pHZ 6.66; C = 1.28 x 1075 p.

% ' No. [PHEN] \— Absorbance? -—
g (M) 231 nm | 262 1fin
& B . . 2 -
] t.407 x 10 .- ~ 1.370
2 3.844 x 10~ % 1.435 0.768
3 2.563 x 1074 0.970 , 0.545
* 2 .
3 1.281 x 1074 0.503 - 0.272

-

2 error in absorbance is :0.005.

Rygy = 3752 x 1073 [PHENI; R,g) = 2.108 x 10™3 [PHEN]

T e
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Table III (cont'd) =18~ /

- | 3 /

c) pH =7.75; C = 1.1 x 1077 M.
. ! _ /
No. . '[PHEN] — Absorbance? —
g (M) . w231 om " © 262 nm
1 7. 5.488 x 1074 . 19756 0.962
20, 4387 x10°% . a0 0.786
3 3.290 x 107% 1.114 0.598.
. 1.097 x 1074 0..380 ~ 0,209

. “ + ] : j’ + .
A3y = 3:272-x 10*3 [pHen]; Rogp = 1.773 3'10 3[PHEN]

1
3

d) fh =8.43; ¢ =1.3x10"° M

0 .
No, [PHEN] — Absorbance? —
) ‘ (M) 231 nm 262 nm
1 6.508 x 107" - : 1.365
2 5.206 x 1074 1.944 1.105
3 3.905 x 10°% - 1.589 0.854
4 1.302 x 10°% '0.538 0.293

Ap3p = 3.845 x 10%3 [PHEND; A, = 2.116 x 103 [PHEN]

¢) pH=28.88; ¢ =1.0x103n
No. \[PHEN] B . ,—- Absorbanced —_
(M) 231 nm . 262 nm

1 5.156 x 107% 1.778 0.988
vz aassxa0tt 1 0.792~

3 3.004 x 107 T 1iv02 - 0.600

s 20s2xa0t o1 0.391

5 4,125 x 107 o3 T 0.7
Koy = 37504 x 10%3 [PHEN]; R,g, = 1.921 x 1073 [PHEN]

262
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Table III (cont'd) -19-
. ;~ . ‘ . ) ° .
N £) pH = 10.15; € = 9.7 x 107% M. ;
No. , [PﬁEN] . — Absorbance® —, "
’ (M) 231 am " 262 nm
1 s 4,838 x 1070 i.396 0.758
q . - 2 3.870 x 10°% 1.232 0.669
: . 3 2.903 x 107" 0.993 0.538
£y 1.935°x 1077 0,606 4 10.320
g 5 1.161 x 1074 0.356 0,197

- +3 Lo +3.

“ ’ 3

. g) pH=11.34; C  =1.8 x 1077 M.
’ No. {PHEN] , — Absorbapce® —
. (M) 231 nm : . 262 nm
1 5.509 x 1077 - e 1.180
2 3.673 x 107" 1.470 0.817
-3 2.204 x 1074 0.890 0.481
4 1.469 x 1074 0.596 . 0.320
N +3 - : ' o*3
Ayqp = 4.013 x 10%3 TPHENI;. Ape, = 2.165 x 1077 [PHEN] .
— . ! T B v . ¥
h) 0.80 [OH™]; €, = 1.7 x 1073 n,
No. [PHEN] — Absorbance L
(M) . +231 nm "~ 262 nm
e 1 5.403 x 107° 1.924 O 1.140
2 4.322 x 107" 1.674 0.916
3 3.242 x 1074, 1.240 0.668
4 1.297 x 1077 Q470 0.252
Aoos = 3.697 x 1073 [PHENT; A,., = 1.936 x 10%3 [PHEN]
231 = 368 3 Ppgp =1
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. : Table IV R .

* .. Data for the 2,2'-bipyridine Calibration Curve at pH 10.5

- . ‘ R

4 3
. 13 ’ . .

3y, - :

— N

1 ' o . PH = 10.5; C~ = 1.84 x 107

'
B i -

° Ro. . [BIPYD " — Absorbance? —

. ' (M) 237 nm 282 nm
Y [ " 1.838 x 1074 ‘ 0.820 * J.086 - ‘g
S S R 1.470 x 107° . 0.658 0.821
1 ’ 3 1.102 x 1074 - 0.484 0.606
:| ) : R o B As
E 4 7.35 x 107°  ° 0.324 - 0.409 3
E R ,ﬂ{ . §
, 1 , c 1 kN ) “ 4 ) ié‘
- i ‘,i ) - ‘ '§
‘ ol R . '
) - ! b ,.a_. * ) a t . ~ -
X The error in the absorbance is *0.005. .
] . . .
~ N 1 \ , '; 4

. v
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. ‘At various times, a 2. 00 ml allquot was pipetted into

’

curve which is shown‘in Appendix-B. The pertinent data

are presented in Table IV.

4, Determ1nat1on of the Observed Rate Constant
k
_obs*

I a. [erphen)q]:;+ System.

A 50.00 ml solution of [Cr(phen) %" (ca.
1 x 10'3 ﬂ = C, ) of the;desired pH (or [OH']) was pre-

bared and thermostated at the appropr1ate temperature,

. a screw-top, glass v1a1 containing exact]y 5.00 ml he-
xanes. The mixture was shaken manually for exactly one
lminute, and allowed to stand for two minutes. With the
aid bf a Pasteﬁr pipety; a sufficient volume of the upper
non-aqueous phase containing releasad 1,10-phenanthro-
1ine was transferred to a cuvet, and the ultraviolet s
absorption spectrum of the solution was recorded from
210 - 290 nm. The exEracfion procedure was repeated at
various time intenvais.

The above procedure was followed in solvent systems \
of pH 4.66 - 12.17, fdr [OH™] of 0.16‘- 1.00, and in 0.1 M
hydrochloric acid. The'data are presented in Appendix C.

b. [Cr(bipy)3’]3+ System.

\ The same procedure as that for [C\j(phen)B}3+ .
\

was foTipwed for the determinétion of the obpserved rate

constant, except fof'the following alterations: (i) n--

heptane was\{sed in the extraction procedure rather thdn

N\
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; ~ hexanes; (ii) the absorptign spectrum was recorded in

fi ' ' the range 210 - 320 nm, for the Aé]eased 2,2'-bipyri- —
ﬁf \ ~dine; (1iii) the proceduré was carried out for so1ygpt'
.. systems of pH 10.83 - 12.16, and 0.10 - 1.00 [0H"]. -
The data are presénted injAppepdfx D.

) _ 5. Isesbestic Points. = e

' a. [Cr(phén)3_:|_3+ System.
) ‘ . A buffered solution of [Cr(phe )3]3+ (3.128
x 107° M= Co) at pH 11.82 wi%\;FépaTvd’ﬁnd thermostated

e MRS
==
.

at 30.5 = 0.1°C. The iltraviolet absorption spectrum
of the solution was recorded over a peﬁiod of fourteen

' hours. The solution was kept in the analysing cuvet

PRrn 58 (s LA

AR PN
» - ’

over the entire period, with a water-jacketed cell

|4

; . " mount attached to maintain constant temperature.” The
"analysing beam was blocked between spectral scans to

avpid'possible decomposition.

b.‘\[Cr(bipy)3]3{ System.
) A buffered solution of [cr(bipy')3'13+ (6.208
) x 107 M.= C_) at pH 11.82 and 0.50 [OH°] was prepared
- | and thermostated at 29.5 ¢ 0.}°C. The ultraviolet ab-
\ sorption spectrum w;s recorded over a period of 12.5hrs.
The‘saﬁe precautions as those described for the [Cr-

. (phen)3]3+ system above were observed. o .

d\ Kinetics im Oxygenated and Deoxygenated Solvents.
« T _— rp

[~ ( ' To determine whether or not the rate of hydroly-

v

sis was affected by the presence of okygen, thes reaction
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\ . N

LI AN

(et WAL AREID R SRR (S W A b St B a1 N S Tw,»u EA s W e AN Yem BT 1o W oAt h b P Y ¥ MM RE AR W ot T MR s T
e 3 . oL

S TR T

RN
1

o

P




A

N -
. L 4
. \ . .

LY

was followed spectrophotometrically in oxygenated and

deoxygenated solvent systems for [Cr(bipy)3]3+? The

|

following procedures'were‘fol1owéd.

a. - Oxygenated Solvent System.

Solutions of [Cr(bipy)3]3+ (ca. 7| x 10'5 M)
at pH 11.82 and 0.50 [OH"] were prepared and thermosta-
ted at 29.5 and. 7.5 * 0.1°C, respectively. Sufficient

} > —— -, ‘ «‘\ *
solution volume "was transferred to a cuvet, and the
Ultraviolet absorption spectrum was .recorded for a pe-
riod of eight hours or longer. The solut{ion was kept
in the analysing cuvet for the entire time period, and

the‘ana]ysing beam was blocked between spectral scans

to avoid possible rate enﬁancement by light. A water-

. jacketed cell mount was used to insure constant tempera-

-

_ture.

b. Deoxygenated Solvent System.

i

Solvent systems of bH 11.82 and 0.50 [OH" ]"
wefe‘deoxygenated for 1.5 hours by passing a stream of .
nitrogen gas .through the solvent, stored in a nitrogen-
purged glove bag, immediately prior to use. A so]ut{on
of [Cr(bipy)413* (ca. 5 x 1072 m/= C,) of each solvent
was prepared inside a nitrogen-purged glove bag. A suf-
ficient volume of the chromium(III) complex solution

was transferred 'to an analysing cuvet and sealed with

a so]id, pure gum rubber stopper. The ultraviolet ab-

sorption spectrum was recorded over a--period of 8.5 hours

PR TR T -
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or Tonger. At pH 11.82 aﬁd 0.50 [OH™1, the spectral
L scansawe;e recorded. at 29.5 aﬁd 7.5 £ 0.1°C, respective-
| ly. *%e analysing beam was again blocked between
spectral scans to avoid po;sib1e‘ra§e enhancement. Per-
tinent data are given in Appendices E and F; and the
results of this experiments.are tabled and discussed in
“Section III: , ' | -
7.’ Tempezafure-dgpgndence Studies.

|

« The activation energies, Ea’ and pre-éxponentia]

. factors, A, were determined from thg following tempera-
ture depéndence experiments.

a. [Cr(bhen),]3+ System.

Following the same procedure outlined in

¢

~ Section 11-B-4a, the observed rate constants, k

obs’ were

determined in solvent systems of pH 10.10 and 12.17,
and 0.80 [GH™] over the designated temperature range,

(i) at pH 10.10, the temperatures utilized were
31.], 40.8, 50.8, 60.8, and 71.0 % 0.1°C;

(ii) at pH 12.17, the temperatures utilized were

21.1, 31.1, 38.3, and 48.1 %+ 0.1°C; ’ A
. (iii) at 0.80 [OH"], the temperatures utilized
R were 15.5,. 20.8, 25.5, and 30.6 + 0.1°C.
The pertinent data are presented in Appendix G.
, 3+
b. [Cr(bipy),]" System -
(bipy), «

ts, kobs’ were de-

The observed rate const

termined as per the procedure given in Settion I1I-B-4b,.
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at pH 11.82 andxp.so [OH™] for thé following tempera-
tures: " v ¥

(i) at pH 11.82, the temperatures utilizéd were
11.1, 16.8, 23.1, and 29.8 = 0.1°C; - |

(ii) - at 0.50 [OH™], the temperatares utilized were
5.5, 11.1,.17.5, and 23.4 = 0.1°C.
The pertiﬁentldéta are presented in Appendix-G, and

results and discussion are given in Section III-E.

' 8. Electronic Spectra of the Chromium(IIl) Aquated
Products. )

,The abSorpt%on spectrum of the diaquo'comp1éx
[Cr(bipy)z(H20)2]3+ is pH dependent, as reported by Bjer-
rum and Inskeep [21]. Depending on the pH of the solution,
species present are [Cr(bipy)é(H20)2]3+, [Cr(bipy)z(OH)2]+,’
or [Cr(bipy),(0H)(H,0)1%*. The products of the hydroly-
sis ofE[Cr(bipy)3]3+ have been reported [16] as [Cr-

‘(bipy)z(OH)2]+ and bipy at pH >n8, The presence of

[Cr(bipy)z(OH)2]+ was confirmed by the appearance'of.an
increase in absorption éar'518 nm [21]. Thé absorption
spectra of [Cr(b?pyli H 0)2]3+ and [Cr(bipy)z(OH)2]+
have recently been reportedh[]G] with maxima Tocated at
311 and 492 nm for the diaquo complex, and at 247, 305,
and 518 nm for the dihydroxo complex, respectively.

To determine the reaction products for the base hy-

drolysis of the analogous phenanthroline complex,

[Cr(phen)é]3+, the diaquo complex [Cr(phen)z(H20)2]3+
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was prepared according to the procedure given in Section -

IL A-6. ThQ fo]]owing exper1ment was performed on the

A
' v diaauo‘ion at ambient temperature in an-effort to identify
| ‘ the hydrolysis products of [Cr(phen)3]3+.
’ » 1
| The following solution concentrations of [Cr(phen)z-
(H20)2]3+ were prepared in d1st111ed water;
A: 1.519 x 102§
' B: 1.215 x 1073 ¥
| C: 1.944 x 10°%°M ' x
| D: 7.776 x 1078 u
‘ The above solutions (A - D) were used to record the fol-
~  lowing .spectra in the range 210 - 360 nm:
1: spectrum of so]ution'C-
° 2: spectrum of sample 1 p1ws two drops of 1 M
nitric acid; .
3: spectrum of sample 2 plus 3 drops of 1 M
sodium hydroxide; .
4: spectrum of solution C plus one drop of 1T M ‘
nitric acid; .
[} |
| 5: spectrum of solution D; .
: i :
6: spectrum of sample 5 plus 2 drops of 1T M 3
| , sodium hydroxide; 3
T . , ~ . . 4
| T 7: spectrum of sample 6 plus one drop 1 M sodium §
7 hydroxide; A 4
/" L
//// 8: "spectrum of .solution D plus 2 drops of 1T M i
7 sodium hydroxide. ;
/ . .
The solutions were also used to record the following’ 3
%

spectra in the 350 - 650 nm range:

~-

9: spectrum of solution A;




10: spectrum of sample 9 plis 2 drops of 1 M

. . . . hitric-acid;
- - \<,c

}

P 11: spectrum of sample 10 plus 2 drops of 1 M
sodium hydroxide; .
12: spectrum of solution A plus 2 drops of 1T M
sodium hydroxide; ) _ 5
13: spectrum of solutlpA B;
- 14: spectrum of sample 13 plus 2 drops of 1 M

nitric acid; %

15: Fectrum of sample 14 plus 2 drops of 1 M
tric acid;
16: spectrum of solution B plus one drop of 1T M

- sodium hydrox1de
The spectral data are recorded in Appendix H, and the
j spectra are presented in Figure 1. In ag¢id solution,
| the predominant species is [Cr(phgn)z(H20)2]3+; in neu-
tral solution, [Cr(phen)z(HZO)(OH)]2+; and, in basic
{‘ ! solution, [Cr(phen)z(OH)2]+. Confirmation of thé spe-
j cies was made by comparison of the spectra (Figure 1)
’f. with those of [Cr(phep)Z(H20)2]3+ﬂand [C_}'(Phen)z(OH)z]+

! : c/
j reported by Bjerrum and Inskeep \211)/

C. Calculations for Kinetic Studies.

} 1. Observed Rate Constant, kobs'

The reaction between [Cr(bipy)3]3+ and water (or
- hydroxide fon), and that between.[Cr(phen)3]3+ and water

(or hydroxide ion) follows pseudo first-order kinetics

A

sent in excess or the concentration remains constant

by the use of buffered solutions. The course of the

L% :(\‘\\

. .

» B ropo—r o

2
g
g
g
§
v
I
t

inasmuch as the nucleophiles (H,0 or OH") are either pre-




i e

»”~ .. ) _ ! 3+
Figure 1. . Absorption Spectra of [Cr(phen)a(HZO)z] s
2] ) s ~ - 2+
[Cr(pheh)z(OH')2]+, and [Cr(phen)Z(HZO)(OH)] .

ik
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hydrolysis reaction was followed‘by determining the con-

centration of free 2,2'-bipyridine or 1,10-phenanthro-
Iine!released,NN, as a function of time, according to

efither rqactibn (2) or (3),

&

: k
& [er(),13% + 2H,0 —BSs [or(NN),(H,0),1% + N (2)
, k ‘
[er(NN)513" + "200™ —2RE> [Cr(NN),(0H),]" + NN (3)

where NN represents 2,2'-bipyridine or 1,10-phenarithro-

-
, line.

N ' The rate of a first order reaction, in terms of the -

% disappearance of the reactant is given by (4),

i ~d[cr (NN) 5%

% \ Rate = - (4)

.o dt ~ .

4 ’ and the rate law by (5), )

1 N ’ :

3 \ -d[cl/dt = kg, [C1) . - (5)

1 ( b where C represents the concentration, or some measurable
- quantity, o% the reactant Cr(NN)33+. In terms of the

rate of appearance of the products, the overall rate and

rate law, respectively, will be R in (6) and (7),

-

i

«
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5 ‘ ' Rate ~ = +d[NNJ/dt ’ (6)
A ¢ ' ‘ : -
£ . . +d[NN]

- “ . v = kopsLeomplexdy = koo {C - [NN]}  (7)
where [NN] is the concentrat%on of free polypyridine
fe]eased, [complex]t is the concentration of the com-

plex at any time 't' during the reaction and i3$ equal

to the concentration of the reactant complex at initial

g,' . time, C_, less the concentration of free po]ypyridine

0'
released, [NN]. Rearrangement and integration of equa-

¢? ) tion {7) yields °

n s

1 ' t 't ’

d[NN] * ( )

8 - = k dt ] . S (8

‘: R ' {Co - [NN]} ObS\ -

; (s o - ‘

Y (,, -In {C, - [NN]} = kot - nCy (9)
In (¢, - [M]} = -kt + InC - o)
log {Co - [NNI} =,(wkob5/2.?026)t + log Co , (11)

[}

Hence, a plot of log {Co - [NN]} versus time yields a
slope equal to -k0b5/2.3026 and intercept log Co‘ Since

it is the concengration of [NN] that was measured as a

function of time .in the procedures outlined in Section




AT TR e

I1-B-4, it is valid to plot log {Co ?Y[NN]} as a func-

tioh of time. The concentration of free 2,2'-bipyridife

~ [BIPY] released in the aquation reactiongwas read directly

from the calibration pilot (Appendix B), in the case of

" [Cr(bipy) ]3+. For the corresponding phenanthroline
. 3 ‘

catdion, a series of calibration plots (Appendix .A) were

—

obtained at various pH values. The avera§9 of the
slopes of these linear least—squ?res plots was uéed to

detedmine the concentration of free phenant roline re- .
#
|

leased, [PHEN], into the bulk of the .solution. At

231 nm, the slope is 3.57 & 0.31 x 10° A/M and at 262 nm
- | ) |

the average slope is 1.94 £ 0.22 x 103 A/M, where A

is-the optical density., The data given in Apbendices c

‘ 1

and D were utilized to construct plots of;ﬁog {c, - [NNTY

[

versus. time, which are presented in Section ITI.

2. lonic ‘Strength Ca1cu1afions for Solvent Systems.
According to the Debye-Huckel theory, the acti-
vity coefficient (fi) of dn ion may be related to its -

charge (z.) and the ijonic strength (u) by equation (12),
i ,

1

tog f; = -0z,% (w'/? o)

"
\
\

where Q = 0.51 at 25°C, and 1 =172 ? 2.2 ¢ (13)
In equation (13), C; is the concentration in mole;11ter'],

calc i

and .this equation was used to calculate all jonic strength

values (ucalc

). However, in addition to the sodium .

v
[ e .. et
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-t
hydroxide present in the reaction solution, the ions

p;esent in the Britton-Robinson stock solution and the
sodium chlorjde must also be accounted for. 1In the
Britton-Robinson solution, the acid dissociation con-
stants (K ) were used to determine the relative con-
tribution of each ion to the ionié strength_of the
s&]vent s;stem. The K, values [23] are giyen in Table
V for acetic, boric, and ortho-phosphoric acids. The
jonic strength‘(uca]c) was calculated from the‘formal~
concentrations and charge on Fhe jons presént in so-
dium hyd;oxide, sodium ch]ori&e, acetic acid, phos-
phoric acid, and boric acid. -Table VI gives the values

of at The indicated pH.

Vealc
3. Activation Parameters.

The rate of a reaction is quite sensitive to

.

changes in temperature, increasing with increasing

-temperature, " The iemperatur% dependence of the reac-

tion rate, in terms of the observed rate constant, is

t

given by the Arrhenius relation R .

i

k. = AeEa/RT h (14)

on
- B

-~

or .

, CInkgpe = In A - E,/RT L - (15)

where A is the pre-exponentiﬁ] factor, Ea the activation

r
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Table VI

pH Values for Solvent Systems

" and Calculated Ionic Strengths

pH Ionic Strength
(£0.05) . o lugae)  (w)

4.66 1.02
“5.53 | 1.02
. 6.66 : 1.03
7.15 . N 1.04
8.43 ‘
8.88
9.45
10.15
10.50
11.14
11.67
12,17




L
WU TR 1 e g AR ot ms o oerr

-36- -/

energy, R is the gas constant, and T is the absolute

temperature. A linear plot of 1In kobg'versus 103/T

yields a slope -Eé/R and intercept loa A.
By assuming [24] that there exists an:eﬁuilibrium

S

between the reactapnt and the activated complex,, i.e.,

+ .
K o
REACTANT ——— " ACTIVATED COMPLEX .=—= -PRODUCTS * (16)

———

. the rate constant of any reaction is given by the Eyring

relation in (17), \\\\; ) .

k= (RT/NR)KT > (17)

where KT is the equilibrium constant -for reaction (16),
N is Avodadro's number, and h is Planck's constant.

Using the two thermodynamic‘relations in (18) aad (19),°

USRPR S SPVRE WA
a

-

- ¥ :
N
¢ . v ' J

AG® = -RT In K . (18)
AG® = AH® - TAS® | (19)
\ \ :

:
5-
1
i
!
3
,
i
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,
i
‘R
L

the genefa] expression gii@n in equation (20) may he

, derived.

e}

e~BG°/RT . (ASC/R  -AH"/RT (20)
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An analogous equation (20) can be writt‘q“for&K » f.e.,

L

<
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Substitution of K' into equation (17) yields

N

et - + ¥
k = (RT/Nh) e 8C /RT o (rr/nn) €8S /R o-8HT/RT (55

H

where AGT

, AHf, and Asf are now the free energy of ac-’
tivation, enthalpy of activation, and entropy of acﬁir )
vation, respectively, in going from the reacéant to

the activated complex. . Substitution and rearrangement

of equation (22) yields.

.

ast = R[InA-1nRT/Nh] - R (23)

An equation analogous to (22) can be written for AG*,

agt = awt - Tast (24)
and for &Hf, ) .
<+ N 1 )
AH = E_ - RT “ (25)

- . a

Thus, the activation energies and Arrhepius'factors were

determined from least-squares plots of 1n'kobs versus

103/T; and the activation parameters AS+, AG+, and AHT :

S e e s "
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, & :
“were calculated from equations (23 - 25), respectively,

or from least-squares plots of In k/T versus 103/T,

where [25]° , RN

7 -1

erg-K mo1~!

1.9872 cal-mol1~- 'k~ = 8.314 x 10

~

6.6252 x 10'27 erg-sec

123

£ 6.0226 x 1023 mo1~!

