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- ABSTRACT .

been studieduln_l M Li0104/HC104.w The rate law for the R ;gf

aquatioh of QNH3)SCONHSOZNH22 has the form -dlnlcomplex]/dt
’KZh[H4I/(Ka+4H ]), and the adhation kinetics of | ‘..'l'
(NH3)SCoNHSOZR2 (R = C6H4CH3—p, C6H4N02~p),_are consistent
jl(ji;th the same Tate law 1f K >> [H*]. The unusually 1arge i
rate constants obtained, (o g.. k2h = l 41 x 10 2 8 1 _ﬁiffféf

258, “for (NH3)SCoNHsoqu23 1, are attributed to N-i “;g;igag;f

protonatlon of (NH3)5CONHSOZR2% followed by facile release fﬁf

| of the neutral 11gand. ‘ N
. The chromlum(II) reduction of (NH3)5C0NHZSO3 produces

(Hzo)sc o NH 2+;f The n1trogen and oxygen bonded linkageﬁ 3ff

' 1somers are reduced at ind1stinguishable rates.y Reductionﬁi{jf
- of (NH3)52ng502NH22+ 1is competltive W1th aquation, and L
(NH3)5CoNH2802NH2 f is reduced/much morg;rapidly than the fi{ff
deprotonated species.r he chromium(III) Sfodnct is too .

, unstable to be fully charaéter1zed. but a kinetic-“w;”“'
Spectrophotometric analysis Lndxcates that ligand ttansferifﬁfﬁ
i-does occur. Simiiar k1netic results were found for L
(NH3)5CONH802C6H4CH3-p2 bﬁt the chromium(III) product
could not ‘be detected._ The klnetic trends qu the
pentaamminecobalt(III) complexes with 8042', Nﬂst3 and
; , R : L

. . IR S : - B L : . o o : ‘ e o -:X_\, o . . e .“:" R
, o g T e e e



."I

'.results._;p
.‘ Chromium(II) reduction oﬁ (NH3)5C0NHSOZC6H4N02-p
1nvolves reductlon of bOth the cobalt(III) and thc N02
group. Detect1on of a p-nitro rad1cal complex has been
accompllshed by stopped flow spectrophotometry. A step—wnee '
mechanlsm consistent with the complex absorbance changes has
been proposed and many of the spec1fic rate constants have T'
been me/gured.! Rap1d reduction of the nitro group to - .7‘_. n/
hydroxylam1ne occurs concurrently w1th reductlon of\the |
Co(III), the maJor amount of Co2+ comlng from reductxon of S
the p nitroso radxcal 1ntermed1ate., Further reductlon of .
the hydroxylam1ne der1vat1ve is. muchzslower.; Sxﬁllar ' |
. results were found for the chrom1um(iI) reduct1on of the o
free llgand, mlnus those react1ons 1nv01ving reductlon of/ '

the metal
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CHAPTER I

_ INTRODUCTION om T

. o ‘Q"' .
As;éarlyiésil9§1‘1 the\distibétionvyas made»betﬁeen’tyo
A;general typésvdf e1eqtton-trgﬁsfer.feactidhs bétween.metaii_ .
'_EO@éieXesiﬁ sdlutiéh,"those'in which-the eleétrohyis S
'Stransférréd»wiﬁhih'a primary'bond's}stem‘(e;gt, (I-l)), and -
v;thése‘invwhiéh:thé}élection o ‘ o

ML¢ + M?L’s—e——>[LSM-L—MfL'5]*4——4>§foducts

(1-1)
" is transferred from'oné‘p;imary bond system to another
_(e;g.,.(IrZ)). These two types‘of‘reactions wére latér_.

"MLG

+ M'L'é‘—4—> [MLG,M'L'6]*———F-pfdducts
Cod1-2) .

' named inner-sphere-and outer#sphere.mechanisms,2

respéétivelyf on the basis that in the former electron
Atransfet is mediated by;one or moréyligands shared bétwéeh
tﬁe'innervcoordination spheres 6£,both‘ﬁetal centers,
whereas -in theflatter‘electrpﬁ tfahsfér-occuré in an
aé;ivated cohplex'thWhich bothfmetalbiohs’tetain intact

i

inner-coordination spheres,



Identification of the type of activated complex is not ‘.}aﬁ
- always easy, or even’ possible._ In the early studies, the o
lability or inergness of the reactants and products were
‘controlling faqtors in the determination of mechanistic 1}f'f
type. However, with the advent of. rapid reaction f |
'techniques, ‘allowing the study of labile species, the
4ability to distinguish between inner-sphere and outer-sphere
mechanisms came to depend more on the relative rate of '

reduction with:respect to the. rate of lf/;nd substitution of ’:7f

nreactants an products. : ﬂ“‘ ; :v[.:-‘:".i;%f*
It is sufficient for the rate of reduction to be faster

'than the rate of substitution for at least one oxidation

state‘ofveach metal ion, in order to obtain 1nformation on “hjdgrif

“the type of mechanism directly from kinetic and/or product =

studies. If/j th reactants undergo substitution slower than

the observed rate of electron transfer, as is the case with

a number of oxidants towards vanadiu%fll), then electron
transfer must occur. through an outer-sphere activated |

complex. I1f the rate of reduction is faster than the rat :