298.16 K

. .JThe pertinent data are presented in Appendix I, and the
results are tabled, illustrated, and discusse& in Sec-
tion ITI. ‘ .

-

4, KXinetics 1n Oxygenated and Deoxygenated Solvents

The procedure given in Section II?B-G was per-
formed in order to determine whethe: the bresence of
oxygen affected the observed rate constant. In order
to ensure that thu\:ifxygenated systeh remained ai}-
free, the usual extraction procedure uti]ized to deter;
mine the observed rate constant was d1scarded in favour
of the procedure described below.

The wavelength corresponding to the largest change
in absorbance over the entire reaction time was 287 nm.
‘Therefore, the absorbance a}’287 nm was determined for

the following species:

B A bk e e e AN, S AL e
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- 'j
a) [Cr(bipy)3]3+ at fhitial time, t{ s ‘ /
b) 2,2'-bipyridine 1

- . . | éﬂ/
¢} [Cr(bipy),(0H),1% at final time, t. f

The absorbanee va1ues’of a) - c) were determined from
the extinction coefficients, £, of [Cr(i:}py)3]3+ (Ap-
pendix J and Figure 8), of 2,2'-bipyridine [26], and
from the concentration.cO of the reactant so]u;ion,
according to the relationiin (26).

Absorbance = gc, for f=1em (26)

The absorbance value of [Cr(bipy)z(OH)z]+ at final time /

tf was read directly from the spectrum. Therefore,

-
" 4
:

de
{

E,q7 OF [;r(bipy)3]3+ x C, (27)

’

Ke = (6ggy Of [cr(bipy),(0H),1% x €} +

{5287 of bipy x Co} : (28)
Ay = 5287 of the sample s?lution ' | (29) g
At ﬁH 11.82 and 0.50 [OH™ ], the overall stoichiometry ;
of the reaction is the same as found earlier f16], ' i
;
4
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LCribipy) 3%t + 2 00" —2255 [er(bipy),(0H),1* x

§ . + btpy (3b) [}

-Considering the following general reaction,

R—0bS 5p (31)  /
/

where P refers to all reaction products, tﬁe physiéa]

hroperty chosen to fellow the reaction was absorbance

A. The absorbances of the reactant R and. productsyP

are, respectively,

i

Ap = EpCp ~ (pathlength = lcm) (32)

Ap = EPCP ‘33)

\ \ ‘
At the start of the reaction, the total absorbance is

that due to the reactant, j.e., !
Ai = AR = ERCR (34)

At any time e during the course of the reaction the _

absorbance is given by

<

Ay = Eglp - Eglp * EpCp = Ep(Cp - Cp) + £pCp (35)

The absorbance at final time is

7

'5.1'"
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Ae = Rp = £Cp . _ (36)

Therefore, , . .

b=
'

>
t

¢ = (gpCp) - [gp(Cp - Cp) + gpCpl: o (37)
t - Af '= ER(CR - CP) . . " (38)

which is a function of the concentration of reactant R

at any time 't' during the reaction. Noﬁ, the overall
. !
rate of the reaction in terms of the disappearance of

the reactant R is

: -d[R], \\\;\\
: Rate = ——— = k.. [R], ' (39)

dt

\

Rearrangement and integration of‘the’rate law (39) yields

' f-dIRl,
)=
0
In-[R], .= (41) ]

(42)
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5. In (CR - CP)/ CR = -k

T~

obs t t , (43)
, 2N - = .
Tn €p(Cp - Cp)/EaCy = ~kops t = 1n (Ay - Ag)/ Ay (44)
~ ‘ ] ‘ !
) Réarrangement yields

a | n I(Af B At” = "kobs

t + 1In Ai (45)

Tog |(Ae - A = (-k,,/2.3026) t + log A; (46)
A linear plot of log kAf - A )l versus time yields a
slope equal to -kobs/2.3026 and intercept equal to log
Ai' The pertinent data are presenied_in‘Appendices E

and F, and,tﬁe results are discussed in Section II1.

'D. Preparation of Rhodium(II1I) Compound.

: : 1. Reagents and Solvents!

- . The fo]]ow1ng reagents were used w1thout fur- .

ther purification: rhodium(III) chloride tr1hydrate

(Fisher Scientific); 2,2'-bipyr1dine (Eastman). T
Acetone (N.F., Fisher Scientific), 95% ethanol

(Anachemia), and qecoloh}izing charcoal (Anachemia)

were used without further purification.

’ : °. 2. Tris(2,2'-bipyridy))rhodium({III) Chloride.

. ' . The compound was synthesized\usinj a modified

procedure of Harris and_McKenzie [27]. Rhodium(III)

[




-43-

chloride trihydrate (0.482 g, 1.83 mmol) and 2,{:-b1pyr1-
dine (1.07 g, 6.83 mmot) in a small porcelain crucible

were heated in a silicone oil bath at ca. 220°C. Fusion

~of the two reactants initially produced a dark b?bwp,SOJ

1id, which turned golden-brown upon further heat ng.

\More 2,2'-bipyridine (ca. 3 mmol) was added to the solid,

and the resulting dark brown solution was stirred and
heated. This s6lution subsequently solidified to a dark,
brownish-green mass, and was allowed Qp coolé it was then
transferred to a 50-ml found-bottom flask attached to

a reflux condenser. The solid was dissolved in ca. 20

‘ml of 50% aqueous ethanol, yielding a clear orange so]q-

o

tion, which was rifluxed for ten hours.

‘!ubsequently, deco]ourizfng charcoal was added to
the g:ahge solution, and refluxed for another hour.
This proceddre was repeated three times (or, as neces-

Acetone was added to the clear filtrate to pre

sary) until a clear filtrate was obtained upon filt{ation.
ipi-

tate the white product. The_sd]ution’was filtered, the

produgtﬁcollected.and washed several times with acetone,

and dried in the air fpr two hours. VYield 1.14 g .(81%
of theoretical). The purity of the product [Rh(bipy)3]-’
C13-4.5 H20 was checked by comparison of the absorption

spectrum with that reported in the literature [27].

-~




E..Experiments.Rehfonmed.on.[Rh(btpy)333+.

The [Rh(bipy)3]3+ cation was synthesized in an effort

determine its behaviour in aqueous acid and base.

1. Behaviour of [Rh(bipy);1%* in Acid Solution.

A solution of [Rh(bipy);1°* (ca. 3 x 107° M) in
6 ﬂ hydrochloric acid was prepared and thermostatéd at

ca. 85°C. The ultraviolet absorption spectrum (220 -

360 nm) of the solution was reconded o/ér a period of
nine hours. The solution was kept in the analysing .

cuvet over the entire time period, with a water-jacketed

cell mount to maintain constant temperature. The
‘ ana]ysing'beam'was blocked between spectral ‘scans to

e . \
avoid possible decomposition.

After nine haurs, a 2-ml aliquot of the rhop*um:
(II}) solution was pipetted into a 25-ml screw-top
glass vial containing exactly 5.00 ml of hexanes. The
solution was shaken manually fof exactly one mindte'and
gllowed to stand for two minutes. MHith the aid of a |
Pasteur pipet, a sufficient volume of the'upper non-
aqueous ﬁayer was transferred to a cuvet and the ultra-
violet absorption (210 -360 nm) recorded to determine

whether or not any free 2,2'-bipyridine was released.




2. Behaviour of.l}Rh(bipy]3+ in Basic Solution.

{ ’

A simila;j procedure to that in acid solution
(see Section II-E-1) was *performed for the .rhodium(III),
cationin 6 M sodium h&drox%dé over a period of eleven
hours.
The results- of these experiments are discussed in
Sec?ion i&f.' z ,

) F: Preparation of Substituted Phenanthroline aﬂd Bi-
pyridyl Complexes of ‘Chromium(III).

. 1. Reagents and Solvents.

The following reagents were used as supplied
without further purificatibn: anhydrous chromium(II)
chloride, 98% (A]fg); 5-chloro-1,10-phenanthroline!’
(G.F. Smith Chemical); 4,4'-diphenyl-2,2'-bipyridine
and 4,7-dimethy1l-1,10-phenanthroliine (Chemical Pro;
curements Laborétory)f~4,7-dipheny1-1,10-6henanthro-
1ine ( Eastman); chlorine gas (Matheson). |

Tetrahydrofuran (Certified, Fisher Scientific),

absolute methanol (Reagent, Anachemia), 95% ethanol

—

L4

(Reagent, Anachemia), were used ﬁ?tsupplied.
Saturated .sodium pe;chlorate solutions were pre- =~
paégd using purified sodiuwlpérchlorate (Fisher Scjen-
tific):,
2. Etemental Analyses.

A1l elemental anal}ses of the chromium(I1I)

"4 =~
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complexes were performed by Galbraith LaBoratories,.
" Inc., Knoxville, Tennessee.d .
u ‘ 3. Techniques. - S
' ] In the syntheses of the_chrdmium(lll) cdmplexes,
the preparations were carried out in a nitrogen-pdrged
glove bag using deoxygenated so]venti to avoid prema-
ture oxidation of fhe chromous complex. ,Tyus, a stream
of nitrogen gas was bubbled through the solvents for
N ‘ ca. 45 minutes immediately prior to use.. All fi]tra-
"o, tions were performed using s1ntered glass funne]s con-
nected to a water 35p1rator In procedures where it
. was necessary to treat the feaction sblutior w%th
chlorine gas, a’ﬁe]l-venti]ated fumehood was used. Ty-
gon tub1ng was connected between the lecture bottle and
the sintered-glass d1spersion tube, and the ch]orine

... @gas bubbled through the reaction solution. Drying of

‘the final product was ?arried out in vacuo.

. 4, Tris(S-chloro-l,10-phenantﬁroline)ghromium— k
. (II1) Perchlorate.. ‘

A solution of 0.762 g (6.20 mmol) of chromium-

(II) chloride’ 1n 100 ml deoxygenated, distilled water o
conta1n1ng one. ml perchloric acid was added to a solution
\ of 1.53 g (7.14 mmol) of 5-ch1oro-1,10—phenanthro]ine
v dissolved in 50 ml of deoxygenated, absolute mephano]
inside ﬁ;nitroger-purged glove bag. Theuresulfﬁng dark

green-sd1ution was stirred.for ten minutes. Subsequently,

t
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the Solution was remoyed from the glove bag, stirred

in the air for pen m nutes,'and oxidized by bubbling
chlorine gas through the reaction mixture for ca., 15
minutes. N '

The yellow so]utxon was f1}tered to yield a
greenish- ye]low solid, and then d1sso]ved in ca. 600
ml of hot distilled water. Approximate]y 3 ml of sa-
turated sodium ﬁerch]orate solution was added, and the
solution allowed to cool. Thé beige-yellow product was
filtered, dried in air for ten minutes,&and‘thén in
vacuo for two hours. Yield was 0.97 g (15% of theoré-

tical) . .

Analysis: Ca]c for CrC H25N6C130]4 C, 41.97; - H,
H, 2.20; N, 8.07; C1, 20.60; Cr, 5.09.
Formula: {Cr(S-C]phen) ](C104)3~2H20

5. \ Tris(4,7-dimethyl1-1,10- phenanthrol1ne)chrom1um-
, (111) Perkhlorate..

In a nitrogen atmqsphere, a_solution of 0.80 g
(6.54 mmol) chromium(II) chloride dissolved in ca. 50 ml
of deoxygenated, distilied water containing three drops

of perchloric acid was added to 2.76 g (1.22 mmol) of

4,7-dimethyl-1,10-phenanthroline dissolvéd in ca. 30 ml

o of deoxygenated absolute methanol. The fesu]ting dark

brown solution was stirred for ten minuteﬁ in a nitrogen

atmosphere, and subsequently in air for ten minutes.

. - o
[ - . . -
°
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2.44; N, 8.16; C1, 20.64; Cr, 5.05. Found: C, 41.60;
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‘'yellow product collected and washed with distilled

N . . d ’ . . o
.Aqa1XSTs: C91cl for CrC42H40N6C]3O]4: €, 49.86; H,

© -48-
!
Approximately 600 ml of distilled water containing 2 ml

\ . .
of saturated sodium perchlorate solution was added, and

chlorine gas bubbled through the solution for ten mi-

nutes, whereupon.tﬁe solution turned to a bright yellow

colour within five minutes. .

The solutién Qas filtered, and the collected
gfeenish-yél]ow solid was dissolved in ca. 500 m1 of
hot distilled wéier‘cqntainfng a few drops of concen-

trated hydrochloric acid. The hot-solution was fil- R

tered, and the yellow filprate allowed to cool, Ap-

'prbximate1§ 2 ml of sdturated sodium perchlorate solu-

tion was added to ghe-fi1trqte to effect product

precipitation. The solution was then filtered, the v

water containing a small amount of sodium percﬁ]orate
solution, . Drying in air for ten minutes and in vacuo

for two hours yielded 1750 g (23% of theoretical) of

the producf; - f

'3.99; N, 8.31; C1, 10.51;- Cr, .5.14. Found: C, 49.51; - -

H, 4.00; N, 8.265. C1, 11.44; Cr,'5.30. -
Fofmula: [CF(4,7—Me2phen)éJ(C]Q4)3'2Héb

., ¥
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6. Tris(4,7-diphenyl-1,10-phenanthroline)chromium- .
o (I11) Perchlorate.

~r~ In anitrogen-purged glbve bag, a solution 4

0.178:g (1.44 mmol) chromium(II) chloride dissolved in -

~ - ¢
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10Q ml of qeoxygenated,‘distilléd ﬁager\containing a
few drops of concentrated hydrochloric acid was added

to a solution of 0.960 g (2.89 mmol) of 4,7-diphenyl-
1,10-phenanthroline dissolved in. 50 ml of deoxygenated
tetrahydrofuran, The resuiting dark purple solution
was Etirred in a nitrogen atmospLere for ca. 40 minutes,
'ana then in the air fo}'tgn minutes. Approximately

150 mi of disti]]gd water containing one ml of sautrated

sodium perchlorate solution 'was added to the reaction

_mixture, which was subsequently oxidized with chlorine

“gas. The solution was filtered to yield the crude
yellow product -which was extracted with,gé; 100 ml of _
tetrahydrofuran. To the yellow filtrate was added/ZOO ml
of distilled water containing one ml of the sodium per-
chibrafe solution. jhe resyltingxsolution was stirred
for ten minutes, fidtered, apd the final product was
,collectid. washed twice with distilled water and(then
dried in air for ten m}nqtes and in vacuo for two hours.

field yas 0.60 g-(29% of theoretical).

d . .
for CrCo,HgNgCl40,c: C, 60.915 H,

Analysis: Calc 613 <
'3.98; N, 5.%;; €1, 7.49; Cr, 3.66. Found: C, 60.70;
H, 3.84; N, 5.80; €1, 7.70; Cr, 3.59. ‘

ormula: '[Ch(4,7-Ph2pheh)3](C104)3-‘k20

®
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7. fris({,4f-dipheqy1-2,2'-bipyridyl)chromium(III)

Perc¢hlorate.

‘ In a n1trogen purged g]ove bag, a solution of
0.377 g (3.07 mmol) chromium(I1) chloride d15$01v;& in
100 m1 of deoxygenated, distilled water was added to a
solution of 2.41 ¢ (7.80 mmol) 4,4'-diphenyl1-2,2'-
bipyridine disso]ved/iﬁ SO-pJ of deoxygenated tetrahy-
drofuran. The resulting da}k purple solution was
stirred for ca. 40 minutes in a nitrogeh atmosphere;
and subsequently removed from the gldve bag and stirred

o

for an additional ten minutes. Chlor1ne gas was bubbled
through the solution for c; ten mi\ytes, resu1t1ng in
a yellow solution.

The yellow solution was filtered, and ihe crude -
yellow product collected. The crﬁde product was then
disso]vegﬁin 50% hot, aqueous methanol. Approximately
3 ml of saturated sodium perch]oréte solution was added,
and the solution allowed to cool. Filtration afforded

a yellow product, which was récrysta]]ized from aqueous

methanol, and 1.70 g (42% of theoretica])‘were collec~

-ted after drying in vacuo for two hours.

. E— e
Analysis: Calcd for Cregghs NgCla0y,: €, 60.44; H,
4.00; N, 6.41; C1, 8.11; Cr, 3.96. Found: C, 60.52;

H, 3.97; N, 6.28; C1, 8.02; Cr, 4.93.
Formula: [Cr(4,4'-thbipy)3](C1Q4)3'2H20 ’
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ITI. RESULTS AND DISCUSSION

A. Octahedral Substitution Mechanisms.

. Substitution reactions of octahedral coordination

compounds have been intensively investigated since the

‘early 1950's when the relative reactivities of these

compounds were ratibnalized in terms of valence bond
. N .

theory [28]. Subsequently, molecular orbital theory

(J] and crystal field theory [4] were used to explain

‘.thé observed kinetics of such complexes. Substitution

reactions f@?inorganic-chemistry, which generally in-
v, . } . 1

volve the repYacement of one ligand by énother'in,a
coordination compound, are termed wucleoph{lic sub-
stitution (denoted,\SN): These reactions may thus be
considered as acid-base reactions, in which the posi-
tivéfy éhargéd metal ion serveslés the* Lewis acid and
the ligands as the Lewis bases. Two different ]imﬁg}ng
pathway§ have been conceibed for ;his acid-base reac-
tion. These iﬁc]ude displacement and dissociation,

called SNZ and S, 1, respectively, by Hughes and Ingold

N

--[29]. A dissociative mechanism follows a two-step

1 ’ - K] - 0‘?
§ pathway: a slow unimolecular heterolytic'dissociation,

(49)

pr———
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followed by a fast coordination of the entering nucleo-
phile Y~ to®the metal ion, ,

RgM-Y ‘ (50) .

In such a mechan{sm, the coordination number of the cen-
tral metal iPn‘decreqses by one in the rate-co?ﬁrolling
step (4?) to form a pentacoordinate intermediate, and

the leaving group L‘departs independently of the na%ure

of the entering group Y. A d15p1acement ﬁechanism, on
gherother hand, involves a bimb]ecﬁ]ar rate-controlling
steﬁ Qherein the entering group Y displaces the leaving

‘ b
group L,

RgM-L ¥ —> LecesMeioY ——3> RGH-Y + L (51)
" >
5 .

%)
£
. )
In the transition state, the coordination.number of the

+
-t

central metal ion increases by one, producing a hepta-'

- A
A

coordinate species.
‘ It has been recognized that véry few complexes un-
dergo substitut?on via a pure displacement or pure QisL
sociagive pathway, Hence, there might well be an in-
termediate pathwaycbefueen the two limiting pathways,

having characteristics of both. As a result, Basolo

and Pearson [4] have proposed four classifications for
, ‘ « .
inorganic nucleophilic substitution reactions, very

u

o
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similar to those proposed for analogous organic reac-
tions [30]. The classifications include? .
, ;) SN1(11m): a dissociative pathway for which /
evidence of a pentacoordinate. intermediate exists;
b) Sle' a dissociative patﬁway which only in-~
volves rupturg of the metal-leaving group bond as the

rate-controlling step, and for which the iptermediate

is usually 1501$b1e;

v c) SN2(1im): a d};b]acement pathway wherein the

‘rate-control]iﬁg step i volves only the formation of
the bond between the metalgatom:and the entering group
Y; , ~ . -

d) ‘SNZ: a displaqemenﬁ pathway in which the rate-
controlling step Eny01ves simultaneously both bond-
rupture between the metal and the leaving group, and
bond-formation between the metal :ﬁd the entering group.

An alternate system utilized to.identffy reaction
Jechanisms has been explained in te;ms of reactivities
of the environm;nt of the central metal ion. \A metal
ion with a posifRve charge of Eﬁg/‘r more, is believed
f2] to be surrounded by four concentric zones:
coordinatioﬁ sphere, where covalent

)

bonds .exist.between the 1igands and the metJ] ion;

a) the first-s

6) the 'solvation shell, which contains solvent

*

¢
molecules and electrostatically-bound anions; v,

c) a region intermediate between the solvatign
‘

I




b
!

shell and the bulk solvent; ’ ' ' .
d) the bulk solvent.

The structure of these zones will depend on the -

‘nature of the cation, anions, and solvent. Assuming

" such an environment about a metal ion, La?gford and -

Gray [2,31] and Swaddle [3] have suggested three ge-
neral mechanisms for octahedral substitution in solu-
tion: (i) associative (A); (ii) dissociative (D);
and (iii) 1nterchan$e (I), which ma} be either asso-

ciative (I,) or Wissociative (I4). For a1 t

mechanisms, the substitution of the le’ving group L

'encounter complex' [2,31].
An associative (A) mechanism implies the formation

of a heptacoordinéte intermediate sqﬁcies,
| N
RgM-L + Y —> RGMLY —> RM-Y + L (52)
which is long-lived relative to the time required for
ligand exchange Qetween the solvation shell and the bulk

solvent. In a dissociative (D) mechanism, the Teaving

group L leaves independent]y of the nature of the ente-

~ring group Y, such that the pentacoordinate intermediate

and its solvation shell are not influenced by L brior

R e S B A s, 25
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to .the formation ofia bond between the metal and the

entering group Y. . . s

RgM-L _Y——) RgMT + L ('53)
’ | . %
RgM® ¢ ¥ ———> RgM-Y (58)
Such a situation may dfcur when the leaving group'dan-
not stay in the solvatigﬁ shél], and theretore moves
“rapidly into the bulk solvent; or when the pentacoor-
dinate,inte}mediate is rela@ive]y long-lived in com-
parison to the time necessary for ligand exchange be-
tween the solvation she11‘and the bulk so]&ent. The
_ 1nterehange (1) pathway is q;gribed [2,3,31] to a reac-,.
"tion in which substitution of the leaving group L by

the entering group Y occurs within the 'encounter com-

Tex'. -
P'e

RgM-L + ¥ —> Rgh-L,¥,nHp0 —> RgM-Y “+ L. (55)
That fis, bond-formation'between the metal M and the en:
te}ing éfoup Y occurs to some eftent prior fg complete
bond-rupture of M-L. More specifically, an associati?e
intefchange ?T;) mechanism occurs when M-L bond-rupture
and M-Y bond-formation are synchronous, yfe]ding a hep;

tacoordinate intermediate characteristic of both L and
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‘Y. A-dissociative interchange (Id)/pafhwai, onh the
other hand, is ascribed to M-Y bond-formation occurring
subsequent to M-L bond-rupture but prior to the exit

of L from the solvation shell. In such a case, the
transient pentacoordinafé 4ntermediate RSM occupies the

first coordination sphere and the solvation shell.

B. Hydrolysis Reactions.

3 | : 1. Introduction. ‘
Hydrolysis reattions,’ predom1nant1y those of co-
balt(III) complexes, have been the most thorough]y in-
vestigated octahedral substitution reactions. The ,
reaction involves the replétement of one or more co-
ordinated ligands by a solvent molecule. Where the

product of the reaction contains coordinated water

molecules,

=

RGML  + H0 ———>RGM(H,0) + 'L (56)

4]

4
the react1on is termed 'ac1d hydro]ys1s or 'aquation';

and where the product conta1ns hydroxo ~-ligands, the re-

action is termed ‘base hydrolysis'.

RgML  + OH™  ————3 RGM{OH) + L (57)

Similar .sequences may be written for complexes in which .
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bidentate 119aﬁds.(AA$ are replaced by water or hy-

droxo-1igands.