S

of substitution for (a) both the reactant and product isr]b//“'77

oxidants (or both reductants), or (b). both products, then : /ffff"’
'producs 1dentification,veither via isolation and N |
\characterization (if substitution inert), or kinetic
observation of the decomposition of an initial product

(i.e., reduction faster than substitution), or an Q"qu ;d;fg

observation consistent with ‘a concentration of an initial



'product at’ some stage in the react1on (i €.y both reactlons"
of comparable ratﬁg, w111 1ndicate the nature of the |
! act1vate6 complex.‘ In case (a), where the reactant and
.product oxldants are relatlvely inert, an 1nner—sphere
reactlon would result in the transfer of a11 bridglng
” ligands present in the act1vated complex from one metal
oxidant to the other (e. g.vequatlon l 1 ),‘whereas 1nyk
c2+ '

3)5C0Cl »f'chQHZ)G ;————a-SNﬁ4 _+ CO(OHZ)G

INERT ~  BABILE T LABILE
. -+ (H o) Crc12

(NH
IR

INERT

‘case (b), where both products are relat1ve1y 1nert,‘
'observatlons consxstent w1th the presence of a b1nuclear '

| complex would be 1nd1cat1ve of an inner- sphere mechanlsm '

(e,g.,‘equatlon 1.27?f;4 - . ey

Fe(CN)63' +~Cb(éN)5?—f;?f¥-(NC)SCONCFe(CN)Ss- (1.2) \\p
; | n _INERT S
~1In the rema1n1ng cases, (1 e., mhen both ox1dat1on
i»?states of at least one metal ion undergo subst1tut1on faster \
than the observed rate of reductlon), attempts to observe}
ethe 1n1t1a1 products w1ll be e1ther futxle, or not : B
.1nd1cat1ve of the mechan1stlc type. Compar1son of a var1ety

of rate and thermodynam1c\parameters w1th those obtalned

from authentic inner-sphere andyouter-sphere reactlons can,

v



) Vin some cases, provide indirect evidence as to the ol

'Vfappropriate mechanistic claseification.r -

| shitable site to which the labile partner can bond ?th_g
redox reaction must proceed via an outer-sphere mechanism.
:The potential bridging ligand must possess a minimum of one

'u-unshared electron pair after coordination in order to a” age

- has no unshared electrons to provide a: coordinate bond to

' were chromium(II) reduction react1ons of thé formamideg”

(1~ 3), N, N- dimethylformamide (I 4), and urea (1-5) complexos__ﬂ

‘ .

R\

The nature of the\activated complex sometimes can be;fﬂjif

‘f deduced from the characteristics of. the available bridgingfpfo;

bligand. "If one’ of the reaction partnere does not offet % ?ﬁaﬂf

~ the second metal cation.: In equation 1 3. coordinated'NH3”*'a

ey 3t 2+ H ’+‘, 34+
CO(NB3)6‘, + Cr(OH ) 6 _—-—Co(OHZ)6 . + Cr(OH )6 + GNH. o
T e u 3)

Cr2+, and an outer-sphere mechanism is observed.pi_beﬁﬁﬁf}hg':;

RS

In addition,_there is ev1dence that polyatdmic bridging

'ligands must be conjugated ln order for facile electron ‘
N {)‘.‘
4 transfer through the ligandt The first examples of this pyﬁs.ﬁ

,of pentaamminecobalt(III) 6, 7 These complexes are reﬁuced ﬁ

RS N SEIIR TR “2 3*

(NH3) Co0=C .~ 7 3)5C00 C\\ SN )SCoo C\‘NH
T 2

N : .
© NH, S w,f N((:“3)2



without llgand transfer in splte of the one pair of

SN 4
'f_electrons avaxlable on’ thevnltrogen atom.

The b1nuclea7

7act1vated complex which would result from inner—sphere i _»53"

fattack at’ this s1te, (e g., (I—G)), does not contain a- ,».

':,\',': : H H .
:§§;_[}Nh )iCaOQC-N;ér(ouﬂi~5*]f \ -
RER A 1 O It A R .
“ ‘ _f __’}H RN ;,:T {_,,,
W“L S S R

A

; conJugated bond-system to medaate electron transfer.:

Surtable lead 1n groupe and con;ugatlon are not

"’suff1c1ent to ensure an effectlve brldge. The rate of

fxnner-sphere reduct1on is influenced by the reduc1b111ty of

tathe medlating ligand,-although the l1gand may not. suffer a

net reductlon dur1ng the electron transfer process.- Thus‘

,;'the rate. of Cr2+ reduction decreases in the serxes.

ks 7 x 107

(NH3)5C0Q¢CH. }(NH3l59oOQCHZOH f>(NH3)5C°OCCHS'

=11 3.1

© -.

0.35

in splte of the fact that the ox1d1z1ng metal center and the
' educ1ng agent are 1dent1ca1 The 11gands d1ffer 1n

-reduc1b111ty, the glyoxylate has an - unoccupled orb1ta1 lylng

- at lower energy,aand the dlfference in rates has been

5 e

“attrlbuted to the . d1fference 1n reduc1b111ty of the

1lgands 10



Finally, the orbital on the bridging ligand which
mediates the electron should have an appreciable density 1n ;f*
close proximity to the oxidant. Thus (I 7), below, ie more .

: reducible than (I 8),‘but the latter reacts faster with

}’,s ;Cr2+ - This has been ascribed to the decreased ability of ‘7i’*

: (NH3)3 o———-o-.(‘:o(NH 03 (NH3)3C0———0-—CO(N33)3
T T R b e

“doow . 74 COOH s oo
e, k=0t (-8, ko 2wt e T

e

S . R ,
gthe triple bond to delocalize 1-electrons with reqpect to
i the. double bond.11 vF S »'-1:‘,ﬁ~;'{'gj»7?ff?7*‘} -
It has been noted12 that it may be possible for a
.7ifbinuclear precureor complex to form in a system whi h
';*1conte1ns a free~electron pair to engage the second metal Sl
1on, but which does not offer a conjugated bridge to;m“diateéﬁ;
—electron transfer._ If the bridge is suﬁficiently flexible -
to allow the two metal ions to approach each other closely,szﬁ
,3then direct electron transfer via a path which bypasses the if;

: bridging ligand, (i.e., an outer-sphere pathway) might

'«,occur. Such a reaction, (called.brid”ed-outer-s'here), may iff

v'ﬁ:be favoured over a conventional outer*uphere pathway, when
viiboth mechanistic paths are available._;37:ﬁd“g.fﬁif¢;,ff ‘

- ). . s .,




vjl i

Prlor to the act of electron transfer, bond dlstortion

of the inner coordination spheres of both metal centers must

,:‘occur in order that the electron can. transfer without a

=

change in energy.v In a br1dged mechanism, (inner- or\outer-‘
sphere), distortlon of the two metal centers occurs

‘*simultaneously, coupled by the format1on of the brldgeg
'5precursor complex. In an unbrldged mechanlsm, d1stort1on of
~_the two metal centers are uncoupled events, which .

j,knevertheless must -occur s;multaneously Mh1le the reactants
"are close together.> The 1mprobab11ity of the 1atter |

»pred1cts a select1v1ty for a br1dged mechanlsm over an ,
: unbr1dged mechanlsm in cases where the amount of. d1stort1on

'.requ1red is s1gn1f1cant.. N L - R

1

»

Many workers have attempted to observe a: br1dged-outer—‘
sphere react1on, but few unamb1guous cases are known to
date.s An early example was the study of the ferrous

reduct1on of oxygen bonded n1tr1lotrlacetatopentaammlne-‘

"cobalt%III) 13 K1net1c ev1dence was obta1ned for productlon_v
7_of a precursor complex (1-9), but formatlon of a carboxyl-

”fbrldged trans1tlon“state,,(1 10), in which an 1nner-sphere

By SRE ¢ U S R ' o
o (NH, ) (Co -~ 0 0

Al

H0— Fe=— 0 O— Fe=—0
no! L e
. S : e . . i °H2
(1-9) R . ¢ S U

pathway is available was equally‘consistent'With_the‘data;l,

TR



;fo;mdependent pathways observed in the Crz+ teduction of

"ffidentified as products of the inverse acid dependent term.

Taube et’al._l4 have’prOposed ‘a bridged-outer-sphere

mechanism for the 1ntramolecular electton transﬂor reaction ;fjjfff

T

N

| o, in the binuclear complex (I 11).

. \{,.5 -

QNH31‘SO‘

Sykes et al 12, 15 have proposed that the 1nvarse acid

N

“the remOte carboxylate. Unfortunately, fqr COmpIexes of*””

e ,;”.ng S AT c
ORI = | .

(NH ) CO (io(m'l3 4 /

L)

B e
¢ . . . 4

PRSI UNG
oy Lo NP PRSI e -
. Bt LN Lt
e e y

'jtype (I 12). the d1agnostic 1nner-sphere prbguct ﬁas not K

mjidentified.‘ However. for (I 13) and (1—14),;1

T (Hzo)SCoozbc32NH33* and (Hzo)scmzccnzcnznaf were

o Finally, in a recent study by Kupfe:schmidt”:nd

Jordan,16 the product of the chromium(ll) reduction oﬁTQ'




= //' . AN
-k, o h
ated ‘cyanoacetate complex, (I-15), was .identified as = _
R ebnodpetate comglex, (15, ves-ddintiting o
L PR
\emneen. co 2t 12+
.CONCCH,,C0,“" (H ,0) Cr%CCH CN

(1- 16)

since the reductant N

T

_ : , . & iﬁb, T
It should be noted that other names ha ?bee"used'to SRRV

The original name ~was - di?&ct

‘;idenote this‘mecha ism.

'exchange inner~sphere.:. : er names have included l\hk\

\ electron transfer,18a and precursor complex formation With,

ot ter-sphere reduction 121'/ﬁ“'f_:, T f/fiis.,;::V N

outerésphEEéi'and

he ab_ve discussion pf inner—sphere,

.