RM(AR) + 2H,0 —— ReM(H,0), + (AA)  (58)

©

RyM(AR) + 2QH"_-,-—> R M(OH), +  (AA) (59)

-
o

RMIAR) + H0/0H —> R M(H0)(0H) -+ (AA) (60)

-

{, -

Thus, the nature of the product is dependent on: the

_solution pH. e

———

Various attempts (see below) to elucidate the role

. of water and/or hydroxide ion 1n such hydrolyses reac-

o * ¥

tions have been made.

2. Acid Hydrolysis. s

‘The stepwise hydrolysis of [Cr(NH3)6]3+ in acid
and base was.studied by column chromatography [32,33].
The reaction sequence in 0.1 M nitric acid 15 presented -
in Figure 2. The aquatﬁoe was found to be independent
of hydrogen ion concengrat%on, and the observed pseudo
6 -1

= 1.34 x 107" sec

first-order rate constant was Kobs

' at 25°C, with an activation energy E, = 26 kca]/mole.r
.The reaction sequence in 0.1 M sodium hydroxide is gi-’

ven in Figure 3 with the appropriate rate constants.

The rate of hydrolysis in base was observed to be. only

tw1ce as. fast as that 1n acid; and [Cr(NH ) (H 0)]3+




. [Cr(NHg) 613
Ky
[Cr(NHg)g (Hp 0013 .

.
. ‘, r b . 3

‘ - i
“¢ kp - , . kz'i

cis-[Cr(NHg),(H,0),1%* . trans-[CF(NHy),(H,0),13"

k
ks 7 I LS
v ‘

_trans-[Cr(NHg)3(H0)31%" == cis-[Cr(NH;)5(H,0)4]%"

"¢Vk4 .-

g . WV
trans-[Cr(NH3),(H,0),1%" <2 cis-[CrNH;),(H,0),1%

[Cr(NH,) (Hy0) ;1%
ke ~ o

[er(#,0)51°"

‘Figdre‘Z: Hydrolysis of [Cr(NH3)6]3+ in 0.1-M
| Nitric Acid at 40°C.
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- T~
*
3+
\ [Cr{NH3),]
— - 3 6 ]
N -
3 a ix'f’ k]
£ '
[Cr(NHy)g(OH)I2F -
k2
’ ) ' +
- cis-[Cr(NHz) (0H), 1" . trans-[Cr{NH3),(0H),]
L k3
trans-[Cr(NH3)3(0H)3] -
‘r where:

: Q. ,
. Figure 3: Hydrolysis o,f,[Cr(NH3)633+ in Ozlxﬂ )
' . sodium Hydroxide at QQ;C. g .

ek i
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in acid was observed,to react twige as fast as [Cr(NH3)5-
(OH)]2+ in base. H;wever, no mechanism was proposed
[32,33]." The aquation 6f the a;a1bgous cobalt(III)
complex, [Co(NH3)6]3;, was Qbserved [3&] to be much
"slower thén the chromium(III) complex.

Schlafer and coworkers [35,36] have proposed the

fo]]oying general reactio} sequence for the acid hy-
drolysis of [Cr(en)3]3+.

3K kp ) 34
[Cr(en)3]”" — [X] —=2= cis-[Cr(en),(H,0),]

: - (61)
in which the’liberatioq of one ethylenediamine-metal
bond is the first step. Assuming that the rate was
pseudo first-order, the intermediate species [X] was

[ 4

"thought "to have' the structure

2

o
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A reinvestigation by Jofgensen and Bj§§rum,[37]-sugges~
ted that the first reaction product of the acid hydro-

1y51s was an aquo-pentaammine jon with the structure

4+

Such a species would be stabilized via hydrogeﬁ-iqng
uptake by the’dis‘placed‘-NH2 groLp. The oBserQed irre-
gd15r1t1g5~in the beginning of .the racemization progess
of [Cr(en)3]3+ have led Schlafer and Seidel [35] to

propose two competitive steps. These workers [35]

attributgd the faster step to direct racemization of .
[Cr(en)3]3+ﬁand the slower step to racemization via J
a;uation‘of an insoluble intermediate while Jorqbnsen and
Bjerrum [37] have attr1buted the faster step to a par-
tially-hydrolysed spec1es and the slower step to aqua-

tion of [Cr(en) ]3 . Jorgensen'and Bjerrum viewed the ,

acid hydrolys1s ‘of this complex as that in (62).




e

/

vt

' ‘ _

. ky H,0-.
- / 1 27 - L .
. [€r(en) ]3+ —_— [cr(en),(en-)(H o)Jﬁ*‘ e
3 2 2 ,

} ’ . 2 . / 4/ ' L
C ky[H'] T
.. [er(en),(enH)(H,0)1 - K “(62)
" . — ) ‘ PR
) ‘ ‘ﬁ ‘ fast\ SN TR
/ cis-Ter (en )(29) 3 (en)

l‘ K . . v {}

In the ayove reaction scheme, the rate determining step

' was desqr1bed as the Opening of the ethy]ened1am1ne ring

ylg_CrfN bond rupture, since at high acid concentratlone
4[H ]/wi]] be significantly greater than k2 The
schene is: sim11ar to that proposed for the acid hydro-
lysis of [Fe(b1py)3]2 [38,39] and [Ni(b1py)3J2 [10,11]
(iee bePow) Hence, the, rate, would be expected to show

similar inverse hydrogen ion depeﬂdente' however, pH -
£ ]3+

/dependence studies have notvbeen .performed .on [Cr(en)

i/ The theory presented by Jorgensen and Bjerrum [37] sug-

gests an 1ntramo]ecu1ar\r%cem1zatwon pathway for [Cr-
e

(en) ] , Wwhile Sch]afer/; theory dges not prec]ude an
intermolecular pathway, via water exchange The racemi-
zation pathway may provide further insight Jntofthe hy-

drolysis mechanism of such complexes.

Basolo and coworkers.[40] have determined the re-

lative rates of aquation of several analogous cobalt- -

!

(111) comﬁﬁexes, in which only the nature of the amine

‘1ignnd was altered:




. Some acid hydro1ysis~rate constants and act1vatlon ener-

25°C, k
B P
[Cr(en)2C12]+ and ko= 1.8 X 1077 sec

. J

A\ ' ' -63- @
- “«
trans-[Co(AA)C1,1% + H,0 ———3 [Co(AR),(H,0)C1]%*

N
‘ , « s (63)

P

where /(AA) represent§ ethylenediamine and C—meghyl sub-
stituted ethylenediamineg ‘The aquation rates were
observed to 1ncrease with increasing size of the ammine
ligaan Such an observat1on is consistent [40] with"

® dissociative .mechanism, sincek the 1ncrease} strain on -
the complex resu]ting from increased 1igand size would

be relieved by eXpulsion of a chloride ligand to form

a pentacoordxnate 1ntermed1at9 species If a disp]ace-

ment mgchanism were operative, a decreased aquation
rate with 1ncreasing'size would have been expected ‘since

the centra] metal ion would become less accessible to

'R

W,
nuc]eoph111c attack by the incom1ng water mo]ecule.

In genera] thomem(III ammine complexes aguate

faster than the analogous coba]t(;II) complexes [1].

t
LI

gies are §hown‘1n Table VII. However, base hydrolysis

ot,chromium(lll) comb]exes is often many times slower

than that for th;»énalogous cobalt(I11

- -4 =1 : D
obs = -4 x 10 " sec * for the aguation of scis

4 Al

complex. At

for the ana-

fogous cobq]ﬁ(lll) complex. On the othe

. -.2 -] -‘--' + / - ¢ o
2.7 x 100° M sec” fo‘gig—[Cr(en)ZCTJ and kobs =
“3- -1 -1

isﬂfrsec for the cobalt complex [41, 94]. It i -

hand, %obs =,

1.0 x 10




«

' . : -
Table VII -

\AcitiVation Energies and Rate Constants for Ac{d
Hydrolysis at 25°C of Some Chromium(III) and
Cobalt(IIl) Complexes

T [

? Comp]éx . k°2§]- . fa . L
ct o o {sec ) . (kcal/mol)
\ =
i ‘t‘c'r(NH3);‘]3*' ~ &34 x 1078 26 2
°  [cr(NHg)genl?t 7.3°x 1076 24 2
é [Cr(en),3]3+ 7 ST b 24.6, <
-/ dser(en), 01,0t . 3.4 x 1078 d o
[Co(NH,) (1" | 10710 e ) "
o [Co(NH4)sC132* Conrx0f L g -
_cis~[Co(en),a,1" -4 s g

, a ‘see refetence [32]; b see referénce [92]; ¢ see
reference. [42]}; d see reference [93]; e see ‘refe- g
LT rence [34].. ' C o
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thus quite difficult to reconcile a displacement or

v

a dissociative mechanism to both compléxes. Swaddle

[3} has suggested‘that‘cobalf(III) complexes underg& |

Tigand substitution reactions via a dissociative-type

’

- .pathway; whereas, chromium(III) complexes undergo %ubf

stitution via an associative-type pathwayI ,In support:

of Swaddle's ‘contention, an increased aquation rafe
has been observed [40] for [Co(MeNH )SCI]2 relat1ve

tp that for [Co(NH3) C]] ; while the opposite effect

wgs observed [42] for the analogous chromium(III) com-

pTexes. Thus,;fpr an associative-type mechanism to be

operative, steric effects are thought to show up in the

- approach of 'the entering group, as oﬁposedito the re-{
: Y

‘lease of the Teaving group in a dissociat1ve type me-
chanism Therefore, Iarger ligands adbout th& chromium-
(III) metal fon would restrict the approach of the

entering nucleophile.

ty

The mechan1sm aIso.depends on

relative electron import from the non-replaced

: )
Electron-releasing li-

[3

the
‘\annds to the reaction site.
gands promopefa‘Jissociative—;ype7hechanfsm whi]evelec-
tron-withdrawing ]igands\feéilﬁtate an essee1ati€eatybe
''mechanism.
cohfrjbutes equally to the ﬁechen;sm, as de the tfis-

H

chelates, such a prediction as to the mechanism cannot.

~

i

In complexes whe¥re each“hon-replaced ligand

© ke




. 5%. Base Hydrolysis.
. ., . Base hydrolysis was first thought to be a simple
bimolecular substitution reaction at the‘metgf éent;e

—  [43] for’cobalt(III) complexes of the type [Co(en)zAX]+:
The reaction showed second-order kinetics, ‘
L) o . , ]
+ - . . i ' -

,[Co(en)zAX] + OH —_—> [Co(eh)zA(OH)]+q + X
‘ | . . (64)

but the unique ro]e of the hydrox1de jon suggests a \

f. ' unique mechan1sm, as other potent1a11y strong nucleo- %

| philes. (1ike CN7) did not show. Similar behaviour 4], n '
This un1;ve ro]e of the hydroxtde\ion has beepf explained
in terms of its mobil1ty through the so]vatloh\she1l of

. the comp]ex !lg ;’Grotthus chain [45], regardless Ojﬁ§>\

the operat1ng mechanism. ‘Hence, hydr‘xide ion may be

transported, via Grotqus -chain= conduct1on and proton

- ~ transfer, to the %0]V&t]0n shell of tﬁe complex. , The J
\ result is that the hydroxide id% will end up on' some . ' ©

part1cu1ar 1nner water molecule. If then this'water ' \Q

molecule is positioned f1rm1xh;mong the ligands (e.g. ,

'j \: by hydrogen bond1ng to the 11gand) its .position may

wel] fac1ﬁ1tate the entry of the hydrox1de ion. ' o
" -A.subsequent hypothes1s yas proposed'{46] to ek-

count for the high reactivities observed, invplving

3 . o/ . 3
& S a pre—gquifibrium jon-association between the compleQX
AR oA, o Yo Lo

i

~

“catfoh.and hydroxide jon,




| .
[R mx]"t + on" -—P—>~ [R MX]"+-—--0H (65)

~
>

]

|

f
[R Mx]"*}---on LI [Rg M(OH)I™ + X~ (66)
! 1.

» o | %Q | 3 .
where step (Gl) represents ion- asgbciation between the -

- complex catio% and hydroxide ion, and stép (66) repre-"

Isents the raJ;-Qetermiﬁing interchange ,process tojform

the produqts; The latter step could.be either an asso-

ciative)(Ia) or dissociative (Id) process. -In support i 1
of such an jon-association mechanism, the effect of
e { hydroxide ion oh ch]oropentaammine-, cis-chloroammine-
» L

bis- ethylened1am1ne—, and cis- chloroamminetriethy]ege-

‘tetrammlne— cobalt(III) cations was investigated [47].
For one of the complexes, the overall reaction pro-

posed is given in Figure 4. The observed‘rate/coﬁktant‘

> "

‘ ® fop/figs reaction was given by equatigh (67).
' ' | ' )
: L K;pk[OH ] ‘
- L kops = T } o 4(67)
\\,, . — © N1+ K [oRT]

L : > °

—— <y

. Deviation from linearity observed .in plots?of kobsh J

versus [OH™] were explained in terms of -equation (67),
sinc@ (1 + K. [OH']) wilg 1ncrease’with increasing [OH']

A 11near re]at1onsh1p was found to exist between I/kobs

and 1/[0H"], with a slope k and\interdept Rip- I {
- . I -
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: | Ky
- i) [c°@3)5”-32+ + OH ==t ,\
| ’ ST (LcolNHy) g1 —onT)
’ . - : fon-pair ’
, ‘ . 94 _ ) ‘Q‘k R L T
| 1) ([ColNHy) sCBE——0H"}. -
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i © Figure 4: Base Hydrolvsif of [Co(NH3)sC11%" via '
" an lon-pair«Pathway. 0 ‘
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favour of such a mechanism was the rediction and obser-
vation [47] that 1ncreéséd complex size achieved by in-

h /jﬁreased chelation yields a decrease in K, Thus, if

unidentate ammonia.ligands aggirépTaced bs'b1d£ntate
ekhy]enediamine ligands,* the size of the complex does
1ncrease, and therefore ion-pair formation would be
i/ more difficult for the 1arger complex, denoted by a d%q"
" crease, in K ip® “However, Buckingham and coworkers [48]
were unable to repeat the observations made above.

h Gillard [49] has suggested that hydroxide ion is
capéP[e of acting as a reducing agent, and thhs a(mec-
hanism involving an electron-transfer process wﬁ; pro-
posed for the base hydrolysis of some cobalt(III) com-

piexes. The reaction is outlined yn Figure 5. In

‘,foerence to Figure 5, species I is an jon-pair, and

a

K:;~ . species I1I, 111, and V are radicals with the latter

S

two associated in the primary solvation sphere with
coba]t(PI)_Fations. An e]ectigh is transferred, at
: 1e§?f'par£1y, fron the hydroxide i to the cobalt-
- (r1r1) cat1on to yield a radical species. The hydroxo-
- radical is trapped, and thus localized in*the v1c1n1ty
of the 1ab11e coba]t(II) species. The z%ba]t(ll)
species subsequent]y rearranges to give a more stable

species, IV or' VI. The constant k2 defines the rate-

.
~——

détermﬁning process, and k4 and k6 represent the com-
t

bination of the hydroxo-radical. with the cobalt(II) ion
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to form a hydroxo-cobalt(III) p;:}ﬁft, 1V or VI. In
favour ¢f tﬂis mechanism, the value of Kip = 72.7 for
{[Co(NH®.1,01}2" has been cifed [50]. It was later
shown thit [51] the concentration of this ion-painr is
greater than the concentration of the conjug;te base
of [ColWHy)g)%, t.e., [Co(NH)g(NH,)I®" . Thus, 1t
was thought that hydroxide ion is indeed capable of
acting as a reducing agent to form a coba]%(ll) in-
termediate. |

A catalytic ro]; for the hydroxide ion effect has
also been suggested [52], wherein the hydroxide ion
abstracts/gﬂpﬁoton from the cémp]ex cation to form_a
dissociatively-reactive species. Aséﬂming‘this idea,
Basolo and Pea(sgn [53] proposed the SNlcb mechanism,
for which 'cb' refers to conjugate-bései The reaction
scheme presqntgd'in Figure 6 for [Co(NH;)sm]2+ was

propose&, assuming that base hydrolysis in aqueous so- -

Tution proceeds via specific catalysis by hydrox1de

iLn. The first step involves the removal of a, proton

by OH™ iq a rapid acid-base equ1]1br1um to y1e1d a com-

. plex B of lower charge., This latter complex then loses

a chloride 1igand more rapidiy than the reactant com-

p]ex becadse of its lower charge. The last step is

,relat1ve1ydgpst, and therefore the second step is rate-

contro]11ng. It 1s the conJugate base B which undergoes

the hydrolysis react1on.‘-The rate law was given ﬁ53] as

[

= LA S sl e (T
5 .;::l.d""'“y
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wherein the observed ratze constant 1s
. K .
Kops =K' (K /K) ‘ " (69)
\ 4 B
For the Sylcb mechanism to be operative, the reactant

A

must possess a moderately acidic prbton.

C. Kinetics of Base Hydrolysis of [Cr(b'lpy)3]3+- and

(erphen), 1% © 4

1. Introduction. e

o,

The N-heterocyclic molecules 2,2'-bipyridine
and 1,10-phenanthroline are well known, and frequent-
ly used as ligands to form coordindtign compounds with
transitior?metal jons. The structure and numbering .
sy(gtems for these molecules are shown in Figure 7.“

In the interest of brevity, 2,2'-bipyridine and 1,10-

phenanthrolind will be abbreviated as bipy and phen,

- respectively, when serving as ligands. Brandt et al..
[54] have reviewed the complex chemistry of these and
related 1igands, ‘as have Lip‘doy and Lj.vingstone [55].

—

Becausg both molecules contain two nitrogen atoms
ﬁndence‘

ectronic absorption spectra show a pH

gositions of the .absorption ‘bands. This pH de-
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““complex cation.
14

‘'ved for the [Cr(bipy)3]3+ reaction at 255, 263, 271, and

T T T
W i e+ o e g e - e

Four clearly-defined isosbestic points were obser-

307 nm #n 0.50 [OH™] at 7.5°C, and pH 11.82 at 29.5°C,
as shown in Figure 10.  These values are in good'agree—
ment with those reported by Maestri et al. [16] at 255,
263, 274, and 307 nm at pH 9.8 and 11°C. The spec:ral
changes observed in Figure 10 are those expected for

the overall reactlon

[er(bipy)13* + 2 on™ 005 [Cr(bipy),(0H),1* +

bipy (69)

The formation of the dihydroxo product is confirmed by

an increase in absorbance near 518 nm, where only

[Cr(bipy) (OH) ]+ absorbs. Because of the close pro-

ximity of absorpt1on max“ma of free phenanthroline and

4,[Cr(phen) ]3 » it was difficult to obtain clearly-de-

fined isosbestic points for the [Cr(phen“)3]3+ reaction

system. Howeve}, an attempt to locate these points at

pH 11.82 at 30.5°C approximates their location at 235,
254, 287, and'304 nm. Confirmation of the overall re-
action as
3+ - kobs ‘ +
[Cr(phen)3] + 2 0H >3 [Cr(phen)z(OH)z] o+
' phen (70)

.
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was'obtained by the observation of an increase in ab-

- sorbance near:530 .nm, where [C‘r(phen)z(OH)z]+ absorbs,

~yand [Cr(phen)3]3ﬁ does not.

\\\Pseﬁdo first-order plots of']@g {c, - [BIPY]} ver-
sus time have been réported [16] for the [Cr(bipy)3]3+
system\at 11°C\?h\:he pH range 6.03 - 10ﬂ6 . a;d are
presented (with pe‘missiona in Fi?ure 11. Subsequent

investigation on this system at 11°C in the pH range

©10.83 - 12.16 and 0.10 - 1.00 M sodiym hydroxide yiel-

ded pseudo first-order plots as given in Figures 12

;- and 13, respectively: Table VIII giaes’the observed

M

rate constants kobs as a function of pH or [OH™] at
11°C; and Figure 14 depicts the pH and [0H™] dependence
of'é&bs fér the hydrolysis of [Cr(bipy)3]3+ at 11°cC.
The same procedure was followed for' the hydrolysis of
[pr(phen)3]3+ at 31.1°C. Thé.pseudo first-order plots
of log {C, - [PHEN]} igg;gg time are presented in Fi-
gures 15,“16, and 17 for the pH ranges 4.66 - 10.50,
11.14 -"12.17, and 0.10 - 1.00 [OH"], respectively.

Table IX gives the observed rate constants k as. a

obs
function of pH or [OH™] at 31.1°C; and Figure 18 de-

picts the pH and [OH™] dependence of k for the hy-~

obs
drolysis of [Cr(phen)3]3+ at the same temperature.

A It is immediately apparent from é comparison of the

pH (or[OH"]) dependence of k for the two systems

obs
(Figures 14 and 18) that their behaviour is very similar.
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’ Fiéure 11. Plots of 1ogf{CJ - [BIPY]} versus time in
the pH range 6.03 - 10.68:. 11°G, C, v o
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Tab{/ VIII

The Observed Rate Constants as a Function of pH
or [OH] for [Cr(blpy) ] I at 11°C,

1.0 M—

N

ud

pH (+0.05)

L /N

0
6.71
7.33

7.92 >

8.35
9.25%
9.80 ~

10. 68

10.83
11.31
11.82

12.16

[oH™]

'0.10
0.50-
0.80,
1.00

jo

TN

o
L7

of

Ehrors of kobs

X 10#7\(sec'1)

Robs
' <0.012
NN
\ 0.59
Q.s
< 3.2 - °
| 4.1
5.1
5.2 /
5.1
5.4 +°0.2
6.9 % 0.2
. 11.5% 0.1
' 7 20/1 £ 0.2
f kops X 1075 (sec™!)
¢ s -
0.30 0.1
5.3+ 0.1
11.0+ 0.2
19.7 + 0.6

reported as standard error.

Serpone, personal communication for pH 0 ~

~ 10.68;

k

obs

o

the errors associated with the values
are estimated to be 10%.
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Figure 15. #Plots of log {(:0 - [PHEN]}versus time in

.

the pH range 4.66 - 10.50: 31.1°C; € ™
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) : L4 ) w
' K a . . h \.' a
\’\\ o Table-IX e T '
The Observed Rate Constants as a Function of pH
) 4‘1b(<EdHf] for [Ch(phen);1%* at 31.1°C, w=1.0 ¥*
\1 i .
” “p (20.05) ks x 10*® (sec!)
- _ 0 K \ <0.01 - ' -
. 4.66 : oW <0.0]
5.53 ‘ 0.049 + 0.017
: 6.66 | 0.32 +0.04
; | 7.59. . . 0.80 = 0.07
u 7.75 ) N 0.93 + 0.04 -
| ¢ 8.43 1.72 0.07 ¢ S
. S - 8.88 1.80 + 0.04 '
‘ - 9.45 1.77 % 0.14
' : 10.10 - 1,57 £ 0.08
: S 10.15 - £ . 2.01 £ 0.7
' 10.50 - . 1.83  0.02
11.14 : 3.29 + 0.25
o 11%67 5.37  0.25
o . )27 i . 7.91 + 0,04
. B - [%
[ow']1 . | .
- 0.10 SR 23.4 % 0.5
' 1 0.30 - T 91.4 % 1.2
0.50 - ©7 0 132.1+ 4.8
. 0.80 .. 430+ 20
[ S Nk 709 + 28
/ ' -
s . . T ' @ ] ' '
- . 'i " ) '
Errors of k; ;o reported as standard error,
’ \
1 - | '
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- Tﬁé results show that at pH > 6.03 for [Cr(bipy)3]3+
and- > 6 66 for [Cr(phen) ]3 , the substitution of .a bi-
\ . dentate ligand in the coord1nat1on sphere of the chro-

mium(IIL) comp1ex fo110ws,pseudo‘f}rst-order kinetitcs,

according to the overall stoichiometric reaction

- . K " L
T rer(nn) 13t 0bs o er(NN),(0H), 3T ¢ NN (T1) L -

¢

wherein k obs increases with 1ncreas1ng pH (and [OH™ ])

The re]at1onsh1ps betWeen k and hydrox1de ion con-

obs
ceﬁTYat1oq for each system will now be dealt’with sepa-

rately. 3
PP
1. The [Cr(b1py)3] system:
) L Region (a): 1in the pH fange 6.03 - 10.68, the ‘

hydroxide "ion ;oncentrat%on dependence of kobs has been

reported by Maestri et al. [16] as

L

Ukops = (B/[OHTIN+ A = i/kxw B 5

kT k;bs = [OH™)/ (B.+ A[OH™1) (73) -

=

where B and A are the slope and intercept, respectively,

of a linear least -squares p]otjof.l/k versus ' 1/[0H"],

obs

and equal to 0,82 # 0.0zﬁﬂ—sec and 2.1 + 0.2"x 106 sec
at 11°G,. respectively [16]. S _ .
o °, %

Region (b): 'in the pH range ]0.33 - 12.16, a

o~

. e
.
R o A £ e SF A P - S L e = . N
Skl o o ‘. s B , . -
. ; ' e? . .
. ¥ N e - v L A N
. - . i ™ 3 .
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dependence of the observed rate constant k

é)

] : } .
LT -104- ) '
p]Ot‘Qf'kobs versis [OH™] (Figure 19) is linear, related
\ —_—C2 .
by the expression q
d
'k°b$ = C[OH ] +D = kc - (78)

where .C is the slope of the‘leést-squares<1jne and is

4 ﬂ']sec"], and D is the in-
¢ . ‘ -7 > -
tercept, and equal to 4.6 + 0.1 x 10 sec

equal to 1.06 * 0.01 x 10
at 11°C.