- ‘bridged ‘o jer-Sphere mechanisms demonstr tes the importance »

i

'qi'of an understa\:ing of héw a bridging 1roup aids the inner-\
T 'sphere passag

( electron denSity b tween the reacting

N, / :

'*,:icenters.‘ Subclassifications haverlmerged which distinguish

-;two limiting modes of inner-spherv reduction.l The term

{m

chemical mechanism refers to the,51tuation in which either ”‘

'rg”jthe reducing center is able to reduce the bridging ligand, 'ff
T.,or the ox1dizing agent is able to: oxidize the bridging ”
'ligand In the\ligand reducing case an electron pass\s from
: ~

Ca well~defined bound state in. the reduc1ng agent, to another;}’f

'-fin the ligand, and subsequently an electron 1s transferred
* “nto_the_oxidant.: Thus the bridge is temporarily reduced to a



llgand centered radlcal. LIn contrast.

transfer mechanism reﬁafs

the‘teaonance f””

%’-W'._group partlcipates in the ;
vhhprovxdlng Vacant’brbitals

which 13 viewed

feléctron,

f:brxdglng 11gand. Even when the electron_does ot occupy"

'?ﬂmechan1sm can be deterﬁXgﬁd.
generally make use of th £a

ifmechanlsm the Qxldant 1s ngef"”;’ '




“n;x pentaaquoehrom1um(III).t

‘f_of the electronxc conf1gurations of these,_

& ions.? The aéceptor orb1tals of coﬂalt(III) and Etg',],wﬁ‘ff“~3

e

Sy

';?eligand, and the nature of the oxtdant would not be expected;il;h?

. ,\w-

;f-to have°a large effect on the obeetved rate of reduct1on.,f 

Thus, when reduction ot a series of oxidants conta1n1ngf

:'sfothe same potential brid&ing ligand by the same reducxng

ke agent occurs at very simtlar rates. it seems likgly that the iﬁf
':fg:ox1dant does not play a signifxcant role in the rate :3 e
vﬁjhideterm1n1ng step.. An example would be the Cr reductlon of

"1'1son1cotinam1do complexes of pentaamminec balt(III) and ‘:ffh:'

20h'

J;, -31;."»v'<"‘ B

Ckeamawlel

k=1emMlel

B R
wool

t: Whereas, when the qxldant has a larger 1nf1uence on the rate

_rconstant,,as w1th the pentaammxneruthenlum(III) complex,z;oéf{ffe

v resonance transfer mechan1sm seems more reasonable. ;QV~””"

Thxs ratlonalizatlon is conslstent wit:

hree metal

‘. EET

chrom1umga11) have a-symmetry and cannot 1nteract w1th tge

"ﬁ,ﬂo-acceptor orbltals of the isonlcottnamlﬁe llgand.‘ngﬁ?,;qtﬁel.’h

Ruthenlum, however, has an acceptor orbltal of n—symmetry
wh1ch can overlap w1th the empty n-orb1ta1s of the br1dglng

st

what xs knownif‘fﬁur

% ﬂ_'
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E general correlation between the rates of reductlon of the‘
pyridlnecarboxylato complexes and their parent ‘acids caused

these workers to propose a chemlcal mechanlsm for the -

'1_rapid1y reduced complexes,§Whereas -the lack of such a

correlation in the carbonylbenzoato series led thenm to .

: suggest that a resonance mechanlsm was operatlve.

. In addit1on, a chemlcal mechanism seems more reasonable
1n systems contalnlng polyatomlc conJugated or aromatlc <

br1dg1ng ligands, which are capable of stablllzlng a radical

kS

o 1ntermed1ate. If the brldge is monoatomlc, such as F7,

chem1cal mechanlsm wodﬂd requ1re reductlon of the llgand to
t » O)

s+ Or 1ts ox1dat1on to FO‘ both of which are energetlcally .

s . s;\*
unfavoured. e '

f'e In some cases reduct1on of the 1lgand to a radlcal ion

/zlntermed1ate has been 1nferred from stoxch1ometry studles of

complexes conta1n1ng ea811y redu01b1e lxgands. The

. chrom1um(II) reductlon of (I- 17), (1-18), 23 and a number of

y nltrobenzene complexes 19, 24,25 ¢, Qe (Ir19), resulted in

(NHj)SQOQéc ;

(1-17) -

(NH ;) 5C00,,C NO

(1-19)-



the release of much less than one mole of cobalt(II) peraf[fn
mole of Chromium(ll) consumed. It was proposed that thejkfi?
ligands themselves are being reduced, transmitting few v
‘electrons through the r1ng to the coordinated cobalt(III).nfﬁ

- The. most conclu31ve proof of a chemical mechanlsm wouldr
be actual detection of a transient radiczl intermediate.iiff?
Unfortunately. detectxon and’ characterization.of such R
: tran51ent specxes 1s very difficult due . to their hort
11fet1mes In the chromlum(II) reductxon of (1-20) and the:t
uncomplexed ac1d, Splecker and Weighardt26 observed an7 o

E.S.R. signal wh1ch they attrxbuted to the cyclic radical f .

1ntermed1ate (1- 21), and the uncomplexed analoq, 'g;_lf"

. : S/
. ‘4 B ..
.+ OCO(NH), 2 " " ocolnH,),
D ’ \
R = [o 28 c N, -~ ?
. + r .
AK}N — K/ __ér(OH)

(1-20) o . o (I 21)

respectively. In.a study of the chromlum(II) reduction of

the s1mllar complex, (1-23), 26 two rad1ca1 1ntermediates

Ny
é‘\\

O

&

(NH3)5C ?O(NH )
V O

/’

(@]



ﬁwere 1nferred from two rap1d 1ncreases in absorbance,‘ﬂ.
. however, a transxent ‘E. S.R. spectrum was not obtaineg
Ho&fman et al. 27- -29 have used pulse rad101y51s
| techn1qpes to study the formation and decay of the radkcal
1on 1ntermed1ates formed by the reduct1on of various ,‘“
nltrobenzoatopentaamminecobalt(III) complexes by - rad1at1on-
N generated radlcals such as eaq', C°2 “and (CH3)2COH, (e s .