-

Region (&): for 0.10 - 1.00 [OH7], Kops Shows

\secondjdrder dependence on the hydroxide ion conceitra-

4/
tion, las given by the e{fression

= -2 -
kobs = ELOHTIT+F = K (75)

where the slope E and'intercept F of the least-squares

plot of kob; versus [OH']? (Figure 20) are equﬁl to

" w2sec! and » 3 x 1077 sec”! at 1i°c,

1.9 + 0.1 x 10°

respectively.

2. The [Cr(phen)3']3+ system: 1
Region (a): . in the pH range 6.66 - 10.50, the

obs on the hy-

. . L . . R .
droxide ion conﬁentratmon is given by the expression

k

obs

=}i[on‘]/ (8 +A'[0HL]) =k, (76)

as obtained from fﬂe linear ré]étionship between 1/kobs

and 1/[0OH"] (Figure 21). The slopé B' is equal to 2.8

i+

0.1 x 107! Msec, and the intercept A' is equal to

S e R ——
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’% Figure 19: Hydrox1de Ion Dependence of kobs in the
. Hydrolysis of [Cr(b1py)3] in the pH
' Range 10.83 - 12.16 at 11°C. x
\\\ ‘ ,
Co Figure 20. Hydroxide lon Dependence of k

b "4n the

) 34 0obs '
Hydrolysis of [Cr(b1py)3] in:the .
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droxide Ion pependence
drolysis of [Cr(phen)3]

nge 11.14 - 12.17 at 31.1°

droxide Ton Depehdence‘of
drolysis of [Cr(phén)3]

bs in the
the pH
C. +

kobs in the
in the

nge 0.10 - 1.00 [OH™] at 31.1°C.
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5.4 + 0.3 x 10° sec at 31.1°C.

)

Region (b): in the pH range 11.14 - 12,17, a

A

linear relationship exists between the observed rate

constant and the hydroxide ion concentration (Figure_ZZY

as given by the expression
N

L4

kops =~ C'[OH™] + ®o= k! : , }77)

// '
—

where C' is the slope and equal to 3.2 + 0.7 x 'IO'4
ﬂ']seb"], and D' the intercept is equal to 3.3 + 0.9 x

4 .
1076 sec”!

k

at 31.1°C of a linear.least-squares plot of

obs versus [0HT]. )

Region (c): for 0.10 - 1,00 [OH™], the ob-
served rate constant shows a second-order dependence on

. . d L, ‘ .
the hydroxide ijon concentration, as shown in the ex-
pression.

\\

k

R
obs = E'TOHTIE & Fr = g

(78)

where E' and F' are the siope and intercept, respective-
ly, of a least-squares plot of Kops versus [OH']2 (Fi-
gure 23) and equal to 6.9 *+ 0.4 «x 1074 ["l_'zsec‘"1

and ~ 3 x

1076 sec"], respectively, at 31.1°C.

4

From the above analysis of the hydroxide ion concentration

dependence of,the observed rate constant, it is apparent
that each of the two chromium(III) complex cations has

three distinct regions, (a), (b), and (c); and the

2 A e e £ e,
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general ré]ationship between k and [0H"] s the same

obs
for each complex, that is,

o\

region (a): «k

obs
region (b): Kobs = C[OH'] + D = ke (80)
region (c): ko = ELOATIZ + F = kg . (81)

R
-

D. Mechanisms for the Base,ﬂydro]ys1s of [Cr(bipy) ]3+

and [Cr(phen), ]

From the kinetic ana1y§is given previously, it is -
obvious that a-simple bimolecular reaction between the
complex cation and hydrox}de jon is not applicable to
the hy;rolysis of either chromium(lII} cation under in-
vestigation. Maestri and coworkers [16j have proposed
several possible mechanisms for the hydrolysis of [Cr-
(bipy)31%* in the pH range 6.03 - 10.68, including dis-

sociative and associative .pathways, an ion-pair mecha-

nism, and Gillard's mechanism. At first Q]ance, one can

" eliminate the feasibility of an SN]cb pathway, 1nasmuch°

as such a mechanism requires the presence of an acidic
proton. Neither [Cszipy) ]3+ nor [Cr(phen), ]3+ pos-
sess such a proton. The possible pathways envisaged

for the hydrolys1s of these two cations are entertained

separate]y in the following discussicon. .

-

[OH]1/ (B + A[OH™1) = k, (79) °

.
LS R

PR PR I TTPT e W U
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+ . 1. Dissociative Pathway (D).
As previously discussed, a dissociafive (D)/

pathway involves—-the formation of pentacoordinate in-

S
’
i e e RCRRANT oo 4 e

termediate species. Racemization studies have aided in

the'e]ucidaiin of operable mechanisms in bipyridyl and

phenanthro]fn

okl

complexes of transition metal ions, most

i scalire

notably ‘those of iron(II) and nickel(II). The two basic’
¢ racemization pa;:hways for octahedral comy’ﬂexes are intra-
and inter-molecular racemization. The phenanthroline
and bipyridine ligands have played an important role in
both the development and differentiation of the two path-
Ways. "Racemization via an intermolecular pathway in-
volves a ligand exchange process, in wh%ch the‘ rate of R
ligand exchangé’ is equal to or faster th4an the rate of

racemization, and may bé represented by the scheme (82)..

(#)-IM(NN) 1™ = IM(NN), (H,0), 1™ === (-)-[M(NN), 1" (82)
3 2r2r2 3

-

SO G

!

[Ni(bipy)3]2+ and '[Ni(pheh)3]2+ were originally
fhought to racemize via an intramelecular pathway [38,
60, Gl’j as the presence of excess ligand did not a]ter‘
the rate of racemization. It w‘ahs thought that excess

ligand should favour the reformation of the tris-complex

. via an intermolecular process ( see (83)), that is, 7
) k. >> ke. However, if the [Ni(NN)2]2+ species is sym- /I

metrical or loses optical activity rapidly, then excess
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\ ok :
[N (NN) )2 = [Ni (NN),13% + NN (83)

r
N ¥

. . . "
ligand would not be expected to alter the racemization

, rate.” Basolo.et al. [10] have.proposed an intermolecular

racemization pathway .for the two nickel(II) complex ca-
tions, based on spectropho:tometric studies on the:rates -
of racemization and dissociation. The two. rates in acid
:\o'lution were fé,unq to be equal withip experimental |
error. Similar actjvation energies were-observed for

the dissociation in acid and racemizva‘tion in water, sug-
yesting a similar mechanism in acid and neutral media.

The only significant diffe:;:n;e between the two nickel(II)

complexes’ was the observation t\hat while the racemization

rate of [Ni(phen)3]2+ varies only slightly with changing

’ ’,

‘acidi ty, re is a significant rate increase with in-
] ,

creasing acidity for [Ni(bipy)3]2+. The same observa-
tions were made by Wilkins and Williams [11]. The dis-
c'i*gpancy was ration'ali‘zed in terms of the more flexible
bipyridine 1igand being capable of facile protonation.’
Thus, at low acidities the reaction \;vas envisaged, [10] as
that in (84), where‘in ring closure (k2) would theoreti- .
cally be capable of compet_i‘ng with protonation (k3) and
consequential release of the protonated bir;yridine‘ li- '
gand. This might suggest different rates for the disso-
ciation and racemization. At higher acidities, the two

rates should be equal, with rapid protonation of the
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.‘N’i'(bipy)z
+ ‘ " sl (b-ipy)zN-i
. fast
Hbipy

free end of the bipyridine'1igand((k3)‘f0140wed by 1li-
beration of the protonated Specjeé. However, since the
two rates were observed to.be equal, within experimental
-error, over the entire Acid concentration range, the bi-
p;;xdxne r1ng must necessarily open and close with reten-
~tign ‘of conf1gurat1on ‘ .

In basic media, the rate of racemization of [Nf-
(phen)3]2+ showed a slight increase with increasing hy-

d%oxide ion Eoncentration up to 1.5 M OH™ [12]. The .

same trend was observed [12] for the dissociation of

[Ni(phen)3]\ in basic solution, according to the reac-

tion i$ (85)., T o

s I L A
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3

[ﬁi(phép)3]2+°+-2 OH™ ————ey-[Ni(phen)z(OH)é] + phen (85)
- |
- Intramolecular racemization occurs in octahedral
comp]e}es whenithefrate of racemization is faster than
“the rafé of dissociation. Various investigations [5,
. 6, 38, 39] have indicated that [Fe(phen)3]2+ and [Fe-
(bipy)3]2+ }acgmize, ;t least partly, via an intramole-
fqlgz pathway. “The racemization and dissociétipn be-
haviour of these iron(II) complexes differ sigﬂ%fﬁcant]y
from that of the ﬁickel(II) complexes.noted above. First
of all, a comparison of the di;sociation [38, 39] and
racemization [38] rates shows that racemization is s{g—

nificantly faster than dissociation for_the jron(II)

cations. Thus, an intermolecular pathway is inoperable.

Basolo et at. [5] have made the following observations

b

concerning the iron{II) complexes: i) the dissociation

. ;ate of [Fe(bipy)3]2+‘increases with increasing acidity
'} ‘up to a limiting rate in 1 M hygrbch]oric acid; in agree-
ment with results reported by other investigators [Gj; |
ji) the dissociation of [Fe(phen)3]2+ is.acid;independent;

- iy

as was observed for the nickel(1I) complex cations; iii)

the racemization rate of [Fe(,bipy)3]2+ increases with
. . ;

increasing acidity up to a Timiting rate in 1 M hydro-

chloric acid, while .that of [Fe(phen)3]2+ is acid-inde- i

pendent.’ ' "

Baxendale and George [6] have egplained the acid

A

- ~ B - P SN —_—
S , - ) . .. N - et
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‘a change in the absorption spectrum should .have been ob-

reported [6] as . -
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dependence of the d1ssoc1at1on rate of [Fe(bipy) ]2+
the bé%ls of‘the following equilibrium

C[Fel(bipy)g1%t + KT === [re(bipy)gh2®* \  (86)

\
suggesting that [Fe(b1py) H]3 is more react1ve than
[Fe(b1py) ]2+, and, as such, the. protonated species wou]d

. .predominate at ﬁ1gh acidities.’ If this’ were the case,

s

served on going - from the unprotonated [Fe(b1py) ]‘2

o

the protghated [Fa(b1py) H] cspec1es in comcentrated
acid so]yéaon._ No such spectral changes were observed.
Therefore the acid dependence.shown by [Fe(b1py)3]2 can
oﬁ]y be explained kinetically in that the protonated
species does not achieve a significant qohhentrapion in
the course of the reaction. The dissoc#%tjqn of [Fe-

(Eipy)3]2+°was thought to proceed through a mechanism

éimijar to that of [Ni(ﬁipy)ﬁ]2+, with the notion that

the bipyriqine ligand: is capable of acting as a uniden-

tate 1igand. The dissociation 1nﬂgcid\}s depicted in
L ]2+

F%gure 24 for the iron(Il) complex. [Fe(bipy)y The

observed rate constant koss for the dissociation was

B
¢
¢ 1
o
3

A ky + ky[H']
Ko = 'k] ‘ : ' (87\)
'0DS '
: . ko ‘+\k3 + ko[H ] ; . ,
. 7
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Figure 24. _Acid Hydolysis of [Fe(bapy)3].
Dissociativg’Pathway.
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\ : *
2

At low acid concenfrations, then,

k = = k 88
obs 0 .
k2 +‘k3 :
- , . and at high acid concentrations; 9
« kops = Ky = kea' (89)

~

The ratio k?/(kao was found to be 0.16 [5]. The infe-
° rence here is that at low aciq concentration, each time y

an Fe-N bond ruptures, that bond will réform 84% of the

time; while only 16% of the time will the second Fe-N

bond rupture to yield complete dissociation. The cor-

s

responding [Fe(pheh)3]2+ cation behaves differently in

acid\ solution, inasmuch as its dissociation was found
v ~ to be only slightly acid-dependent [5]. This differencg
was rationalized in terms of the redyééd flexibility of ' ;
the phenanthroline ligand. ' _ . |
. With regard to the [Fe(phen)3]2+ cation, it seemed
highly unlikely that the chelate ring would open in a
manner similar to that of the bipyridyl complex. Thisl

-

was attributed to the rigid planar structure of the

2 e DR

“AF

phenanthroline 1igand. It seemed unlikely that the

! phenanthroline 1igand would be capable of behaving as a '

unidentate ligand. These. conclusions lead one to as- .

sume that the racemization of the phenanthroline complex

proceeds through an intramolecular pathway via movement

. ) \
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~

Possible Twist Pathways for the
Racemijzation of [Fe(phen)3]?+.
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’

of the phenanthroline ligand about the central iron(II)

atom {probably through a rhombic or trigonal twist) [62,

63]. Such twist pathways are expected to show acid in- .

dependence,- as was observed [5] fo; the total racemiza-
tion rate.and the dfséocigtion rate of [Fe(phen)3j2+.
The two twist paths possib]eofor’thisAcomplex are pre-
sented in Figure éS. However, recent evidence [64]
suggests that the phenanthroline 1ligand, as rigid as ‘it
might be, can act as a ﬁnident;te ligand. Basolo [5]
has further suggested that the bipyridyl complex [Fe- .
(bipy)3]2+ may also racemize via one of these twist me-

chanisms, or via racemization of the species

~

2+

e ' *

N N

Both intramoTecular pathways are plausible for [Fe(bi‘py)3]2

though. the latter seems unlikely for [Fe(phen)3]2+.
Table X summarizes the processes, rate constants, and

activation parameters for the nickel(Il) and iron(II)

+
1]

e T
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complexes disscussed above.- ‘

_The effect of hydroxide ion on the dissociation
rate of [Fe(phen)3]2+ has beeﬁ investigated [55].'and
it was.observed'that,.in basic solution,;the rate was
dependent on solutioﬁ pH, and was faster than that in
acidic solution. The first-order rate was given [65]
by expression (90),

\qd[Fe(phen)32+] .
: _ = Kype [Fe(phen),%*] © (90)

2dt

whereln,kobs is a function of hydroxide ion concehtrai L’
tion, ionic strength, and temperature. The observed rate
constant increases with increasing hydroxide ion concen- .
tration,rand decreﬁsing tgn*c strength. At low hydroxide

Von concéntrations, the rate constant is given by

= kg + k][OH'j ' (91)

-

kpbs
where kd is the observed rate constant in neutral solu-
versus® [OH™].

be- .

tion, and ky is the slope of a plot of k , .

obs
comes more dependent on [OH™], and the two are related by

As the hydroxide ion concentration increases, k

K

obs = kg * ky[OHT1+ k,[0H7)? (92)

diiace 3.
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At yet higher hyarbxide fon- concentrations, a third-
order dependence is observed, and k; , . and [OH"] are
related by expression (93),
. 4
k = ky + ky[OH™] + k,[0H 12 + k oy 13 (93)
obs = Ka 'tk 2 3¢

!

An interesting observation concerns the reaction pro-

;ducts of this s&stem, that being that no absorbing spe-

cies were detected after 85% of the redction had gone

to completion [65]. The only product that was detected

OROT

was hydrated ferric‘oxng; thus, the formation of the

predicted products, [Fe(phen)z(OH)zl, [Fe(phen)Z(Hé0)2]2+, Ve
of [Fe(phen)z(HZO)(OH)]+, was insignificant.

. . ' 4,Twp mechanisms were'original1y postulated [§5] to
account ?or the kinetic results observed, one involving
nuc1eoph11ic attack by water or hydroxide ion, and the
other iﬁvolving Jhydroxide ionhcata]ysié‘ The former is
shown in Figure 26, as this gathwgy was thought to be '4

more favourable. In such a mechanism, it was assumed i

“that the Fe-N bonds do not rupture simulfaneously, and

that nucleophilic attack by water and/or hydroxide ion
produces species I and/or III, respectively, depending'
on the solution pH. Once species I is formed, it is
expected to undergo rapid equilibration with species III
by proton transfer, Subseduent1y, either I or III can\

- - reform [Fe(phen)332+ or lose the activated phenanthroline

e = Y e o

i i > T
M NER Y ' P R 2 T
e PR OPEI Y
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Figure 26. Hydrolysis of [Fe(phen)3]2+"via Nucleophilic
Attack by Water or Hydroxide Ion. o
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molecule via‘attack by another molecqag of water or hy-
¢ B X : %

droxide sdon. The observed rate constant was derived .~

P

. y L . '
from the mechanism depicted in°Figure 26 and reported

to be equal to

K, = + [OH7] + ——|[OHT1® (94)
4 k"'] k_" ‘ i

e T

iy
~The aLove expression (94') correspends to the obse;ved :

first- and second-order dependence on hydroxide ion con-
centration.
A dissociativé pathway for the [Cr(bipyﬂ3]3+ and

[Crkbhen)§]3+ systems in which the Cr-N bondiruptures

to yeild a pentacoordinate intermediate [ s illus-

trated in Figures 27 and 28. The vacant coordination
prJ site in species ] is most likely occupied by a molecule

of water. As such, the step described by k2 méy be

vigwed as the 9cid-base reaction (;shOWn belbw.for

[Cr(bipy)3]3*)

A Ry 3 :
' i,
A k °
H?H o 2 'H?
(bipy),Cr (bipy)ZCr
N~ ) ’ \

o
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v

. T ) 3+ e
. k] ~ . Z '; ‘&‘ .
~——————— (biP.V)ZCr ' ! ’
k_] \r N :

. , =z

c ‘ * .
, . -4
< ' ) , !
| . ~ kp|[oH7]
\K7 = : ‘ l Yy 2+
. . . ’ N .
. (biey) _OH™ RN |
R S/ Wiyt
L : : - N _
[Cr(bipy),(0H),] - |

Figure 27. Hydro]ys{s of [Cr(bipy)333+ via a
’ Dissociative Mechanism.
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or substitution of the water 1igand by the more nucleo-

) philic hydroxide ion. ‘

TA

The rate of disappearance of the reactant will be

-dlcr (M)41% .
3+
’ , | " = ky[Cr(NN) ;™7 - k_{[1] (96)
X .
- and the rate of.formation of the intermediate species )

d is given by the expression

sy ' s T
&i = kyLer() 3T - k111 - k[11 [0H"1 - (97)

B

A steady-state treatment on the concentration of &, i.e.,

+d[,{]/dt\"’é 0, yields

T

x A kyLCr(NN) ;%] .
' [11 = - | (98)
ky * kZ[OH ] ‘
b i : -
} A as the concentration of the intermediate L. Subsequent

substitution of expression (98) into (96) yields

——

o ~dfer(NN),*] kklor(m), 31 [y
“ S — = = ©(99)
, L dt k_y + kLont]"
’ ‘ \ o )\ \

1
Inasmuch as the kinetics of hyd#bjysis'ﬁere carried out

at constant [OH™], the rate law for iﬁé\hydro]ysis of

/ ’ \
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[Cr(NN)3]3+ allows one to set é}p}ession-(QQ) equal to ‘
kob§[cf(NN)33+], wherefraom the observed rate constant

is given by

kyk,[OH"] )
K . = (100)
obs — 4 k., [OH]

1tk \

Expression (100) and the values of A and B from a

plot of 1/k

1077 secf]

obs Versus 1/[0H7] have yielded ky = 4.7 x
-1

and kyko/k_y = 1.2 M Vsec™! for [Cr(bipy),1%*
1n‘re§ion (a) at 11°C [16]. When kz[OH'] is much greater

than k_;, kopo = k= 4.7 x 1077 sec™!.

~obs
pH range 9 - 10.7, a first-order pH-independent rate is

Thus, in the

expected. In fact, a limiting réte kobS = 5,1 % 0.2 x
10-7 sec'] was observed [16] in this plateau of region
(a), which was independent of hydroxide jgn concéniration.
If on the other hand, k,[OH™] is much less than k_;, the

observed rate constant at low pH will be

kykp [0H™] A
kdb's = . ‘ (]01)

‘k_] \

\

!

Under the conditions where kz[OHJ] > k_y» the rate-de-
\ termining step is thought to be the rupture of the Cr-
|N bond in [Cr(bipy)3]3+, described by ky. A similar

[, T et s e ol o el fd 4 e 8o - - A L d Se e W e L Ly

P s e e tr— e




any
F R VB O R PRI S o S o vk % apar s waam v ame

“

N analysis of the [Cr(phen)3]3+ system predicts a limi-

‘ . ting rate constant k . = ky = 1.8 x 1076 sec'], which .

| agrees well with the experimental value of 1.78 £ 0.14
o : X lo'sxsecél.'z | | _ |
Although the mgchanism shown in Figures 27 and 28
for a dissociative pathway is consistent with the ob-
_ served kinetic results in region (a), a dissociative-

type mechanism is not thought probable in view of Swad-

- dle's contention [3] that most chromium(III) centres

undergo substitution via an associative-type pathway. (
> } Also, a dissociative pathway has been assigned ‘to the
effect of hydroxide ion on the complex cation [Fe-

, N
(phen)3]2+ [65]. 1Its behaviour, as discussed above,

| is not analogous to either [Cr(bipy)3]3+ or [Cr($hen)3]3+.
* o Acid catalysis has been observed for the tris-bipyridyl
and phenanthroline complexes of iron(II) and nickeT(II)'

/ [5]. As no acid “catalysis was observed for either

.
s

chromium(III) cation in 0.1 or 1.0 M hydrochloric acid, Vo

a dissociative-type pathway does not appear ﬁT%usib]e‘ )

for the systems investigated and reborted herein. /ﬁ

"y _ \

2. Ion-Pair'Pathway (1).

An alternate mechanism which may be applicable
to the base hydrolysis of the two chrom{um(III) complex \

cations under investigation may involve the formation :

of jon-pairs between the cation and hydroxide ion.
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+ The hydrolysis behaviour may be explained by invoking

Figures 29 anq 30.f‘The ioq—pair.formation coqstaht Kﬁp

describes the equilibrium between the reactants

[cr (NN)31%* and OH™, and the fon-pair ([Cr(NN),1%*, 04"},
With reference to region (a) and Figures 29 ;nd 30,

K is defined by expression (102),

P ¥

ip

{rer(nn) 3134007, %

K, = (102)
/ P [Cr(NN) 5% 1, [OHT] *

»e

. where [Cr(NN)33+]t is the concentration of the reactant

®at-time 't'. The concentration of thé ion-pair then

~ ‘

becomes .