'equatlon 1.4).

eaq +/; ‘,NHB)SCOOZC—O—NOZ ————>'(N‘H3)5C00,2CN02 :

e N . N —

R S :‘ » .‘ .‘j‘HOZC.‘NOZ + Co2+ ) . | o (1._4)

bThe study‘of the p-nitroben;oato complex, above; was
the flrst reported observation of a radlcal 1ntermed1ate
produced by the initial. reductxon of a. llgand bound to a
" metal oxldant, and the flrst reported measurement of the
| ‘rate of ‘the subsequent 1ntramolecu1ar electron transfer
step. | o
- As‘ueilvas having empirical foundations, the various >
c1ass1f1cat10ns and subclass1f1cat;ons deflned above ‘have
lbeen elaborated by theorists. The theory of outer—sphere'
reactions has ‘been developed by L1bby,30 Marcus, 31-36
A Hush 37 Lev1ch,38 Hopf1eld,39 Jornter,40 Schmldt41 and

pDogonadze,42 and has been reviewed by Marcus,43 Ruff, 44
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Dogonadze45 and Schmxdt.46 Inner-sphere, chemical and
resonance transfer mechanlsms are more difficult to treat
theoretlcally, but have been: attempted qualitatively by |
George and Gr1ffith,47 Halpern and Orgel,‘& Burdetb49 and
Larsson 50 ‘ o

' Gould, Taube and co-workers have 1nvestigated theli~“
‘reductlon reactlons of a w1de variety of carboxylato ,p}f"
complexes.51 and the detaxled mechanism of electron transfer‘”
through a carboxylgte llnkage is wellounderstood.;; m" '
_ contrast, desplte the fact that aromatxc sulfonamides are e
.f,used 1n drugs and are well—known 1nh1bitors of carbonlc"b
anhydrase,-very 11ttle is known about the1r coordination gfluf'
chemlstry, hydrolytlc reactions, or the factors affect1ng
‘electron transfer through a sulfonamide 11gand. af”' '

. The oxygen atoms of a sulfonamide ligand offer a lone tf
pair of electrons capable of bondlng to a reductant. .
'However,'electron transfer cannot proceed thr;ugh ; .'5 ligii*d
saturated ~NH, - group.' Thls led td the expectation that the ‘
protonated form of these complexes, (NH3)5CoNH2802R3+ |
should be reduced via an outer-sphere mechanism.. However,’st
.the deprotonated forms, (NH3)5CoNHbOjR2+. may be reduced via
an 1nner-sphere pathway._ Consequently, if a ligand~transfer
product is observed for the protonated path,}then a bnjdged |
; outer*sphere mechanism must be operatlve.; 1t is hoped that
'}_the results of th1s study w111 help eluoxdate the reactiont"ﬁ”

pathways for reduct1on of sulfonamxde complexeﬂ

< .



17

L S . . S
A detailed. kinetic‘inVeStigation was also undertaken . _.

‘for the chromium(II) reduction of the p- nltrobenzenesulfon-‘-’”

;‘am1de complex,_11—24) The ease of reductxon of n1tro '

2

(NH 2

3’5
(1-24)

CONH802C6H4NO

llgands ‘to nltro radicalsz7 suggests that thls system may

-,. “.

1proceed via a chemlcal mechan1sm, produc1ng the transient

_radlcal‘lntermedlate. -

(NH3)599NHSOZC6H4NQ2 R A

.Th1s coordlnated radical could react in a number of ways.

-

It could undergo 1ntramolecular electron transfer,

: +
'(NH3)5C0NHSOZC6H4N02 —_— | -

' ' o (1.5)
: ,+ 2+ . . Co . o
5NH," + Co” o H2N602C6§4N92‘,‘

produc1ng the freteigand

It could be further reduced by chromlum(II), produ01ng'

) ' - H R v ' v
(NH;) ;CONHSO,C cH no .t + cr?t —— G ‘
276" 4 2 e ‘ N

(NH ) CoNuso csu no2t 4 o1 4y

e

’the'twq.eleetron'reductiOnvprqduct of the 1igahd.
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‘r_ nlso, thevradicai couideundergoedisproportionation,ff;m
2(NH ), connsozcﬁn4 2 ___—-» (NH. )SCONHSOZC6H‘ Z + uo
Vo (NH3)SCONH80206H4N02 e
e (1 7)
G
LI Do R ._3--,f e
) producing.the’initial”reactant, and,tne;penitroso_inﬁ;;jvfu*ﬁlr
derivative. | | e :l'p.}v '}.}h:
In all cases, the products of reactions 1 5= 1 7 would p“
.undergo subsequent reduction reactions in the presence of S
lexcess chromium(II), perhaps producing other radical ion R:;E?
”intermediates.i - | i_ | R
t Gould and co-workers24 25 have studied the chromium(II)
| eduction reactions of a variety of nitrobenzoato and
*dinitrophenoxx} complexes of pentaamminecobalt(III).; Both
) the nitro substituents and the cobalt(III) metal ions were f:”i
'.reduced by chromium(II) and the reactions were found to f*fd
proceed through a number of intermediates, some of which
were proposed to be radical ions., Unfortunately, in all
cases, the overall absorption changes were not separated

: G
into clean—cut kinetic stages, ‘nor were the inert products

icharacterized. ' RIS I

It was hoped that reduction studies of the eulfonamide £
,derivative may enable the direct measurement of the rate of :

the intramolecular transfer of an electron from a.

ﬂc ordinated ligand radical to the metai’oxidant. 7 f,

v :



S toms from different Nzﬂzsozz‘ ions coordlnated t°

: few simple inorganic sulfonamide .;iwf
'fcomplexes- ave been pre‘ared. Traube§2 53 first prepared
'sil‘er(l) complexes of sulfamide.. _The structure of

"';Agz(Nzﬂzsoz) recently has been shown54 to have two nitrogen

’*_silver(I). Ouchi and Moeller prepared some :

”7M(en)2—sulfamide derivatives (M = Cu2+, Ni2+) which are ‘the
";subject of a recent infrared study.56 Beck and Cenini and |

’i‘co-worker857 59 have prepared aromatic sulfonamide o

‘ :.»derivatives such as. ((C2H5)3P)2(Cl)Pt(NHSOZCSHS) and -

' t";l(biPY)Pd(NHSO3C6H4CH3)2 by reactions of sulfonylazides..v“\'

Mann60 prepared and resolved cis-[Rh(N2H2802)2(0H2)2]
Hf;This seems to have been the second example of a purely

‘ inorganic Optically active Species.‘ Mann also prepared
'[Pt(OH)(NH3)(N282802)2] IE and noted that the rhodium(III)
i and espec1ally the platinum(IV) complexes are very |

‘tvpry weak a01ds uSed as?jW

A~[suscept1ble to decom os'ff"

‘”resolv1ng agents.l;n o r."‘fi{ff'jk7k'ggj*;1,_Q'cﬁ"€

Consxderably more work has been reported on ”v;-;«;_,c

' sulfonamide/carbonic anhydrase 1nhib1tion chemistry.n such%'bf?

"’sYStems have been studied by a w1de range Of teCh“iq“QSGI 67jﬂ5

"-fwith general agreement that the sulfonamide 1s complexed as‘

,the anion to: zinc(II). or cobalt(II) in the modified
"enzyme. Kinetic studies are con31stent with a complex

’ ”,formation mechanism 1nvolv1ng pre-assoc1ation of sulfonamidefTJ‘

.{and the enzyme followed by rate controlllng metal-:i:-ﬁfj?;fy,ff

RRE



| :ijanhydrase cqmplexeq.  ~ ,f

S

v-‘sulfonamide bond formation.sl Howeverpj

. u\gsequence of
 'pro;on tranafer steps remains in doubt;é: i
In the present stﬁdy{,a variety of qulfonamido\;l

'A pentaamminecobalt(III§ complexes have been ptepared and
| characterized.- The acid-base properties, hydrolysisﬁpnd
| redox kinetics have been 1nvestigated. The resulta ﬁaf 
;_abeen related to previous atudies on cobalt(III) cumplexea,

‘ :as well as to the properties of the sulfonamide-cat‘fn



. CHAPTER II -~ S

REAGENTS' -
All solutlonsﬂwere prepared 1n delonlzed water
uredlatllled from alkallne permanganate 1n an’ all glass
) apparatus.’ Perchlorlc acid solutlons were standardlzed
agalnst sodlum hydrox1de solutlons.f Standard solutlons of
glsodlum hydrox1de and of sod1um thlosulfate were prepared 8
'from ampoules of concentrated reagent (Flsher 6c1ent1flc‘
r Company). L1th1um perchlorate solutlons were prepared by J
‘f11ter1ng aqueous 11th1um~perchlorate throug a 0.22 m1cron’
'M1111pore fllter and determlnlng the amount :>\hydrogen ion
-released from a, Dowex SOW XB cat1on exchange column.,;
Chromlum(III) perchlorate solutlons were - prepared by
‘reduc1ng potassxum d1chromate Q&th hydrogen peroxlde in
perchlorlc ac1d solﬁtlon.i Prlmary standard grade pota581um
dlchromate (147 2 g) was dlssolved 1n hot water and added to
-kconcentrated perchlorlc ac1d (363 mL, 70%) Hydrogen |
'»perox1de (30&) was added dropw1se w1th st1rr1ng to the ice-
‘fcold solutlon untll the yellow d1chromate waelfonsumed Theyh
dark blue solutlon was borled for 3 h to decompose the . .

;excess hydrogen perox1de, chllled to 0°C, flltered through a .

L



':dInc ) 1n dllute perchloric ac1d, or by reducing

. .

;o .