(rer(nn) 13 007y, = ,Kip[Cr(NN)33+]t [OH™] (103)
The rate of the‘;;;é\94n‘is given by Equations (1.048)
“and (105). )

1

P . - 0

Rate Ky {rer(nN) 317%, 0071, ' (108)

R}

k1Kip[Cr(NN)33+]é [OH™] (105)

A material balance on the concentration of the reactant

at time 't' (assuming.no product formation) yie]és

1

ket e e e BT My

By

ion-pair formation/?n regions (a) and (c), as.shown in .

S SO T S Y

L
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: : K, [OH™ :
. 3+ 19[_ L . 34 -
[Cribipy),] ————— {[cr(bipy)z]" ,0H L

y \
Ky
u %
) ) | X 2+
‘ , . L o ‘ P N
J(bipy) - - {"
< : : (bipy)ZCr\\
@ * ‘ ' ' - N| AN
[or(bipy),(0H),07 \ A

! (v .
Figure 29. Hydrolysis of;[Cr(bipy)3]3+ via an

Ion-pair Pathway.
//’ \
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Figure 30. Hydrolysis of [Cr(phgn)3]3f via an

» Ion-pair Pathway.
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|1

[er(N) 331, = Ler(M) 3] - (Icr(nn)313,08%), (106)

N

Ter(n) 3T - kg Ter (w341, (647
. (107)

Rearrangement of expression (107) give; the initial re-

actant concentration as

RS oL

Cortnm) 531 2 om0, " Ky Ter (M) 3341, ToHT]
o (108)
v = [Cr(NN)3 ]t (1 + Ks [OH_]? ‘ (109)

’ ' + - .
whence [Cr(NN);3*], - Cer(m) 3341 / (o + ki [OH™]), arid
by substitution the rate law becomes that given in ex»\\\

" pression (110) at constant [OH™].

7

'gate = K 1p[cr(NN)33*] [on ]/ O+ kg [0H7])

pe
|

kops LCT(NN) ;3] / \(110)»

The observed rate constant is thus

\ \
'\r[OH ]/ (1 + Ky [OH™]) (111) ;
W " ,‘ o

At pH values greater than 9, Kip[OH—] will be much greater :

than unity, and kgys becomes’
" g
)

\




As such, a limiting rate is predicted at pH > 9, as is

“yield k, = 1.8 x 1075 sec

e - . ’ - ———
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k BSLYM UL ' - ( )
. - K 12
obs PN 1

experimentally observed for [Cn(bm'py)3]3+ [16] and

[Cr(phen)3]3+ systems %n region (a). Equation (111)
and the values of A and B from ; plot of 1/k
1/[OH"] yield ky = 4,7 x 1077 sec']
108

obs versu;

and Kip = 2,6 x

ﬂ'] for the [Cr(bigy)3]3+ system at 11°C; equation

(111) and the values of A' and B' from a similar plot

1 and Kk, = 2.0 x 10° M

1 ip
for the [Cr(phen)3]3+ system at 31.1°C.(see Figure 21).

Although the relationship for k given in expres-

obs

sion (111) conforms to the experimental results observed
in region (a), the formation of jon-pairs between [Cr- i

(NN)3]3+ and OH™ is not cohsidered to occur to any sig-

nificant degree in region (a). The igp-pair constants \
Kip calculated for the two chromium(IlI) cations are ;
much larger than normal constants observed for coordina- ' ]
tion compounds [3,13,66]. ™ g

To affirm that the varfous ions present in the buf-
fer solution do not significantly affect the observed ) 4

rate constant, the concentration of the Britton-Robinson

stock solution was tripled, from 0.008 to 0.024 M. Un-
der similar conditions of temperature (31.1°C) and pH

(10.48), the obseryed‘rqte constants kobs were observed
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6 -6

to be equal to 1.8 #:0.0 x 107° and 3.3 £ 0.1 x 10

sec”! for 0.008 and 0.024 M Britton-Robinson stock- so-
lution, respective]y,‘for the‘[Cr(phen)3]3+ system.

The variance in the two values of kob _is probably in-

s
significant. Maestri et al. [16] have also noted that 1
the pseudo first-order.-rate constants are neither de-
pendent on the nature of the buffer nor its concentration
for the [.Cr(bipy)3]3+ system.
" In view of the 'above argumengs and e&pefimenta]
results, an ion-pair mechanism is not considered plau-
sible for the two_chromium(III) cationic complexes in
region (a), most importantly because the calculated va-
18s of Kip,aré unreagonibly large. ﬁowévQT. as the
hydroxide ion concentratfon is increqsed, ion-pair
formation seems inevitable. In-region (g), where ko,
is linearly dependent on [OH']Z, such a pathway may be
a valid one. One plausible explanation’invo1ves initial
formation of the ion-pair f[Cr(NN)3]?+,0H'}, followed
bj.hxdroxide_ion attack on éhe iopipair to form a hepta-
coordinate intérmediate species, as shown in Figure 31.
The ion-pair formation constant Kip may be defined gy
expression (112), and the rate of formétion of the pro-
ducts P is given in expression (113).

o~

+dp/dt = ky[OH] {LCr(NN) 313,007} A(113)

L
N
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W)+ [ (H0)E(NN) 9] € L2 (HO) (==NN) 2 (NN)42]

-

{.HO* ,L(HO) (==NN)(NN) 40T} €

LLE(HO) (==NN)E(NN) 42] ,

~
.

-d0~-

’

{_HO* ,THOE (NN)42]) €—— K0+ LHO* I8 (NN 40])
. 1,

*

/

L_Ho* [E(NN) 401y T =L LE(NN) 9]
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Since {[Cr(NN)3]3T,0H‘} = Kip[OH"] [Cr(NN)33+]. ex-

pression (113) J:ecomes

HP/dt = koKoTor ()3 [on1? - [er(NN) 53]

kobs
' (114)

and the observed rate .constant kobs is equal to

~

\ S 2 |
Kops = KiKj, [OHT] N (115§

\

versus [OH"]2

y_'zsec']

The slope of the least-squares p1ot's of kobs

1Ih' region (c) is equal to kiK‘ip 1.9 x 1074

for [Cr(bipy) 313" at 11°C (see Figure 20), and kiKip =
4 1

M~ Zsec”! for [Cr(phen)3]3+ at 31.1°C (see

6.9 x 10
Figure 23). For the bipy system, it is not unreasonable

to assume that kf] in Figure 31 is of the order of 10'4 -

-5

107° M Tsec™ since kg = 1.1 x 107% M7Tsec™! (of Fi-

gures 42 and 45), and therefore Kip will be of the order

1. In the case of the [Cr(phen)3]3+ system,

4

of 2 - 20 M

- 10'5 M"]sec'] inasmuch as the cor-

ky is also 10°
responding k3‘ = 3.2 x 107* ﬂ"]sec"]; hence K_ip is of the
order of 7 - 70. Such values for the ion-pair formation
constants are reasonabl‘e compared to those reported in

the ‘11 terature [3, 13, 66] -for analogous i'on-pairs'.
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] ) - 3."Gillard's'Pathﬁay'(covalent hydrate).

3 ‘ In organic Cchemistry it is génera y believed
3 . that the 2- pos1tion of quatern1zed pyr1d1nes is acces-

) T sib]e to nucleophilic attack As a consequence, Gillard

[13] has recently used this argument to explain the ‘

anomalous behaviour of Egig-phenanthroainé and tris-bi-

A - | pyridyl metal complexes. In the case-of 1,10-phenan- |

; ’ ~throline, calculations [68] have shown that the carbon

' atoms adjacent to the nitrogen atoms (i.e., the 2- and

| | . 9-positions) are tﬂe most shSceptib]e to nucleophilic

‘ attack. When phenanthro]ine is comp]exad to a metal jon

such qﬁ iron(IN or ruthen1um(II), a high-field shift

- of the resonance signal of the 2- and,9-protdn§ was ob-
served'iﬁ the nmr spectrum [69j. This shift on com-
plexation is much more prqnouncgd for the 2- apd 9-
proton signals ;hap for signals attr{buted to thé.othér
p;otons. and was observed to be more pronounced as the
size of thejcenira} meta]fion d¥creased. This observa-

'tiqn"was rsfionalized in two wayg,‘according to Miller
énd Prince [69]: i) movement of electrons in the Cg-H
(6r szH) bond towards the proton, due to the electric
field of the central metal ion or the field due to water
mo]eéu]es in th; solvation sphere; or ii) as a metal-
hydrogeﬁ interaction similar t6 that ob;enw@d in transi-
tion metal hydrides; Ihe‘metal-c9 (o; C2) hydrogeﬂ dis-

tance is of the order of 2.8 - 2.9 A} and so the only
7
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atoms which could affect this hydrogen atom are the car-

bon atoms (C2 and Cg) to which it is attached_and the

metal ion.‘ This latter meta]-noh bonded hydrogen inter-

action is thought [69]';:sponsjb1e for the observed
proton shift. As the size of the central metal ion de-
creases, theEmeta]-hygfogen'distance also decreases,
and the protén shift isamdre pronounced.

Baged on| the above character of these hetggocyc]jc
ligands, Gi111rd [13] views the quaternary‘cha;;cter of
suéh ﬁeta],comp]exes in terms of the equilibria shoﬁﬁ

in Figure 32, j§n which KS describes the equilibrium be-

tween the unso]vated Q and the covalent hydrate HA,

", [HA] :
= _ (116)
[9] {H,0} :

Bl

and K, denotes the acid’'dissociation between the covalentmfﬁ:

hydraté HA and jts conjugate base CB,,

cs] [Ht .
[cB] [H"] 7

C[HAY - /

. -1
solvated Q will b inversely proportional to the activity )

of water,. v .
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“. . B . - v
[Q] = [HA 7 K {H,0} (118)
In the presence of hydroxide ion, the ‘eaction scheme g

envisaged for complexes of the type‘[M(NN)3]2+ is shown.
in Figure 33. The intermediatelcovalent hydrate WA,
which is produced via attack on the Ce orﬁcﬁ"aibm (NN =
Ripy) by the nu?lgophile,"éan react either by 1) proto:
~nation to yie]d the conjugate acid CA and then undergo
intramo]ecu[ar water shift from CS (or CG‘) to the metal,
. 41) by an intramolecular 4ydroxy1 shift within the co-
valent hydrate HA, or iii) by deprotoqation with ﬁygyoxide
to yield the conjugate base CB, which then reacts via '
an intramolecular hydroxyl shift from C6 (or CG‘) to .
the metal centre. \
For trivalent metaV’chpié&es, Gillard [13] has sug-

3+

fsited reduction of M as the operating reaction mode,

as a result of their instability in basic solution. For

- Ay

[Ru(hipy)3]3+, reduction is thought to -occur via intra-

molecular contact of the metal ion Qith the CG-hydroxfa

s

group, as depicted in Figure 34. A comparison of the

PO

s

. reaction schemes presented in Figurés 33 and 34 shows

) that the covalent hydrate HA an&ﬂ‘ase intermediates are
the same eidepf for the oxidation state of the meta]../f
f’ Addition of~hyqroxidé to aqueous solutions of [Fe(NN)3]3+
(70j and [Ru(NN)é]3+ [7i] proceed according to the

i RS R Tt ST a2 kR

general reaction in (T19).

&
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| Gillard's Mechan‘ism’({\pplied to [M,(NN)3]

* Figure 33: e
’ xide .
. Complexes in the presence of Hydro fone
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[N 1% 4 0T —— [n(N),1%Y + 172 0, + 172 Ry0
. (119)

The mechanism proposed for [Fe(bipy) ]3 [72] is pre-
sented in Figure 35. The hydroxide ion attacks the car-
bon atom adjacent to the ligapd nitrogen atom~in the
rate-determining step to yfeld a rad?2a1 intermediate B,
which then reacts rapidly wjth hydroxide ion to even-
tually give the observed products. In terms of increased -
conjugation of tse phenanthrolige ligand over the bipyri-
dine ligand,, the radical intérmediatg can explain the
observation that phenanthroline complexes react more
rapid]& than the analogous bipyridyl complexes.

In the case of the 1roq(111) [72] and ruthenium(II1)
[15], the ﬁefa] ceﬁtre is capable of oxidizing the hy-
droxide jon. The standard reduction potentials E° for
the [M(NN) ]3+ / [M(NN) ]2 couples are given in expres-
sions (120 - 122)

L
. ,
[Fe(bipy)y1°*/[Fe(bipy)3]%*  E°'= 0,98 vorts [72]
in ~10” 4 M NaOH at ambieéﬁ temperature; (120)

of

[Fe(phen) 13*/[Fe(phen) ;3%*  E° = 1.02 volts [72]
in ~10°4 M NaOH at ambient. temperature; - . 112])

«
~

[Ru(bipy)313*/[Rulbipy) ]2+ E° = 1.26 volts [15]

in acid solut1on at amb1ent temperature. ' ‘ (122)




-

»,
. \ .

N

Figure 35. Reaction Sqquence‘Between [Fe(bfpy)3]3f and

Hydroxide Ion via Gillard's Mechanism.
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However, this is not the case with chromium(III), where
]

the E° value does not favour such a reduction reaction.

For the [Cr(bipy);13*/[Cr(bipy),]%* couple, E° = 0.25

volts in aqueous acid so]q}ion [20]. Thus, a reactidn

.pathway similar to that in Figure 35 for [Fe(b‘ip.y):,’]:?+

is applicable to neither [Cr(bipy)3]3+ nor [Cr(phen)3]3+.

To confirm the absence of reduction of these two chro-

-

mium(III) cations, the. reaction between [Cr(bfp;')3]3+ \

' and OH™ was followed spectrophotometrically at pH 11.82

and 0.50 M OH™, at 29.5 and 7.5°C, respectively, in

oxygenated and deoxygenated solvent systems. Table XI

gives the results of this investigation, and—confirms————
the suspicion that chromium(IX) is not an 1nterﬁediate

gpecies produced during thé reaction. Had such a spe-

cies been produced, different values for kobs would

have been expected in the early ;tages of the reaction.

However, at both pH 11.82 and 0.50 [OH™], kops remained

s
essentiglly constant in oxfbenated and deoxygenated |
solvenglpystems.

Electrochemical investigations of catalytic ligand
exéhange in [Cr(phen)3]3.+ [73] and [Cn(bipy)3j3+ [74] /
have suggested a reductive pathwéy. In aqueous acig
solution, the following reaction seqﬁence has been pro-

posed [74] for [Cr(bipy)3]3+.

v

B R L Gl R R it AL L - . 8 -
f e e N I a T LA

4

0




Observed Rate Constants at Varfous pH:or [OH"] in
Oxygenated and Deoxygenated Solvents for the Hy-
drolysis of [Cr(bfpﬂé]“.—a—’E

-~

Table XI

S

I.

II.

At pH 11.82, T = 29.5 ¢ 0.1°C.

a) > deoxygenated solvent: k . = 1.27 £ 0,02 x

1075 sec™!, ”
b) oxygenated solvent: kops = 1.16 * 0.03 x
110" sec'1.'
At 0.50 [OH"], T = 7.5 £ 0.1°C.
a) deoxygenated solvent: k .. = 3.74 +0.05 x
i 10‘5 se;"]. |
b), oxygenated solvent: Kobs =’4.07 + 0.05 x
1075 sec™!. | |

2

.b- -

Errors reported for kobsfas standard error. J

3
. N .2

= 1.0 M.

Healce
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At

4

[cr(bipy)y13* + &= ==  [cr(bipy) 12 (123) -
b — EV/2 220,49 v

4

3 2+ ‘ ) 2+ .
[Cr(bipy),] *H0 = [Fr(bipyhz(ﬂzo)zl o (12s)
— . * — -

) [er(bipy);33% + [or(bipy),(Hp0),1% ——>

< N

[crbipy) 125 + [Cribipy),(Hy0),1%

[cr(bipy),(H,0),13% + o [Crébipy),(H,0),1%% (126)
PYTai2% 2 AR ‘2tM2% 2

EV/2 - o.72 v

[Cr (bipy)p (400,087 + Hy0 == [Cr(bipy) (H;0)41%" + bipy
l | “ * (127)
' [Cr(bipy),(Hy0),1%* + bipy — [Cr(bipy)3]2+ + 2 Hy0
‘ L —
o (128)

A similar reaction sequence has been‘propoSed for [Cr-

(phen)3]3+ [73J in 50% aqueous ethanol. Obviously the

easé gf reduction of.the t?ivalen; metal will be the domi-

/

nant factor in determining whether or not such a mecha-

¢ vnism is plausible, that is .
| ’ 3+ T | ]
3 : ] ‘ SOMTT + OHT + et /= M + OH- (129)
. , . 4 , .
) N | -

9 o 3

Whereas the above equilibrium (129) will lie to the riﬁht
D for_cobalt(IiG;, i}on(III), and ru}henium(l;l), it will “
lie to the Teft for chromium(lll).‘ And, for any

. °
. «
- .
vt e o w o ahe o — - B T T N e S N -
P P .
W— " " 3 b TRhar . .
N At B ’ ’
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3

1

‘ trivalent metal ion, the reduction pathway becomes 1ess

. probpb]e'as the ligand field strength increases if no

other effects predominate.

»

Based on experimental results from the reaction be-

tween hydroxide ion and the bis-phenanthroline and bis-

‘bipyridyl complexes of platinum(Il} [75], Gillard has

found support for nuc]eophflic attack by hydroxide ion
througﬁ intermediates in which the hydroxyl group is

- linked to the carbon atom adjacent to thé nitrogen atom

in the N-heferocyc]ic ligand, the reaction scheme be?ng

given in Figure 36. In this scheme, if k is large,

intra
1% is thought that the concentrapion of the conjugate'
base CB will be negligible, and thus it will not be ob-
served experimentally.

., * Gillard's pathway may be applied to the base hydro-

. lysis of both [Cr(bipy)3]3+ and [Cr(phen)3]3+, as sche-

matized in Figures 37 and 38, respectively, for region
(a). Nucleophilic attack on the Ce (or C6') position

of the bipy ligapd, or the C, (or Cg) position of the
phen ligand, of the reactant A produces the hydrated
species CA. NThis species may then deprotonate at the
quaternary nitrogen atom to give the conjugate base CB.
Intramolecular shift of the hydroxyl group to the chro-
mium(III) centre subsequently yields the observed ﬁro- ‘

ducts. In the reaction schemes, K_ denotes the equili-

S

‘brium between the reactant and the covalent hydrate CA.-

S




&

Figure 36. Reactign of Hydroxide .Fon with [M(NN)ZJ2+

Complexes via Gillard's Mechanism.
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" Co T Figure 37." Hydrolysis of [Cr('bfpy)3]3+ via o )
Gillard's Mechanism. . ‘ Co . .
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[CA]

[or(WN)53*] (1,03 |

. ' .
. - , 3 . ' ~ L
N The acid dissociation constant";!((A is ascribed to ‘the pro-
l\\ v

tonation-deprptonation equilibrium between CA and Cﬁl
: | ! ’ v

{
{H,0} [CBY

’ ' ~ . [0H™] [CA]
| | a | S IR
%' ' ' ~ The overall rate of reaction is given'by 3 ‘ .

I'd \
! t . )
/ . .
B

-

' v Rate = k,[CB] = k,K,[CA] [OH"] “ o (132)
3 3NA

since [CB] = Ka [oH™] [CA] from .exXpression (13T}, The
- u coﬁcentrat1on of the hydrated spectes CA at any time *'t'

4
-
<
1
v
et e II‘I I - i- i'lmtb

. .

, -

during the react1on (taklng the activity of water as

—~ | unity) is |
P S
3
Lo — N 34, - |
SR T [eAl = kgTer(NN) 37T o ~ (133)
(. - T,
‘ and the rate will then be inen by -

R ;o Rate = kgkyksLer (M) 3 71 I007] | I,!134)

) o ’
A material balance on the concgntr?tion of [CF(NN)33+]
P ;
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yields : . . | e
[er(nn) 31y = [on(wn) g1, + [CAT + [cB]  (135)

poA

. ) . ¢
where the subscript 'i' refers to the initial concentra-
tion. Using previous equations, expression (135) may .

be rewqitten as
h . ~—
i

L}

- . |
[Cr(NN)33+]i - [Cr(NN)33+]t + Ks[cr(NN)3F’*]t +

«

' KSK&£CR(NN)33+]£ [oH‘] {136)

> . ,
Rearrangement of expression (136) gives the concentration ’
of [Cr(NN)33+]t at time 't' as - é )

. L rer(nn) 53y
[er(wn) 31, = (137}

1 + KS + KAKS[OH ]

-~

e

‘Expregsion (132) for the rate then becomes

) k3K}(KS[Cr(NN)33+]i [OH™] |
Rate = = (138)
o (ﬁ + KS) + KAKS[OH'}

.l *

again if it_is assumed that the activity of water is

)

unity. The observed rate’constant'is therefore given

by expression (139).‘ v » ii




-168-

¢ k3K ¢ tow1 L 58
k = . 139
. obs : -
| 0+ Ks) + KpK [OH™]

A
From the ratio of the 1ntercéﬂ& B to the slope A of a

linear least-squares plbt of 1/k versus 1/[0H"] in

obs

region (a), the acid"dissociation constant K, is egual
.

to 2.6 x 10%(1 + K.)/ K, for the [Cr(bipy);]%* system

at 11°C. Uge of the values of B' and A' from a similar

plot yield Ky = 1.9 x 108(1 + K.)/ K, for the [Cr(phen),13*
; \ sysfem at 31.1°C. As the ratio of (i + Ks)/ Kg s
. greater than unity, the lower limit for K, wiil be

’ 2.6 x 'IO6 and ].9'X”106 for the bipyridyl and phﬁﬁanthro-

line systems, ;espectively. TH%ge KA values .correspond
- to pK, values (upper 1imits) of -$.4 and 16.3,respéc- ]
;'\7K. ;ﬁve]y. for the hydrated species CA.

; 4::‘ . - The mechanism just &escribed clearly imp]ie§ a pH—l

dependent equilibrium, often evidenced by reversible

@ ' spectral:.changes as the pH is_changed [13]. However,
~ ' NA.’}
‘ . no spectral changes were encounte#ed for either com-
&
plex investigated . The mechan1sm just descr1bed would

A - -necessitate the conjugate base concentrat1on to be very

, smal] (1ess ‘than 14) wi'th respect to [€¢(NN 3+] at

i
hydrox1de jon concentrat1ons less than 1 x 107 -10 M

(pH < 4); and themigme species wogld neckssarily pre-
4 -
dominate (greater than 99%) at hydroxide ion concentra-

. - o - tions greater than 1 X 107° M (pH> 9). Also, the

1
\ .Wv " Cbiied g = T ¥ Y ¥ wl vt e L
N s‘; y ¢ € Z 7;3: ..‘,’%-"‘A""‘-m T AT r»‘"" el P

s .
(e N AR L A A
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pKA values of -6.4 and -6.3 appear unlikely in view of
the expected pK, of about.zero for trivalent metal com-
plexes [13]., " However, such an equilibrium need not be

ik . .
the operating pathwayd§or Gillard's mechanism to be

, .
applicable, Instead, a more general treatment of Gil-

ldrd*s mechanism 1is shown in Figure 39 for [Cr(bipy)3]3+.

o

The ov}ra]] rate is stillgiven by
s ,
Rate = k4[CB] ] (140)

»he rate of formation of the hydrated species CA is

)
N

]

l

+dfCA] 34 |
= Ky Ler(M)3™ 1 (Hy0) = k j[CAT + K ,[CBIMH0) -

dt /
. k,[CAT [OH"]  (141)

A steady-state tre%tmént on the concentfatfon of CA
'\ 1
yields

k][Cr(NN{33+]{H20} + k_,[CBI{H0} ~

[cA] = K - (142)
" k_y * k,[OHT]

»

The rate of formation of tﬁe'conjugate base CB is

B "l T e Ja
+d[CBI/dt = k,[CAI[OH™] - k_,[CBI{H,0) - ky[CBI " (143)
\ ' i

Substitution of [CA] from expression (142) into expression




*aay

o £ e, . N
' Figqure 39. Hydrolysis of [C\r(bipy)3]3+' via a General
S
Y o Treatment of Gillard's Mechanism.
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t (143) and a steady-stdte treatment on the concentration
] N of CB yields
:; P
3 [cB] = ; ~— (144)
where‘lgi' = ki{HZO}' - The rate of disappearance of the
reactant is - )
‘ ~dcr(NN) 7 1/dt = obs[Cr(NN)3 *1 = kqlcB] . (185)
| Thus, the observed rate 9nstant is j
V4
“ . kq'kokg[OHTT -
| k i = - ' ' (]46)
4 obs -1. .
_“ . k_](k_z' + k3) + kzks[OH ] . R
ﬁ ) ‘ A
\N ) ' - Using the values of A and B determined from the 1nter'-
cept and slope of the plot of 1/k . versus 1/[0H7] in
region (a) and expression (146), k;' = 4.7 x 1077 'se.c']

v ] - .
and (kq"Kpkg)7k_j(K_p" + kg) = 1.2 W Vsec™" for the

[Cribipy);1%* system at 11°C.[161. For the [Cr(phen)31%*
system at 31.1°C, the values of A' and B' from a similar

o L - -
plot and expression (146) yield k' = 1.8 x 107° sec™’

»"k Y/ k_ (_2'+k)=35M se dthe

that k2k3[0H ] is significantly greater than

't k3), expression (146) reduces to
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where k' =:k1{HéD}. Use of the values of A and B de- ,
termiged from the intercept and slope of a linear least-

squares plot of 1/k versus 1/[0H"] in region (a)

obs
and equation (155) yields ky' = 4.7 x 107 sec™! and
(kq'kokg)/k_j(k_o' +'k3) = 1.2 ﬂ']igcfl [16] for the
[Cr(bipy)3]3+ system at 11°C. At high pH, where .
k2k3[Qﬂ'] is much gféater”than k_y(k, "+ 33), ? 1i-
miting rate. is predicted; and equation (155) reduces to

¢
t

Ky "kgkg[OH]
k = = = k.l' (]56)
k2k3[0H ] ‘

4

1f, on the other hand, k_q(k_p' +kg) is much greater

b Y
than kzké[OH'], then equation (155) becomes

ky 'k ok 3[0H"] | .
Kope = . (157)
kop(k_p' * k3)

and the 1imiting rate shows dependence on the hydroxide

- gy

ion concenf?ation. As observeq in ?igure 14, the value o

of k is pH-dependent up to ca. pH 9, at which point

obs

it becomes pH-independent to pH ca. 11 where k = 5.1

obs
0.2 x 1077 sec™ [163. At high pH, where kyky[0H] 5

7

k(K" + kg), kg = ky' = 4.7 x 1077 sec™! [16],

1
which agrees well with the rate constant observed ex-

i

périmenta11y on the plateau of region (a). The same °
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1 - .

gene;al behaviour %s observed for fhe [Cr(phép)3]3f
'§&stem (seé Figure 18) 'in the pH range 0 -« 10.5. The
N same rgactidﬁ scheme'as for [Cr(b.fp_y)3]3+ is envisaged,
, as depicted in figurF 41. Use of fﬁe values of A' and
:B' Jété}mined for the phenanthfo]ine system (see Fi-

: guré 21) and equation (155) yields ky' = 1.8 x 10-6

v sec”! and kytkoky/ k_p(k,' + Rg) = 3.5 07 selc:".’]r., A
, limiting rate, independent  of hydroxide ion concentra-
‘tion, ¥ attained where k, = 1.78 £ 0.14 x 1075 sec”".
vThe experimental value agrees well with fhe cal&clated‘lr
value of k}' ¢ 1.8 x 1075 sec']). |
. A closer look at the detailed mechanism dépiéted
in Figures AO and 41 suggests that 32 and k_, might
h / well be quite 1arge'as the& represent a deprotonation-
pro?dhation equilibrium. Also, th; reaction step in-
volving the rupture of‘thg Cr-N bond in the.hebtacdor-
din&fe species C to &ield‘the reaction products (k3) is

thought to be relatively fast due to the extremely

crowded situation in C. Thus, the formation of the

- aquo~intermediate B (k]) is considered the slowest step
' in this mechanism; and the assumption -that kék3[0H']
lk_](k_z' + k3) is not unreasonab]g. ‘ ‘ -
" The observation of only .one plateau (region (a))
over the entire react%on profile up to bH 14 may be in-
| ' "dicative of some specific kinetic phenomenom. One pos-
- » ac - - . - 3 g - - — " ’
| sibility is a 1imiting kinetic step, for Wh1Ch~£uQ§\: k1 .
} ) . ' \‘-

-
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An,assoc1at1ve-typq;rgactyon sequence whi;h qpcounﬁiﬂjgr

the'gbéerved‘kinetics in the'plateau of region'(a), and

reg1ons (b) and (g) is shown in Figure 42 for the [Cr-

(NN)3]3+ cation. The rate constant k ﬁescrabes the

[}

,attack by water, to yie]d a heptacoordinate aquo- species

LD : v B, which can react in -one of three modes 1) deprotonate

(k 4) to form the heptacﬁardinate hydroxyP species Cs

ii) react with ?ater (k ) to y1e1d some speg1es D3 111)

or react with h§drox1de 1on (kﬁ) to eventua11y y1eld

the L

. observed react1on producxgt At high hydroxide ion con-

1y\attack the r

. centrations ([03{] >0.10),.the h}drokide'ion may, direct- )

actant (k ) to yield the hydroxyl-species '

C.- Spec1es C may then react with water (k ) or hydroxide

reaction with water (kg) will be negligible at high

v 3 ~droxide ion concentrations since the pKA of [Cr(bipy)3]3+

Tl g
~

is 6.1° [21]..

. . simplified to the following steps (158 - 164).

N ce e i - R Y AP

& " don (k7) to yield the observed react1on products. The

hy-

The reaction scheme presented-in'Fig%re 42 may be

- B (158)
! k,[0H ]
‘ : > (159)
A P k. \ t
B+ OH — —f—> - (160)

Ao By Mg,

Ty o,
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Figuye 42, Hy&ré]ysis of [Cr(NN}3]3*'111 an Associative

ﬁathway which Accounts for the Observed

Kinetics, : o
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—_— products (161)
fast’

- ' N

-~ products (162)
fast ) ’

' products (163) °
fas

> products (164)
fast.

The rate of disappearance of reactant A is gi&en by
& .

equation (165),

-d[A]

” = ky [A] + ok [A][OH 1 - k_4[BI - k_s[c] ‘ (16;)

¥ , . ' ’ q
and the rate of formation of the two heptacoordinate

intermediate species B and C by the expressions (166 - 167).

&dt&] -
ral ky[A - k_;[B] - 4[B][OH 1+ kal€] - k [B] -

lelle]  e6).

s

+d[C] ;
J; k [A][OH ] -k 3[c] + k_,[BI[OH™] - k [c] -

k,(CI[OH] . .(167)
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Substitution of the concentration of C (equation (170))

Use of expressions‘(1§6 - 167) and é sfeqdjestate §p- . "
;foxiﬁation to assume that (+d[Bl/dt + d[C]/dt) =

yée{ds - ’/ o

kq AT - k_,[B] - & 4[B]ton‘] * koL - kylB] -

k [B][OH 1.+ kg[AJ[OHT] - &k 3[C] + k_,[BILOH" ] -
4[C] -k [C] [OH ] = 0 S ~ (168)

4

The acid-base equilibrium between the aquo- and hydroxyl-

‘intermediates B and C is defined by the equilibrium

constant 'K,, as per equation (169),

Ky = Kqfky = [C1/IBICONTT (169)

wherefrom the .copcentration of C is given by

1 -
[c] = K,[BI[OK"] | (170)

Py}
]

“into expression (168) and subsequent cdncellation of

"terms yields expression (171). o

N\

Ky [A] - K _1[B] -k ,[B] - k [B][OH ]+ k3[A][0H ] -

gkgLBITONTT - kK [BIOW T2 =0, & )

The concentration of the heptacoordinate aquo-interme-

diate species B is then given by expression (172).
) .

Y
¥
]

P T

3,

£ ol




(C_noTin +

.
. .

m-xvﬁ o1y + [_HO1%% + %y +

.

-

ﬁ WoIEv® +

[vby

([-HoI4x ;.\x\,Vh w01 ¢ Lwl% e B e by
[.HOJ[v1®

E

[q] 40 uoi3n3iasqns £ 3uanbasqng

(ez1). -

s

. :lomue m

&

-7 ([ .no]

ﬁ<uaw
Q3

-

“(LL1 - pLL) SuoL3enba spispA (£/1) UOL3IEADS OFUL

.Aompv uotjenba wouy m-:Ouﬁm@wm

. N
, \
L=y v
— [.Hol¥xE @
N 1P,
[_h01CvIEy + [vIly = —
. [vlp-
“((2LL1) uoirlenbs)
[2] asuts
pm\h<uv-

- a1ty

*(gL1) «43d s® ualjLuamau ma.xms (s91) uopssauadxy

[_HOILVIEY + [v1ly -

4 P

- -

*

Ly + €74y _no1Py + BHol?r + &+ 7y

-

[_HOILVIEn +

2“_/;

[a]

[UTVERU -

e

bzl




1

‘

L _ €- 0¥y 4 9 2 . :
(820) ([_HOT™ + = A)[_HOI ™ + [LHOT™Y + ™ * K (C.HOIEA + )

, JL_HOTE Ty ¢ [_Ho1%% + &

o

-

Aﬂ-Imuhx ¢ ETN)Lno1¥y + [LHo1%w + Sy Ty

C L gl
R {

([_HO1Ey + E73)[.Ho1P™ + ﬁumOme + oy 4 Ly

ot 26 b R e

Nﬁ-zog@yux + [_H01%y +.Nx [_HODEY + Uy

aoN_v

&

(Lanol0vIPNbn « L LiwolrvPalats + 0 hol0vI®Ex + [wod[vI% ' + [_Ho1[V]?

» . | ,
.Ah-IOQNx # €0 L_HoITY + [_H01%1 + 2 & LTy

(s11)

Nm IOUH<u¢x €1+ [_HOICVITHE aly

- ho1ta + £ L_HoI" .
([HOT™A + * ML-HOTH @ [.HOIYIEN + [v1'y =

[HOIDWI®H Ty 4 o )

-

[¥lp-




From expression (177) the observed rate constant becomes

that given in (178), 'In express1on (178), the numera-

tor and denominator of the second term are 1dentica1

»

except for the k _yand k_ K4[0H ] terms In ‘order for

3 this mechanism to agree w1th the oU&erved hydroxide

ion dependence, the [k_y + k_3k4[0H\]] term must be
Qreatqy than the reﬁaining terms in the denominator of
e;ﬁréssion (178). That is ‘to say, the steps described
by kz, kﬁ, and k7 would be rate-degermining,‘and the
heptacoor&inate intermgdiate species B and C ar® iﬁ
eqﬁi]ibrium with.reactant A. Consequenf]y, the equi-
librium constant K, becomes equal to (k_ k3)/(k k 3),

"and ‘thus

[k_y + k_gKa[OH™I] "= (k_{7k;)[ky + ky[OH™]] (179)

.
-

Expression (179) may be rearranged such that

’ - Oy -,
] “$] + k3[0H ]
= — - — , (180)
Koy * k_gKa[OHT]

-1

Using,thé above aésumptions, the observed rate constant

is then given by (181) and (182),

|
‘ Ak + kg[OHTT) [k, + k[OHTT + Kyky[OHTI]
k., = : - : (181)
obs . k_y * k3K, [0H"] , .

Yy

o e T el ORI
.
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‘then ‘equal to k,

. ‘e

3

-188- v . .

Kobs = (k1/k_])[ ky + kg[OH™] + K4k7[oH‘]€]. (182)

The preceding expression for kobs may be rearranged to

\

Kyky kikg o kyKgaks » : T
Kobs = ot [oR"] + —— [OH"] (183)
k k k \ :
o -1 -1 ‘ -1 \\»
which may then be rewritten in the more general form of
N\ .
equation (184), - . k
, — ’ | ‘
kKops = kg * kc[OH 1 + FE[OH ] (184)
where ‘ . d._ .
o : ‘ . ‘
Ky =" Kkp/k_; , - P (185)
| g ~
ke = kikg/k_; , (?86)
ke = kik7K§/k_] * ‘ : (187)

2

Expression (184) account§ for the observed hydroxide io;
dependence in the pH range 9 - 12.? and 0.16 - 1.00 [OH"}
for both: the bipyridyl and phenanthroline systems. The

observed rate constant in the plateau of regidp (a) is ~

kika/k_ 7 = Kopse

0.2 x 1077 sec”! at 11°C [16], and

-6

For the [Cr(bipy)3]3+ N

system, kx = 5,1

1+

k., = 1.78 = .14 x 10 sec'] at 31.1°C fortthe [Cr-

X
(phen)3]3+ system.. In region (b) the linear relationship

¢
e B A A TR AL anF s sy e ns] ) rtte -
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1§

" ‘between kops 2nd [OH™], in terms of expressions (183\-

M

2

<

184) .is

Kk

k. = e + ke LW (188)

obs *
Ky

S versus [OH] (see Figure 19) yieldsc’a

~
A pyot of kOb
love k= K. =106 % 10°% M lsec] ,
glope k. = kykg/k_7 = 1.06 x 1077 M "sec * for [Cr-

(bipy)31°" at 11°C, and intercept ky, = Kykp/k y =
4.6 x 10'7 sec"] under the same conditions. For the

[Cr(phen) ]3+ system at 31.1°C, an analogous plot (see
3 .

. . _ . -4
Figure 22) yields a slope kc2 = kykg/k_77= 3.2 x 10

-1 1 and intercept k, ='3.3 x 1078 sec”.
\ 2 5

XII and XIII give the values of k bs calculated from

sec Tables

expression (188)_ and those experimentalty observed for
the two chromium(III) catiﬁns in region (b). The re-
suits sﬁow that the observed and Ea1€b1a2ed values -are
in good agreement.

, In region (c) (i.e., 0.10 - 1.00 M OH™), where a

. - e . -q2
}1near relat1onipnp exists between.kobS and EOH 1%, ex-

prqssioﬁ%»(]SB) and (184) show the observed kinetics, i.e.,

k. = + [OH"] + —— [OH™]° (189)
obs .
k_1. k_1 -k

|4
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A plot of k . 'versus {OH"]2 (see\Figures 20 and 23) in
the régign 0.10 - 1.00 [OH"] yields a sTope E = 1.9 «x
1074 "4 y25ec"] for [Cr(bipy)3]3+‘at Teg

and §.9 x 10
and [Cr(phen)3]3+ at’31.1°C; respectively. - Rearrange-

ment of expression (190) yields’

|

\ kobs - kx

[0H™]

= k. + kE[OH'] / ‘ .(191)

“Thus, a plot of (kobs - kx)/[OH']~vgrsus [OH™] should
give a straignt line with slope kE and intercept kc'
The intercept kC should be in agreement with the slope

, : ¢+
of a plot of k .. versus [oH™] 1& region (b). Plots of

(kops - kQ)/[OH'] versus [OH"] for the [Cr(bipy)3]3+

3

"+ and [Cr(phé;\)3]3+ systems in the range 0.10 - 1.00 [0H™]

are presented in Figures 43 and 44. Tables XIV and
XV present the pertinent data. A linear least-squares -

- kx)/[OH'] versus [OH™}

analysis of the plots of (kobs

yie#%s

i) for the [Cr(bipy)3]3+ system in region (c):
o i} - ‘ -4 - -1
‘slope = kE] = k]k7K4/k_J = 1.8 x 10 ' M-sec

-1 -] v Q

. _ - -4 )
]ntercept = k\c3 7)10 M "sec ;

&

ii) for the [Cr(phen)3]3+fsy§¢em in régign (c):

4 1

slope = kg = k]k7K4<F_] = 5.3 x 107" M-sec’

2

intercept = k_ = 1.5 x 1074 ﬂ']sec"].
4 §

T e e e e e ey 1 4

*

Rl
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obs " kx)/-[OH'] versus [OH™]

for the Hydrolysis of [Cr(bipy)3]3+ in
the Range 0.10 - 1.00 [OH™] :at 11°C
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* for thezHydro1ysf5 of [Cr(phen)3]3+-1n
the' Rande 0.10 - 1.00 [0H™] at 31.1°C.
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;> . .The data in Tables XIV and XV indicateélthat between 0.80.
' and 1;09.[0H"], there is good correlation between the
é&perimen al and calculated values; however, the valy@s
in thz\rang 0.10 - 0.50 [0H"] do not correspond very

well, S latter deviation may be due to the erro;

\ o associated with the small difference between k . and’

] . kx in this. region. A comparison of the‘inte;cepts kc

and kc4 of plots of (kObs

region (c) and tﬁg slopes k. and k_
' . . 1 . 2
versus [OH™] in region (b) is. justifiable if inherent
—- - ‘

-

- kx)/[OH'].versus [OH™] %n

of plots of kobs

error in the method of obtaining k. and k_ is taken
¢ . -3 4
into account. The pertinent values are given below:

i) for the [Cr(bipy)3]‘3+ system at 11°C,

1.06-£0.01 x 1075 M1 sec”!

»
"

d’\. C] . v
‘ Kk =7.:14 x 107 ulsec
| ' C3 = ) , "

W ii)_ for the [Cr(phen)3]3+ system at 31.1°C,

k., =3.2 0.6 x 107 M7 sec”!

- C2 ) . — )
Kk =1.5 0.3 x 1074 mTsec?. o
Loty o ‘ =

+

5. The Operative Pathway.

A dissociative pathway for the hydrolysis of

& either chromium(IJI) complex cation (see Figures 27 and_
v 28) appears unlikely most imbortant]y because acid hy-

drolysls was not-obgerved. Furthermore;, activation

'
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4

. 2

energfes for the two chromiuﬁ(fll) cétidns (see Tab]e§ ..
XVLI and XVIiI) are more in line with an associative-
type pathway, than with thpse_of.d%ssociation [76].
Gillard’s mechanism involving covalent hydréte forﬁatioﬁ
is also thought.to be jnapplicable to [Cr(bipy)3]3+ and
[Cr(phen)3]3+ because no spectral varietibns were 06-

)

served, even in very alkaline media. ﬁoweyer, such a
mechanism has been ascribed to the hydroxide reduction
of [Ru(bip_y)3]3+ [15] and of variouE substituted poﬁx-\

pyridyl coﬁp]exes of jron(II1) and osﬁium(;ll) [72].

‘It has been shown (Table XI) that the two chromium(III)

cbmpTexes do not undergo reduction to chromium(II).

Thus,: the pathway believed to be operative for both. -

[Cr(bipy)3]3+ and [Cr(phen13]3+ is shown in Figure 45.

The reaction scheme combines the associative paihway in
s - 1

(4

regions (a) and (b), and an ion-pair pathway in region
(g). At  pH < 6, the observe¢g rate constant is very

small and indeﬂ%ndent of solution pH ?6}\both\;omp1exes

' / -
(see Figures T4—and _18). This observation has been ex-

in terms of

!

the relaxation of the initially-formed [Cr(bipy)B(H2 3+

intermediate back to [Cr(bipy)3]3+ via acid-dependent
(k, = 4 x 10° ﬂ']sec'])-and acid-independent (k_; < 10

sec'l)zpaths.
L . — )
kg .
i PRSI S———.. N . - 4
[Cr(bipy)y13* + H0 T [Cr(bxpy.§3(H20)]3 (192)

k_q (+ k,[H'T)

’
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The similarity Setweenlthé shape of the curve of region

(a) and the common S-shaped titrationlcurve suggests

that the inflectiop-point represents the deprotonation,

of the heptacoordlnate 1ntermed1ate species {Cr(NN) (H 0)]3+
to form [Cr(NN), (OH )]2+

o Ler(m)g (0003 /=" [or(w) (0812 . (193)
1 . ' ) k ‘
. - ke

.

’n

The hydroxy] 1ntermed1ate, knawn to be short- 11ved in

P e

GBI el a W

the case of the bipyridyl complex [18], will subsequent-
; 1y undergo ring-opening, followed by irreversible loss
of the unidentate (NN-) ;}

gand. : T ‘ L

:’

k .
. 4 . .
[Cr(NN)5(0R) 1" ———> [cr(NN),(NK-) (0H)1%* //‘(194)

. OH o
[Cr(NN), (NN-)(0H)]%" — [Cr’(NN)z(OH)z]+ + NN (195)

The plateau of region (a) then ref]ects the comp]ete

i

1

]

%

1

4
i -
!
{

titration of the heptacoord1nate intermediate species
‘“ [Cr(NN)B(HZO)]3 , such that the observed rate constant
/

kobs in this plateau represents the rate constant for
; the direct attack of water on the substrate [Cr(NN)3]3+,
(k])-

In regiph~(§), k increases'rapidly with increa-

obs
sing pH, and is linearly dependent on hydr&xide ion

(S L4

P
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. - : ‘ ———
. . s 3+ y 3+
_concentration for both [Cr(b1py)3] and [Cr(phen)s]

(see Figures 19 and 22), As shown in Section I111-D-4,

the slope of the p1ot'of'ko|'3s versus [OH”] in region
(b) is identified with the rate constant (k3) for the

direct attack of hydroxide ion on the substrate,

AT s T
* .\l"

N

.

«g [w(rmyﬁ]"’+ + OH™ ————>[Cr(NN),(0H)1% (196)
, i The heptacoordinate hydroxyl-species then yields the ob-
% % served -via reactions (194) and (195).
; % In region (c), where the observed rate constant
- shows a linear second-order‘dependehce'on hydroxide ion
" concentration (see Figures 20 and 23), it seems inevita-
ble thaf jon-pairs (or outer-sphere complexes) will form
; ‘
: between the chromium(II}) substrate and hydroxide ion,
? ) = o as per (197).
P |
¢ . 3+ - Ky ' 3+ - :
¥ [er (NN) ;] + 0T —PR »{‘l;Cr(NN)s] ,0H™ } (197) b
T %
g Sdbsequent attack by a second hydroxide ipn yields either i
: 3+ - - ks 24+ - :
{fTCr(NN),17",0H"} + OH® ———= {[Cr(NN),(QH)]" ,0H"} :
; 3 - 3
. , . (198) 4
ar / ig
¢ \ 3+ - - kg' o vy 1t é
) {LCr(NN)3T77 007} + OHT  ——=—> [Cr(NN),(NN-)(0H),] ) "
‘ | (199) f

The two heptacoordinat@‘§peéies of (198) and (199) then

ool XX

-

L N
N
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irreversibly Tead to the release of the unidentate .
B 14

(NN-) Tigand. The kinetic treatment pfesented in Sec-

‘tion 111-D-2 (equations 113 - 115) becomes that in

?quation (200),

kob§ = kSKip[OH‘J— . ‘ (290)
. £

2iec] for [Cr(bip)")3]3+ at

2¢ec™1 for [Cr(phen)3]3*

- -4 -
where kSKip = 1.9 x10 " M

o - ‘4,) -
11°C, and kgky = 6.9 x 1077°M

at 31.1°C. Again, under the assuhption‘that kS is of .