N AP

A 2‘2, R
.. PP

AdO 22 micron Mlllipore filter to reme;e the solid potassiumv
iadperchlorate, and d11uted to 2000 mL.”s? 1 | '_

““ To determ1ne the concentration of acid remaxning in theff
'71;solution an - aliquot of the chromlum(III) solution (5 mL) wasi;;
'h"added to a- solution of sodium oxalate (2 g) 1n water (50 :

;imL) The solution was heated for 30 min to complete the L

conver51on of hexaaquoéhrom1um(III) to tr1soxa1ato—'i**F
,chromium(III),‘cooled to room temperature and titrated
potentiometrlcally w1th standard sod1um hydroxide solution.v"
| Chromium(II) perchlorate was prepared either by | |
"dlssolv1ng chromium pellets (99 999% purity, Apache Chemical
ichromium(III) perchlorate with zinc amaﬁgam.f In some cases
'prlmary standard grade l1th1um carbonate was added to the
chromlum(III) solution to reduce the acidity quantitativel!///%

'aand the chromous solutlon was rémqvedmﬁrom thefz nc amalgam ii

after reductlon was complete. The total chromlum

"'concentratlon of the chromous solution was determined by

e

;chromate ana1y51s., Chrom1um(II) analyses were carried out
1period1cally on the chromous solut1ons.¢f‘ | '

| l All other reagents were analytical grade, and used
:[w1thout purificatlon.A All solut1ons used in chromous j?~;}gfff
i”treductlon studles were deoxygenated u31ng argon and handled?ﬁd:

a R
u51ng rubber serum caps and standard syringe techniques.u e



CANALYSES ot

.Chromate- Chromlum Species were oxidlzed to chromate 1n5'5=‘

* ' .

T-T_esodium hydrox1de solution with hydrogen peroxide (final

”.solution 1 0 M NaOH) Excess H202 was decomposed by bolllng

hfor at least 3 h. The chromate concentration was determined ﬁw
) Spectrophotometrlcally (A = 372 nm,'e = 4 815 x 103 M -1
cm l) | ., | | ,. | - ‘.9 3 | | ‘. - ..

. Chromium(II): Two methods were used. ‘l)~Chromium(II)"

/

Tlconcentrations were determlned 1odometr1cally by reactlng an.
allquot w(th an excess of ferrlc ammonlum sulfate

B -solutionyx The excess ferrlc ion, as: well as the amount
'present in a blank untreated w1th chrom1um(II), was
'determined by addltlon of an excess of pota351um 1odide and
;t1tration of the 1od1ne released w1th a standard sod1um
'?th1osulfate solutlon.: 2) An allquot conta1n1ng chromlum(II)*.
‘swas added to an excess of aquopentaammlnecobalt(III) |
‘dsolution,s The m1xture was analysed for the amount of“

. ¢

‘;cobalt(IIlvproduced.'

'T Cobalt(II), The cp”centratlon of cobalt(II) was determlned

©

-by treatlng ‘an aliquot of cobalt(II) ( ~0. 01" mmoles) w1th
aqueous NH4SCN (2 mL, 65%),'acetone (25 mL) and perchlor1cv
~ L
‘f_acid (2 mL, 70%) The solutlon was cooled to 25° diluted

.to SO mL, and the cobalt(II) concentratlon determ1ned



. ;of an equivalent amOUnt of cobalt(III) did nqt tntertﬁr and

an equxvalent amount of chromium(III) caused a 1% 1ncrease-

~in absorbance. _1*

Sulfamate. An a11qu0t containlng sulfamate

 was treated with sulfur1c acid (20 mL.,l l'by,”olume)'and

'odxum n1tr1te (5 mL,»O 01 M). After 30 min'the excess

r1te was oxldxzed w1th ceriumoZV)/ fiiti.fgff,ﬂ



54}['g[_r°ﬂ';’li‘a7,a25§f??¥

":QL_QL_Q.' Elemental analyses for carbon, hydrogen and’

"‘f;nitrogen were performed by the Micreanalytical Laboratory atrﬁhffff

"“fthe Uhlvers1ty of Alberta Chemistry Department.vdklbjglg:“fr

R

. PREPARATION: OF COMPLEXES. . ~w i -0

o ;l1icarbonatopentaamminecobalt(III) n1trate, [(NH3)5C0C0 fiﬁoji,fﬂgﬁffg

""1dﬁand aqu0pentaamm1necobalt(III) perchlorateL f;f_”'

AN

'f7tfil(NH3)SCooq;1(c1o4)3.hj,ifiﬁjpjéi;;g;r;;,_f_p,;ff:“' T

Lot I Y

"w P

CarbonatOpentaammlnecobalt(III) n1trate was prepared

“according to the method of Schlessmger.6-8 The carbonato 4ivfﬁdiﬁf

.,.“, \ *

'7’Agfcomp1ex was COnverted to the aquo complex by adding the

”ifSOIid to the minimum amount of warm perchloric acid (1 0 M)

““;ﬁrequxred to ensure complete converslon.r Conver51on was

“’chomplete when the effervescence ceased, and the solutlon

o

' dfu;remalned ac1dlc._ The mixture was cooled, the br1ck red

LA -

,‘tfcrystals were collected by f11trat10n,_recrystalllzed from
hvperchloric ac1d (1 0 M) in. order to remove all tracesaof 5@lﬁ'

'~€nitrate, washed\with methanol and ether, and alr—drled.,;ip' E

”"r7afAna1. Calcd for [(NH3)5CQOH2](CIC4)3. N, 15421; H, 3. 72..,.”

#Found. N, 14 55, 3 65.



was added. ¥ The produc 'was collecte ; washed




27.