5 ylsec™?, Kip 2 - 20 for

N

the order of 10'4 - 10"

the bipyridyl system and K, ~ 7 -.70 for the corres-

p
ponding phenanthroline system.’ ' )

&

From Figure 45 and the above analysis, the ex-

pression for the observed rate constant kobs becomes
' \

| k1'k2k4[0H—]

-2
k : [0H™]
obs ! -
k_y(kp' + kg) + Kok, [OH]

+ k3E0H ]+ kSKip

(201)

A reconsideration of reactions (197 - 199) raises

suspicions as to the applicablility of expression (113),

since thel rate refers to the instantaneous rate at any

time 't' §Juring the reactioh. Thus, %xprgssion (113)

»
is applicable.if it is assumed that the equilibrium in

reaction (197) is_rapid, and that kg (or k;') is much




-'ip'
If in the case that k5 is of the same order of magni-

ﬁslower than the reverse reaction in (197); i.e., k

, " tude as the reverse reaction in (197)A the ion-pair

<
{[Cr(NN) ]3+,0H'}'must necessarily b% treated as a

i

steady- state 1ntermed1ate
A material ba]ance on the’ concen?/}t1on of

[CP(NN) ]3+ in the rate law

M S - : ¥

Rate = ki 1p[Cr(NN)33+][0H 12 (202)
yields . 7//) .

‘. - | S s

[or (NN, 3] = [or(nn), 31 - (Cer(NN)1%,0H7) - [P] (203)

where .ECr(NN)33+]0 is the initial concentration of the

reactant, and [P] is the concentration of reactant pre- ¢
, ) o

‘sent as products. Therefore, - , \ {

. [ernm)*50 = [or(NN) 3310 - kLo (N5 1T0H7] - [P]
. | (204)

prs

from which the concentration of [Cr(NN)33+] becomes that

\ N oo

< e rt R e B W
L)

L
S e

in expression (205).

f

[er(nn) 531 - [P] | §

| [or(an), > = e (205) >
i K p[OH'] ’

-

Lo A R LI TS T r . -
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Thus, the rate law in (202) becomes ;

[er(nn) 3T, - [Pl ~
' (206)

Rate

L]

=12
kgKp[OH7T% | : -
. 1+ Kip [oK™]

If initial rates are assumed, then the [P] term in (206)

no appreciable

a

will be equal to zero since there will

produét fgrmed, and (206) becomes

e

345 o
kSKip[Cr(NN)3 1, [0
(Rate)o = (207)
- » .
1+ K‘ip [OH™]
wherefrom the observed rate constant will be given by 4
equation (208). ‘
kK, JOH™1? s
. 5 1p{; 4 - .
Uz Kobs = _ ) (208)
1 + Kip [OH7]
Rearrangement of exbressioq-(ZOS) yields
[OH"] ° c1 o
= — -+ (209)
Kobs kgk; ,[OH7] kg

‘ ” :
A plot of [OH-]/kobS versus 1/[0H”] is linear for the ' .
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3 ' J\ 4 . .‘)

;E ‘ £Cr(bipy)3]3+ system at 11°C in region (g),'where the

% slope of such a plot is equal to ’I/kSK].p = 3.0 £0.1
x 103 M%sec, /and the intercept is equal to 1/kg = 3.0

£ 0.6 x 103 M-sec. Thus, kg v 3.4 x 10°% w'sec™! ‘and

3
Kip 1 M 1. Although such a plot for the bipyridyl

system appears linear, it must be borne in mind that

, when one plots reciprocals, the data is compressed

AT I RS PR
D5 et Ry S S

R

A and the scatter’ of the points is minimized. Thus, it
' |

é is rather difficult to be sure that in fact such a

@ . plot,is linear.

w.

£

Expressions (207 - 20%) are not physically appli-

j cable to the systems under investigation as the expres-
sions assume that initial rates were measured; and in
fact, those rates experimentally-determined were

instantaneous rates obtained from reactions where up to

\ 35¢% broduct formation.occurred; Thus, initial rates
are not meaningful since this would imply that [P] = 0
or negligibly small. However, expression (200) for the
observed rate constant is app]iFable both at the be-
‘ginning of the reaction and at any time 't' during the
reaction.

If it is assumed that reaction (197) does not ;chieve
rapid equi]ibriuh, a steady-state treatment of the con-
centration of-{[Cr(NN)3]34,0H—} yields 5

£}

Rate = kg { [Cr(NN);1%", 007} [OH] - (210)

LRI R st th L L e A T et

3 : <
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_ - 34 -1 .
= : kypler (i3 *I00K7)
kg (LCr (NN) ;15,007 JIOH™T - k_y (LCr(NN) 313,007 )
(211)
7 kg log(m) 5T (0K

{Ler (M1 007y = - " (212)
- : k_jp * kg[OH] '

kjpks[Cr(NN)33+][0H']2 .
Rate = e . (213)
k_ip + kg[OH ] :

and the observed rate constant will then become

-q2
N kipk5[0H ] : (.. j
Kohe ° - - - . 214
obs. - ‘
k_ip * kg [OR™] :
wherein kip and k-iﬁ are the rate constants for the

forward and reverse reactions, respectively, in éxpres—
sion (197). Two cases of (214) arise, those being (i)

>> ks[OH_].

.

where k [OKH™] >> k_ip,'and (ii) where k-ip

In the first case, the observed rate constant .will be

given by

k =k [OH7] . (215)
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.+

The ‘observed rate constant becomes

kskip
Kgps = ———LOH 1% = keK

obs [oW1% (216)
. k-ip

i p\

in the case where kojp >> ke[OH™]. 1Ir the latter case,

the observed.rate Eonstant agrées with that\biven in
expression (200), Thus, it becomes unnecessary to car-

ry out a material balance. Rearrangement of (214) yields

2 » )
s a8 T AT T IR T S R R

, [OH ]: k-ig‘ 1 D
—— e = — 4 (217)
; kobs kipkﬁ[OH ] kip
14
L
T :
i - . 3+ op s . £
,§ For the [Cr(b1py)3] system at 11°C in regidn (c),
‘ﬁ kip -3.4x 107" ﬂ']sec'1 from a plot of [OH 1/k
' versus 1/[0H”]. Also, the slope of such a plot is equal
* _ 3 ,2_ . .
to k-ip/kipks = 3.0 +0.6 x 107 M"sec. Thus, k_ip will

be approximately equal to k5 since k-ip/kipks = l/kskip

from expression (216). The value of 3.4 x 10'4 MTzsec']

. = kSKip ggrees reasonably well with the value of 1.9 x

-]0'4 M-Zsec”! given as the slope of the linear plot of

k versus [OH']Z in region (c) for this system.

From the above ana]ysi;)jthen, it appears reasonable

obs

to Jti]ize expression (200)/for the [OH™ ] dependence

of the observed rate constant in region (g).‘

P L R N g

e e sy .

g iens. P
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4 ' Changes in the solution medium, as occurs above
LPH 13, can also explain thé apparent second-order d@pen-
dence of kobs on\{ﬂﬂlj. ‘"It has been brought to our
attention by T.W. Swaddle that if major fractions of
iECr(NN)3]3T are present as hydroxide ion-pairs in re-
~gion (c), thgn it is also possible that ion-pairs in-
volviné chioride ion may be important, according to

Beck's [66] compilation of K, Indeed, if the forma-

p* ,
tion' constant for the chloride ion-pair {[Cr(NN)]3+,C1'}

were significantly larger than that for the hydroxide

analogque, the apparent increase in the reaction order
% : ) with réspect to ,[OH™] above 0.10 M could then be rationa-
i . ' ‘1ized without i;voking attack of OH™ on {[Cr(NN)3]3+10H'}
jon-pair (see reactions (198) and (195)). it can be ar-
. gued, for instance, that hydrolysis occurs exclusively
1 by reaction within fhe hydroxide jon-pair throughout the

\

pH range 11 - 14, i:e., regions (b) and (c). Consider-

1 E Ay L

ing the following the reactions, \

rora

K:
OH .

g , ' [Cr(NN)3]3+ + 0T —/ — {[Cr(NN‘)3]3+,OH"} | (218)

K
C1
[er(NN) 1% + 17 = [cr(nn) ;1%

,C17} L (219)

. | k ' ‘
; (Cr(NN)3]3+,ou'} —3 5, products (220)

the rate of the reaction will be Rate = ks[{Cr(NN)33+,OH'}].

“##q“”‘ i i R O - W m e RN T e
+ .
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From reactions (218 - 219) and [Cr(NN)33+]° s

Lor(m) 531 + Tee(m)g3%, 0031 + [eer(nn)**,c171),

where [Cr(NN)33+]° is the total concentration'of

[Cr(ﬂN)3]3+ complex, “

3 | Kou[OH™1 [er ()31,

[{Cr(NN) 3% 007} = (221)"

L

1+ KOH[OH'J + Kc][cf]

N

whence - 3+
4 kgKou[OH™] [Cr(NN) 5% ],
Rate = - . (222)
1+ Ku[0H™1 + K [e17]
and ) ’
- \ - . kgKgy[OH'] |
kobs = - (223)
T+ Kep *+ (Kgy - Kgq)[OH] |

[d

with ([OH™] + [C17]) ~ 1.0 M. Equation (223) indicates
 that at Tow [OH"] (<0.1 M) and [C17] ~ 1.0 - 0.9 M,

the complex probably exists largely as chloride ion-pairs
j'ih near-constant concentrétion,~thus leading to the

first-order kinetics in [O0H"]. At lower [C17], where

[OH"] > 0.1 M, the concentration of the chloride‘ion-
N pairs falls markedly as [OH ] increases, thereby leading

to an apparent order gréater than one with respect to

[OH"], inasmuch as k increases faster than [OH] in

obs
region (c) when [OH"] is comparable to one and KC] > 1

aﬁd >> KOH‘in egquation (223). It should be noted, however,

~

. .
s
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that kg, . is linearly dependent on [OH']2 in region (c)
which a'priori would not be expected if this second-
order dependence were'attrfbdtable to’'solutiop medium

effects.” ‘Thus, it is concluded ‘that in region (c)

(0.10 - 1.00 [0H 1), the thermal aguation of [Cr(NN),I3*

folslows second-order kinetics in [OH™].

- .

E. Activation.Parameters.®

1. " Energy of Activation,‘Ea;
&

One of the principal reasons that chromium(III)
complexes aquéte.more rapidly than analogous copbalt(III)
complexes is the difference in the contribution to th;

activation energy of the change in crystal field stabi-
iizgjion energy (CFSE) resulting from conversion of the
reactant octahedral state to ihé inter;ediate‘activated

state. If it is assumed that the observed activation

energy E. for a“substitution reaction of an octahedral

‘complex is predominantly dependent on the energy required

A

to form an intermediate of penta- or hepta-coordination,
then it may\be plausible to compare the*observedﬁa with
calculated CFSE values in an effort to predict the geo- .
metry 6f the intermediate. '

1f the intermediate species is formed via a mecha-
nism which principally iﬁvq]ves bond-rupture as a first
step, it will most likely be pentacoordinate; whi]e/a ‘ i

heptacoordinate intermediate is produfgd from.a'medhanism

B0 e Tl veae A ORIHLATAY

EE— ]
LML L. S s
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[N

-which princiﬁa]ly 1nvolves“bond’formafion. A penta-
tboréinate iniermédiate will pqsséss,either 5 square
pyramidal or Frigonal bipyramidal geoﬁetr;; whereas

a pentagonal bipyramidal or trapezoidal octahedral
geometry {s. favoured for a heptacoord1nate interme-
diate [76]. Spees et al. have predicted the more 1ike-

3 and d6 octahedra]

reactant comp]eies, assuming that changes in CFSE and

interelectronic repu1§1on energy are the two princ1—
pal factors determ1n1ng f%e geometry of the 1nterme-
diate. Table XVI gives,ca]quated and observed act1—

vataen energies for severa] chromium(III) aquation re-

* actions. It was concluded [76] that the observed E,

values are near those calculated for a.heptacoordinate

1ntermed1ate species for chromium(III), 1nasmuch as

3

_those calculated for a pentacoordinate species were so

large. Arrhenius plots of log k .. versus 10 /T xie]d
a slope ~Ea/R, from which the activation eﬁergies Ea
were obtained for [Ci‘(bipy)B]3+ and [Cr(phen)3]3+ sys-
tems. These.plots are collected in Figures 46 and 47
for the bipyridyl system, énd in Figures 48 - 50 for
the phenanthrd]ineasystem. Tables XVII'aﬁd XVIII pre-

sent the activation energies determined from these

Arrhenius plots for both systems. The Ea values obtained -

therein are in closer agreement with those for a hepta-

coordinate species, as opposed to a pehtacoordina?e

i
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. . for [Cr(phen),1%* at pH 10.70.."

versus 1/T)

e Figure 48, Arrhenius Plot (log k
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Arrhenius Plot (log k_, = 'versus 1/T) for

\ |
[cr(phen)y1®* at 0.80 [OK™1. : ‘
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;pecies. Hoqever, it should be borne in mind that the
most important factor in determiﬁiné the activation‘e@er-
gy is the bond strength betweeﬁ the central thomium(III)
~ion and the 1eading group, and that crystal field ef-
fects play only a small role in that bond st;ength.

Perhaps thefonly comparison that can be made in terms
C

- of CFSE algne is one between complexes which differ

7

1
i
}

F}

only in the central &eta] jon, as Basolo and Pearson [4]
,Bave,pointed out.

Howevér, it should be noted that Ea decreases
slightly with increqsing [OH™]. This is not an unex-
pected result inasmuch as the OH™ is a better nucleo-
phile thqp H20, and the Cf-OH bond is stronger than thet
Cr-OHé bond in the heptgcoordinate intermediate species.
From Tableg XVII and XVIII it is concluded that both .
[Cr(bipyy3]3+ and [Cr(phen)3]3+6 react via similar ~

.

transition states, as in_ each region the observed Fa

values°cor;éspond }easonably well: Furthermore, tné

pH reaction profi]é for both complexes i;lnearly iden-‘
tical. ‘ ] ‘

", The above analysis, together .with Swédd]e“s in-
ferences [3] that chromium(III) sybstituiion reactions
p;ofeed via as;oéiafive pathways, Langford's recentl
findings that photoanation reaétions of [Cr(MeZSO)G]3+
with N3~ and NCS™ ions occur via an associative mecha-
nism, and Henry and Hoffman's-[96] that the photosol-

. +
volysis reaction of [Cr(bipy)3]3+ is quenched by H in

: oo - - e [ . A e 4 e AR bt B
b A L e AR PO

S ::"-'bﬁ}v:g
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6.2 moie-fractiog bﬁF-in HéO suggesting that, also, the
Shotoreaction occurs by an-associativé mechanigm, lend
further credence for the proposed associative mechanism -
and for the formation of'hep;;coordinate intermediaté
§pepies in the hydfo]ysis of [Cr(NN)3]3f..

‘ 2. Entropy;and;Enthalpx gj Activation.

The entropy of acitvation ,,Asggé, is a measure
X

of the increase in "randomness™ in going from the re-

actant state to the'transition state [3]. Sbme com- °

parative information may be deduced from the ASZ98 va-

lues of s}milar complexes. Tab]és XVII and XVIII show

" the ASZ98 values for the [Cr(bip-y)3]3+ and fCr(phen)3]3+

systems,,respegtively, at various pH (or [OH"]) calcu-

3

lated from.expression :(224) [771, or, from plots of

. . 3
In kobs/T versus 10 /T.
;F . ‘ N - [ . p\ .
A5298 = R[ In A - 1n RT/Nh ] - R . (224)

= .

pgéﬁtioha1 supbort for an associative-type mechanism
is afforded by the near similarity in the values of
ASZQB, and*b;.the negative va]ués‘of‘Aszgg. In the
absence of strong solvent effe&ts,\dissociative mecha-
nisms a}e expected to show positive ﬁsfva1ues;[95].

The s]igﬂ?]y more(po%itive values of'Asz98 on the pla-:
tedu.of’reéibn (a) probably reflects differences be-

‘tween [Cr(NN)5(0H)1%* and [Cr)('NN)B(HZO)]3+.

a

”~

I




ﬂ%\xuu{ o

determined from equation (225),

K

. The enthalpies of activation, AHZQB* as

MHjgg = Ey - RT = RT In RT/Nh + Tast - RT 1na + g,

a Fl
" (225)

are given in Tables XVII and XVIIT along With all the -

activation parameters calculated from the temperature-

L

dependence studies. The close proximity of ‘the AH;98

values supports a common mechanism in the plateau of

region (a), and regions (b) and (c). - ?

F. Conclusions,

The extraordinaryﬁﬁwﬁﬂarﬁty\in\jmg‘behaviour of

—

[Cr(bipy) ]3+'and [Cr(phen) ]3+ in aqueous sofHETaﬁ“EUg
3 , 3

gests that the two chelates undergo hydrolysis via a

common pathway. A comparison of the two’complexes shows . i j
~ N ; <

that: 1) neither complex cation undergoes acid hydroly-

sig. It is primarily because of this.dbservation that

a dissociative-type -mechanism is rejected. " ii) Neither ) |

e

cation is capable of undergoing base hydrolysis via
. « —
an SN]Eb mechanism as no ionizable brotons‘are available.

iii) Both chelates show similar hydroxide jon depen- 3

dence, as evidenced by.three distinct regions:
'« ’
o (a) 1/k,ps 1S proportional to 1/[0H7].

© (b)) k
(c) k

obs ?s proportional to [OH™]

obs is proportjonéﬁ to [OH']Z.
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iv) In eéch of the above régions, the activation ener-
gies, determined from temperature-dependence studies,

a,é'very similar, suggesting a common transjtion state
or intermediate §pecies~f6r‘both cations.

~

A major-objection to the two complexe 'undergoing
hydrolysis via a common mechanism concerns/ the rigid

planar structure of the phenanthroiine ligand., The+diffe-

-~rent behaviour df [Fe(bipy)B]2+ and [Fe(p en1)3]2+ in

acid was attributed to the inability of ghe phen ligand
to act as a uniaentate ligand because of its§inherent
rigidify. However, a recent report [64] suggests that
the phen ligand can act as a unidentate ligand. Also,

obtiéai jsomers of 4,5,8-trisubstituted phenanthrenes

-have been observed [78]. Phenanthrene has a structure

similar to that "of l,]O-phendnthroline.‘gThe optical

isomers observed [78] for'4,5,8-t§imgt yl—]—pﬁenanthryl-

‘acetic acid were attributed to the met y1 groups-on the -

4- and 5-positions being bent out of he plane of the
aromatic ring. Since it is possible for such-a compound

to exhibit a certain degree aof nonplanarity it is not incon-
ceivable that the 1,10-phenanthroline ligand can as well"
be nonolanar,. If indeed the phenanthroline 1igand can

assume non-planarity, then the strained heptacoordinate

hydroxyl-intermediate can undergo bond-rupture of the

¥ Cr-N bond to yield the products:

/"

et R R T A P
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) \ 2+ s ‘
! , .
HO . HO
o \ /NP | 3
- (phen)ZCn\ 'E;ﬁﬁ?] (phen)ZCr
o NN A
¢ ! ,
/ Ay
¢y (w7

) Cr(phen)z(OH)z+ + 'phen

!

As a result, the 1,10-phenanthroline ligand can act as

a unidentate ligand, though previously believed [62,63)

; [ unlikely for [Fe(NN)3]2+ chelates. The existence of -
1 complexeé containing unidentate bipyridine liggnds has
i ,' recently been demonstrated in complexes of iridium(III)

2 ‘ and ruthenium(II) [79]. Since the two chromium(III) .

chelates posses similar behaviour, not observed in the

N

case of the iron(II) énalogues, the assumption is fur-

tﬁer justified. .
The photoracemization Bf (+)-[Cr(phen)3]3+ has been

inveétigateé by Kane-Maguire and Langford [80].. In acid

media (pH < 7), the final product observed was (t)-

[Cr(phen)z(H20)2]3+. An intramolecular racemization was

‘envisajed inasmuch.as the presence of iron(I1) yielded

IR TN VRO T YR 1 - 2.

no free 1,10-phenanthroline after 2.5 lifetimes of race-
-~ oy

mization. The negative ferroin colour test [80]




. suggested that an infermo]ecu]ar pathway was not likely.

‘o

However, intramolecular racemization involving disde-
ciation of one end of the phenlligand was also thought
improbabie owing to thé rigid structure of the 1ligand.
The'resu1t of such a pathway would be fing closure and
retention of configuration. The observed decrease in

: , )
phosphorescence fntensity after 25 lifetimes could nei-

ther be attributed to photoaquation nor to a twist path-
way, and-thus partial racemization was thought to occur
via the intermediacy of the ring-opened species“

Eii-fCr(phen)z(phen--)(H20)§3+ ’

°

1

The two most plausible pathways ‘for the base hy-
drolysis of [Cr(bipy)3]3+ and [Cr(phen)3}3+ are Gj]]ard's
general mechanism and an associative mechanism (see
Sections 1II1-D-3,4,5). The presently available daéa d;
not afford an unequivocal delineation bét@éen thesé two
ﬁathways. It wouid appear that one of fhe deciding fac-

."tors as to whether or not Gillard's mechanism is appli-
cable concerns the "approachability" of the ihcoming
nucleophile. The feasibility of attack on the carbon
atom adjacent to the nitrogen atom of the N-heterocyclic
1tgand will debend on the distange of closest approach

. between the nucleophile and the reactant chelate. Al-

‘though .the x-ray crystal structures of the two chromium

i
Y

N e e

o s
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(IFI) chelates are not available, somé inference may ba/
taken from those complexes- for which the crystal stru%-
tures are knﬂhp. That 6f [1~Fe(phen)3][(d-p4H206)22ﬁ2]
has been reported [81], in which the‘[Fe(phen)3]2+ cé—.
t%on consists of an iron(II) atom complexed by thrﬁe

planar phenanthroline ligands forming a "three-bladed

propellor”.

- As "such, there are three V-shaped "po%kets" situated bév-

\

- - tween the ligands, each of which is large enough to ac-
comodate two Sma]l molecules such as water or hydroxide

. ion.. The maximum distance between the centre of the

4

cohp]éi and the edge of*theiligands was reported [82] to
be ca.,7 R. similar structures have been determined for
[Cu(phen) 312 [84] and [Cu(bipy),1%*
digtorteg octahedron results from qﬁhn-Tellar,distortion.

DES

This type of distortion is not expected for low-spin

[81], wherein the

iron(II) comﬁ]exes. With regard to the structure of

[Cu(phen)3]2+, small molecules in the three "pockets"

are ¢hoﬁght [81] to be capable of approaching to within
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at least 3 A of the central copper(Il) ion. A similar
distance is envisaged for the [Fe(phen)3](0104)2 com-
plex [82]. Proton nuclear magnetic resonance studies ﬁ
of tris-chelates of chromium(II) [83] suggest that water
mo]écu]es can ente; fnto these "pockets" to within 5 A

of the central chromium(II) ion in [Cr(4,7-Me2phen)312+,/

In view of these findings, it is reasonable to assume

-that water molecules and/or hydroxide ions are capable

of entering these "pockets" in both [Cr(bipy)ﬂl3+ and
[Cr(phen)3]3+. The more rigid structure of the phenan-
throline complex may allow more facile dﬁ;roach of these
nucieophi]és, thus accounting fir‘the s1ight rate enhance-
ment of this complex ion over that of the analogous bi-
pyridyl complex.

Additional support for an associative mechanism

4involving direct nucleophilic attack on the metal centre

comes from results of a photochemical investigation of

the [Cr(bipy)3]3+ ion [18] in aqueous solution. Conti-
nuous pho€31y51§ at 313; 365, 405, and 464 nm bf’solutions
of [Cr(bipy)3]3‘+ in the pH range 7.3 - 10.7 (ionic
strength = 1.0 M) yielded spectral changes and the for-
mation of freé 2,2'bipyridine. Isosbestic points af

255, 263, 274, and 307 nm were recorded subSquent to
irradiation; the.location of.these points is in Qood
agreement with those cited for the thermal reaction.

The overall photochemical reaction, then, is (pH > 7)

!

7
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species, th

hv
[eribipy) 0% ————5  [Cr(bipy),(0H),1* + bipy

Ha0/08 (227)

As -in the thermal réﬁction, irnédiation’in somewhat aci-
dic solution (pH 6.03.- 6.71) produhéd changes in the
absorption spectrum different from those observed in ba-
sic media. These were ascribed to the same acid-base

equilibrium as in the thermal reaction, that is,

’
~

[Cr(bipy),(H,0),1%" T== [Cr(bipy),;(H,0) (0H) 1% + n*
(228)
The excited state thought [18] responsib{e for

the, observed photoreation is the doublet (2E) state.
The pH-dependence of the quantum yield of the p;;%otg-
action was found to be the same as the pH dependence of

k in region (a) of the thermal reaction [16]1> This

obs
observation suggests that commoﬁ, pH-dependent interme-
diates occur in both the thérma] and photoreactions.

Maestri et al. [18] have proposed two mechanisms to ac-
count for the photochemical behaviour of [Cr(bipy)3]3+,'

one involving divect nucleophilic attack on the chromium-

(I11) cept ! to produce a he;tacoordinate intermediate
%other‘invo]viﬁg nucleophilic attack on the
C6 (or{CG') larbon a;Pm of the biRy 1{gand to form a
cova1eﬁt hyd;ate. The two pathways are presented ih

4

Figures 51 a\F 52, respectively. Of the two paths,

\

direct% atta % on the metal centre is favoured [18] over

| €
o | )
o

O et P O




. -236-
i %ﬂ
/
Figure 51
"Associative ‘Interchange Pathway for the Photo-

chemical Reaction Between [Cr(bipy)3]3+ and

. : Hydroxide Ion

[

él 1) (%a,) cribipy), Haw — (%) cr(bipy)g >

i) (%) cr(bipy); 3t

+ 00 —> Cr(bipy);(H,0) 3*

1i1)  Cr(bipy)3(H,0) 3* === cr(bipy)s(0H) 2* + u*

o

§V)’ Cr(bipy) 5 (OH) 2t iy Cr(bipy)z(bipy—-)(Oﬁ) 2+

. .  OH” /
v) Cr(bipy),(bipy--)(0H) 2% ——> cr(bipy),(oW),"
‘ 2
(bipy)

V7
i3
Ik

»

I e " e
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Figure 52
b . ¥ Gi]]ard's:Pathway for the Photochemical Reaction

Between [Cr(b‘ipy)3]3+ and Hydroxide Ion

"
8 . AN

+

1) (%) cribipy)y > + 0V —3 (%E) cr(bipy);

: 1) (%) cribipy)g ¥ + H,0 —> cr(bipy),(bipy-Hy0)3*

) Cr(bipy),(bipy-H,0)3% === cr(bipy),(bipy-0H)2*

- +H+

iv) Cr(bipy),(bipy-0H)2* ——> cr(bipy) (o) 2*

v) Cribipy)4(0H) 2% —> cr(bipy),(bipy--)(oH) Z*

S
°

T, 2+ OH— +
vi) Cr(bipy),(bipy--)(0H) — cr{bipy),(0H),

‘ +

-

(bipy)

sl
ANy
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covalent hydrate formation, based on characteristics of
the doublet excited state. - There is supporf for direct

2E state in the photosolvation of

participation of the
trans-[Cr(en)z(NCS)z]+ [85]. Gillard's mechanism is not

applicable to this particular system. Direct nucleophilic,

" attack on the metal would be favoured by a metal-centred

excited gtate, whereas a ligand-to-metal charge-transfer
excited state would favour reaction via covalent hydrate
formatioﬁ. However, such a charge~transfer state is much
too high in.energy to eff%cient]y participate in the
reaction of the [Cr(bipy)3]3+ cation. The °E state is
essentially a metal-centred state, and has been described

[18] as the excited state responsible for ‘the observed -

photoreact%on. Therefore, an associative-type mechanism

'is favoured for the reaction between hydroxide ion and

[Cr(bipy)3]3+ from pH 0 - 10.7. A similar mechanism is
consistent with ekperimenta] results in region,(g), though
no photochemicél results are available. The similarity
between the [Cr(bipy)3]3+ and [Cr(phen)3]3+ cations
over thé entire pH range investigated suggests that the
associative mechanism is the mo;t plausible one for both
cations. However, at high hydroxi&e ion concentratipns,
there certainly mus§ be formation of outer-sphere com-
plexes between [Cr(NN)3]3+ and OH™.

‘It is concluded that a covalent hydra}e\mechanism

may be inconsequential in the thermal hydrolysis of the
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two chromium(III) cations for the following reasons:
Al

i) The rate constant analogous to k, in Figure 39 has
been identif&#d by Nord and Wernberg [72] as the rate- o
]3+_

and’2 ﬂ'1sec'1,

determining step in the OH™ reduction of [Fe(bipy)3
and [0s(bipy),1%* with k; = 8 W™ Tsec””

CEERTT TR TR AN UL N
- .

Dk X

respectivéi}} The rate constant for the first-order
dependence ‘of kdﬂs on [OH"] (i.e., region (b)) in the ¢

‘hydrolysijldf [ér(bipy)3]3+ is a 1073 ﬂ"sec']. Inas-
13

" much as [Cr(bipy)3]3+ is quite similar to [Fe(bi'py)3
in ‘terms of charge and size, it is difficult to explain
why the rate constants differ by as much as four orders

of magnitude if the same covalent hydrate is formed in

L . I S S i K i 2

‘the initial step of the reduction of [Fe(Bipy)3]3+ and

" of the hydrolysis of [Cr(NN)3]3+.
ii) No spectral variations in solutions of.[Cr(bipy)3]3+
were observed, even in very alkaline solutions, as

would have been expected if the covalent hydrate [Cr-

'(bipy)z(bipy-OH)]z+ were the intermediate in the hydrol- -

/ ysis reaction. Also, as originally proposed by Gillard
'/ T [13], covalent hydrates are rapidly formed in aqueous :
solution. '

'iii) It i's noteworthy that the nearly identical values®
) of the activation parameters in Tables XVII and XVIII
across the pH range 6 - 14 for each system preclude a

sudden shift in mechanism. throughout regions (a - c); .

vand, insofar as the covalent hydrate mechanism does not
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appear plausible for the hydrolysis at pH > 11, this
? ' 1 . pathway is also not considered 1ikely at pH < 11,

: . ' ‘

AN Thus, the reaction scheme depicted in Figure 45 is

1 believed the operative pathway for the thermal‘hydroly-

sis of tris-?.Z'-bipyridyl—rand tris-l,]0-phenanthrolide;
‘ ~ chromium(IIT). . : o

6. Investigation of Rhodium(II1) Cations.

{ S 1. ‘General Behaviour of Rhodium(III) Cationic oo
. .Complexes. "

S ————————

‘Rhodiuﬁ(III) ammine cbﬁplexes might be expected
to undergo subgtitutiow reactions simifa? to those of
% | cobalt&dl), as both ions have a d6 e1ectron configura-
tion. Table XIX presents some rates of acid hydrolysis
‘of rhodium(III) ammine comp]exes. for which the observed
th ' rate constant is for the first-brder‘approachﬁto equili-
brium and represéﬁts the sum of rate constdnts for thé
forward (aquation) and reverse (anation) reactions. In .
general, the rhodium(II1) complex ions aquate more slow-f
.1y than analogous cobalt(III) complex ions [17].

" Basolo and cowérkers<[17] have proposed a §enqgah
mechanism for the hydrolysis of rhodium(III) complexes
involving a heptacodréinate transition state in which
five inert ligands remain at just-.about their original

; positions in a square pyramidal geométry.r{The other

two ligands, the leaving and entering groups} are

P e i Vet s mtion SR M st e, “*’M'M AR
: A 2 A
»

T —— FPRE
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Table XIX

Rates of Acid Hydrolysis of Some Rhodium (111)
Complexes in,O{I.ﬂ‘thric~AqidAi

) : o ‘ +5
ComP1ex T (°C). 'kobsx 10 #
R .o . A (sec'])
| “ [Rh(NH3) €112 80 6.2
I
trans-[Rh(NH;),C1,1" . 80 , 121
.’" i . d"
trans-[Rh(en),C1,1" 80 ©10.4
0 R 5 \\ )
cis-[Rh(en),C1,]1* - 80 85
‘ trans-[Rh{bipy),C1,1" 80 . ="
" see reference 17, s
) ’ : 2 ) ] ~
“ ° —
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-

. located above the base of ‘the sQuare.pyramidiﬂas shown

below. o

P

An associative-type mechanism is favoured [17] for

‘£.' ' i such complexes owing-‘to the slower rates and insensiti- -

o

vity to complex\ chare exhibited by these complex 1ons,'

relative to those of cobalt(III). Although Langford and
b . ': Gray [1] suppart a dissociative (D) or dissociative
S . interchange (Id) pathway for rhod1um(III) comp]exes, an
associative interchange~(la) pathway is probably more ’
‘]ikely.' That is, a mechanism in which bond-fdrmation
fs more important than bond-rupture. Alkyl substituents
.on ethylengd1am1ne (AR) 11gands in complexes of the

‘{4 ‘type trans-[M(AA)2C12] augmeng the rate of reaction for

A

] . . , o
both cobg]t(III) and rhodium(ITI), -although the effect

is less for the latter. This observation [17] s con-// .

-/

sistent with a dissociative mechanism. "However, the” .
e '%ffect of pomplei charge on the aquation rate is/diffe- -

rent for cobalt(III) and fhodigmklil) complexes.

L . °'[C0&NH3)5C1]2+ aquates approXimately 103 times slower
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. than does gggggf[Co(NH3)4C12]+ [86j, which is consis-
tent with a dissociative-type mechanism wherein the
larger cationic charge makes the Co-C1 bond-rupture more
diffichlt., In conirast, [gh(NH3)5C1]2+ and trans-

[Rh(NH3)4C12]+ aquate at very ne?rly the same rates [17],

attriputed to opposing, effects of chargeaneutraliza-
_tion and charge separation. Thus, an associative-

type pathway 1s’favoured fof rhodium(III) cations, as

1s observed for platfnum(II) cations for wﬁich an asso- '

i cfative mechanism is indeed operative [87].

The frans—[Rh(bipy)ZCIZ]+ cation was.observed (171
;! N to bE,quite resistant to hydrolysis at 80°C in 0.1 M
’ ’ nitric acid and at pH 12.7. 1In comparison, trans-

[Co(bipy)ZClz]+ uﬁdergog%\rapid\hydrolysis [88]. This

“ ) l;tterlobservatton is attributed [17] to the greater
steric strain in the bipy ring of the smaller cobalt(III)

{ ' a compliex ion. The Qtraﬁn will be less for the la(ber

rhodium(III) complex, and thereby may be responsible

for its inert character. : ¢

DeArmond et al. [89] have investigated the elec-
o ) trochemistry of [Rh(b'lpy)3]3+ ia?acetonitr11e, and pro-
R

- , posed the reaction sequence shown in Figure 53. The

7 sequence suége;ts that the liberation of 2,2'-bipyri-

> 41ne occurs in or after the first electron transfér.
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Electrochemical Reaction Sequence Proposed for [Rh-
(bipy)3]3+ in Acetonitrile

\)0

I

[Rh(bipy)13*
fe"’” »
[RATbipy),1%* >

i +Y" l fa{s\ty ' T

[Rh(bipy),¥1" + (bipy)
r A
[Rn(bipy),¥1°
fast
[Rh(bipy),1* + Y™ o
“
e'J ‘
[Rh(bipy),1° "~

-
e” . ’ | d

“ ‘ N
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L N
2. Behavibur of [Rh(bipy),]1>".

The behaviour of the [Rh(biﬁy)3]?+ cation was

‘investigated in aqueous acid and base media in an.effort
. to determine its reactivity towards hydro]ysis. The

" absorption specf?um is preseneed in Figure 54, with

relavant spectral data in Appendix K. With regard to
the solybility of this complex ion, it was found to

"be_very soluble in distilled water, 6 M hydrochloric \\‘@.

acid, 11 ﬂuperghloric acid, and 2 M sodium hydroxide,
Howevér, in 0.5 M sodium hydroxide and 1 M perch1051c
]

acidj the rhodium(III).cation is not very solubie.

‘The reaction‘between.[Rh(bipy)3J3+ and hydroxide

fon ( in 0.5.M and 2 M OH™) was followed spectrophoto- PP

metfica]]y at ca. 25°C. Over-a period of six hours, no
s{bhificant spectral changef were observed; that is, |
Jo shifts in absorption maxima-nor any isosbestic points
were discernable. RAfter six hours no free bi}yridine'
was detected by extraction w1th hexanes ~In acidic
media (1 M perchlor1c acid at ca.22°C for 20 hours, ahd
6 M hydrochloric acid at ca. 60 C for 12 hours) ne1ther
isoSbestic po1nts nor sh1fts in absorpt1on max1ma were
observed. {he hexanes extract showed no absorption

due to free 2,2'1b5px£idine. From the lattee’ob§er-
vatioh,iit is concluded’that even in adidicﬁmedia,\wei-
ther free protonated bipyridine nor unprotonated bipyri-

dine’ is present, as no absorption was observed #n the

t

<




Figure 54, Absorptilon Spectrum of [Rh(bipy)yC14-4.5H,0
, in Methanol: : -

c=1.899 x 1075y, °
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range 210 -1360 nm. However, it may be that the released -
bipyridine, if there is any, remains in the bulk }o]—

vent such that it cannot be extracted with hexanes.

. . . . . +
From these experiments, it .is-concluded that [Rh(b1P¥)3]3

~is relatively inert to hydrolysisy both in acidic and ’

‘ Y .
basic media. Similar observations have been made for

[Co(phen)3]3+ and [Cojbipy)3]3+ [90] in acid solution.

The inert behaviourjof thesqﬁ]ow-spin, diamagnetic
/ .
rhodium- and éoba]t(III) cations may be explained in

terms of their crys#al‘field stabﬁ]ization energies
v §

I

(CFSE). Firstly, a tripositive metal'ion possesses a

larger CFSE than a hiposifive ion biFause the metal ion
wil]ldraw.the 1jgawds in more closely. The bipyrjd{ne
and phenanthro]inp!ligands are high in the spectrochemi-
cal series and contribute to an jncrgase in the CFSE
via back R_i_-bonding from the metal to the ligand. In
additién, a rhgdium(III) comp]q* cation will likely be
more inert than an analogous cobalt(III) cation because

the CFSE greatly increases as one transcends a given l

group of transition meihl jons.
v

4y

H; 'Préparation of Substituted Polypyridyl Chromium(II})
Complexes. A . ' |

When a transition metal complex absorbs a photon of

light, and undergoes an electronic transition, an excited

state of the complex results. This excited state differs




|

from the ground stafe in two ways: its energy is higher

than that -of the ground state, and:.its electron distri-
bution may vary froT that of the ground state. The
higher energy of th

i
tivity'relative to that of the ground state, though the

s excited state offers higher reac-

lifetime of the formgrvmay be too short fpr a chemical
reaction to occur. Photoexcitation resﬁlts in excited
states possessing suﬁficiently high energy so as to be
capable of undergoind radiative and non-radiative pro-
cesses inaccessible to thermally-excited states.
Substituted-bipyridyl and -phenanthroline complexes
of ruthenium(llf have been investigated in an effort to

elucidate the quenching mechanism of the fuminésceﬁt

. state of [Ru(NN)3]2+ complexes. The quenchers studied

include iron{I1), chromium(III) and europfum(II1), as,
#investigated by Lin et al. [91]. The complexes chosen
were those where (NN) was 4,4'-dimethylphenanthroline,.

bipyridine; 3,4,7,8-tetramethyiphenanthroline, 3,5,6,8-

=~
tetramethylphenanthroline, phenanthroline, 4,7-dimethyl-
phenanthroline,‘S-methylphenanthroline, 5-chlorophenan-
throline, 5-bheny1phqnanthr€(}ﬁe, and 5-promophenanthro-
line. The experimental results [91] indicate that
neither the absorption nor emission spectra of the ruthe-
,Qium(li) chelates alter significantly upon-substi?ytion
of the bipyridine or phenanthroline iigands. waever,'

the 1ifetimes of the emitting states and the reduction

b R e b Tt s o st L .
Pttt e g

O
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potentials of the complexes are quite sensitive to varia-
tion in substituent: Phenyl substitution at the 4,7-
positions of phenanthroline results in an increased emis-

-sion 1ifetime, whereas 4,7-methyl substitution has no

g significant efféct on the lifetimes. Methyl substitution

at the 4,4'-positions of bipyridine reduces the emissiaon

lifetime relative to that of unsubstituted bipyridine.

"

Phenyl substifution on both phenanthroline and bipyridine

exhibits an increase in the emission lifetime over that’

T v

of the respective unsubstituted ligand.

The photochemical and photébphysical behaviour of

chromium(1I1I) chelates has recently received much atten- —~ .

e X v

tion because their lowest photoexcited states have rela-

P tively long lifetimes and show high reactivity toward
| ‘ N\ : .
| redox quenchers. Therefore. four substitutgd polypyri-
dyls of chromium(IIi) have been prepared such that fu-
LN,
? .ture photochemical investi s may be undertaken.
/ These four cations include: ' !
‘1) [Cr(5-Clphen)31(d10,)%2H,0 ;
2) [Cr(4,7-Me2gﬁen)3 (C104)3-2H20
The syntheses aré presented in Section II1-F-4,5,6,7, and
their absorption spectra with relavant data in Figures
' 55 - 58 and Appendix L for the complexes 1) - 4), respec- ‘
f; .

tively.
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K Ftgure 55. Absorption S'pecktrum of [Cr(S-Clphen)3]-

; 1 | | '
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|

E

;

CT0,)372H,0 100, 0T M HydrochToric Actd:
' -4

+

B ~ (a) 6.871 x 10
© (b)'1.374 x 107" M;
- * ©(€) 1.649 x 1075 M.
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'Figure 56, Absorption Spectrum of [Cr(4,7-Me2phén)3];

16104)3'2H20 in Methanol:
(a) * 1.038,x 1073 n;
(b) 2.077 x 107% n;
(c) 1.661 x 107 M.

N R
o TR -
- .

.




[Cr(4,7-Me,-phen)y-

(C103)5Hz0
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Figu"rg 57. Absorption Spectrum of. [Cr(4,7-Ph2phen)3]-

(€10,)4-4H,0 in Methanol:
1 @ _4‘

(a) 7.537.x°107" M;
(b)) v.206 x 107H My o
. * (c) 2.412 x 107° M;
L (d) 9.688. x 10°% m, K
‘ [s]
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T ‘
[ 3




-t

OHp-For)
- [ tuoud®ua- nv:&

S
S

o

>

P
.
¥4
v
o.
B
a,
‘1.‘

B

-

310NV EHOS8Y




! L]

Figure 58. . Absorption Spéctrum’of [Cr(4,4'-Ph,bipy) ]-

R (C10,)3°2H,0 in Methanol:
S (a) -5.932 x 1074

0
' >

. : C . (b) 1.186 x 107
v (e) 9.491 x 1078
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' Aa'pndfj A.

Calibration Curves (Absorbance ‘versus. '
[PHEN]) for 1,10-phenanthyoline mono-
Various pH and\[OH ]:

¥

hydrate at

a) pH = 5.53

b) pH = 6.66 .
c) pH =7.95 .
d) pH = 8.43
e) pH = 8,88

f) pH = 10.15*

g) pH = 11,14 ‘
h) 8.80 [OH™]" |

'
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§ Appendix E. Data for the Determination of the 0bse;'ved
{ ' Rate Constant at pH 11.82 at 29.5°C, and
] 0.50 [0H] at 7.5°C, for the [Cr(bipy)3]°*
:: System in Oxygenated and Deoxygenated -
* . Solvents. o
g la) pH 11.82 in Oxygenated Solvent; ' “
¢ _— ‘ ilb) pH 11.82 .in Deoxygenated Solvent;

\\' . : "2a) 0.50 [OH™] in Oxygenated Solvent;

AN , ' 2b) 0.50 [OH™] in.Deoxygenated Solvent,
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Appendix F, Plots of Tog I(Af - A )I versus. Time for

¢ - ’ © the Reaction Betwen [Cr(b1py) ]

1

Hydroxide Ion in Oxygenated and Deoxy-

% dgenated Solvents:

g

% i) pH = 11.82, 29.5°C}

! ii) 0.50 [0H™], 7.5°C.

'
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Appenﬁix G. Data for the Determination of the Observed

"Rate Constant as a Function of Temperature

-at Various pH and [OH"] for [C};(NN)3]3+:

\ai) [Cr(phen)3]3+ at pH 10.10;

aH\) [Cr(phen):,,]3'+ at pH 12.17;
ah.].) [Cr‘(phen):,‘]3+ at 0.80 [OH-]i

- by) [er(bipy),13* at pn 11.82;
bys) [Cribipy)y13* at 0.50-[0K7].

r
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.

Absorption Data (Absorbance values and

Extinction Coefficients) for:
1) [Cr(phen),(H,0)(0H)1%*;
11) [cr(phen) (H 0), 13*
iii) [Cr(phen) (OH) 1*.
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1) . [cr(phen),,(H,0) (0H)12*

(a) 1.994 x 10°° M;

(b) 1.215 x 10°3 M.
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iii) [Cr(phen)z(OH)2]+
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Appendix J.

. . 1),

Data'for the Abgorption Spectrum of:
[Cr(bipy)3](6104)3-1/2H20 in
10" M Hydrochloric Acid;

[Cr(phen)3](clo4)3'2H20 in
10"1 M Hydrochloric Acid.
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Appendik K. Data for the Absorption Spectrum of

[Rh(bfpy)3]Cl3'4.5HéU in Methanol:
c = 1.899 x 1072 M

-

where-Abs. = 'absorbance.
g .= extinction coefficient in
. 1iter/mole/cm.
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‘Appendix L. Data for the Absaorption Spectrum of: -
, 1) [Cr(5-Clphen);}{C10,),2H,0 in 1071
., Hydrochloric Acid;
. 1) [cr(4,7- Mezpheg)3](c1od)3 2H20,d1n
Methanol;
h L v 111) [or(4, 7- thphen) ](C104)3 “4H 0 ‘in
' . Methanol; .
e iv) [QFf4,4'-Ph2b1p¥)3]SC104)37ZHZO in
‘ Methanol. -

]

R

bsorbancgl

xtinctionicoefficient in
1ter/mole/,cm§ N
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