' p-Toluenesp1famidopentaamm1necobalt(III) perchlorate,

l { (NH3)5CONHS‘02C6H4CH3] (C104 ) )2,

[

_ A solut1on of aqquentaamm1necobalt(III) perchlorate
(13 5 g) in dry N,N- dlmethylacetamlde (40 mL) over molecwlar
sieves (10 g) was heated on a steam bath for 1 h. The’,p
p-toluenesulfonamide (10 g) was dissolved in dry
.'N N—dimethylacetam1de (20 mL)“cgntafhfng 3.4 mL of
2,6-lutidine and. molecular sieves (19 g) and heated on a
steam bath for 1 h. The two sol;tlons were mixed, heated on
a steam bath for 6 h, cooled, f1ltered and drlpped into a
50.50 mlxture of ether and sec—butaﬁolt The crude product

as'collected, rediSsdlved}in water (500 mL) and purified by
_ catlon exchange chromatography on B;ker CGC-271 weak acid:
.re31n (J.T. ' Baker Chemical Company) in the sodium ion form °
(l“ x,5.5 ). Elutlon with 1ncrea51ng concentrat1ons of
sodium perchlorate up to 0.2 M separated the complex from
impurities remaining at the top of the columns The resin
conta1n1ng the desired complex was separated/pﬁy31cally and ,
washed with distilled water followed by acetic ac1d (4 M) in
order to remove the complex from the resin, The result1ng
solutionbwas neutralized with sodium hydroxlde and the
' complex precipitated with NaClo;..vThe complex was

recrystall1zed from water,: washed w1th ether and air dried

to y1eld a purple crystalllne solid.

3 v ) )



~

. !
Anal. Calcd for l(NH3)5CoNH802C6H4CH3](C104)2'H20o N.ﬁ;f"
15.82% c, 15.83; H, 4.74. Found:- N,'15, 91; €, 15, 92: u.

4.75.

‘ .

‘p-Nitrobenzehesulfonaﬁidopenteamminecobalt(IlI) perchlorite'

4 X NH3 ) 5C0NH$020éH4N02] (C104 )'2 .

)
’

A solution of aquopehtaamminecobalt(III) perchlorate'

28,

(S 7 g) 1n dry N N dimethylacetamxde (20 mL) with molecular ‘

sieves (10 g) was heated on ‘a steam bath for 2 h.' The

‘
/

» 3.660 '4 , ‘ . ;

p—nitrobenzenesulfonam1de (5 g) was dissolved in a minxmum
amount of hot, dry N, N d1methylacetam1de to whlch 3 mL of

2,6-lutidine and molecular sleves (10 g) had been added.

7,,/f -

: {
The two solut1ons were mlxed,,heated for 3 h on a steam

bath, collected, filtered and the solvent extracted with

ether. The resu1t1ng oil was dissolved in a mxnimum amount

of warm water and ) complex precipltated:by the additloq (':
S S

of sodium perchlorate. The crude product was collected.

redissolved_in 250 mL of 0. 02 M NaC104 and purlfled by ion-'

exchange chromatography and. recrystallized as described for
the p—toluenesdlfonamide complex, yielding: dark‘red

crystals.

v 2

Anal. calcd for [(NH3)5CoNHSOZC6H4N02](C104)2'H20. N,

17.44; C, 12.82; H, 3.94. Found. N,-17.42; C, 12.62; -H,

¢ © ' . ’ 1 '
s

i
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.‘Sulfamatopentaamminecobalt(IIi) perchlorate,

" [(H3N)5CONH,S03] (C104) 2.

N This complex was prepared by a more eff1cient method

‘than those reported previously 70, 71‘ An aqueous solutlon

(60 mL) containxng sulfamic adid (5.8 g) and d

carbonatopentaamminecobalt(III) ‘nitrate (8 g) was evaporated»'

" to dryness on . a steam bath. The crude product was. dlSSOlVed
in a mlnimum of warm sodium bicarbonate (0.5 M) and
crystall1zed by addlng "concentrated perchlorlc ac1d.‘ The
solid product was collected, redlssolved 1n sodium hydroxlde
(0.1 M) and allowed to stand for 10 min in order to
hydrolyse any (H3N)5CoSO4 . The solutlon was adjusted to pH
9 ‘and purified by cation exchange chromatography on Baker -
CGC 271 weak acid catlon exchange resin (J T. Baker Chem1cal
Company) 1n the sodlum 1on form. The sulfamato complex was
separated from the (H3N)5C00H23 1mpur1ty by eluting w1th
0.1 M Na2C03. The resin containing the desired complex'was
separated physically and washed with dlstllled water,

- followed by 1.0 M HC104 in order to remove the orange
complex which was prec1p1t§ted with sodlum perchlorate.

- Anal. Calcd ‘for [(H3N)5CONHZSO3](ClO4)2'H20 N, 18.39; H,
4.19. Found.rpN, 18.30; H, 4.10. The electronic and NMR

| | 70,71 (gee .

spectra agree with those reported previously,

- Tables 2 and 4, respectiwely).

e
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‘nzenesulfonamide and

azobenzenesulfonamlde were prepared thé methods of

‘ .Selkel72 and hydroxylaminobenzenesu~ Iamide by the method

of Bauer and Rosenthal,73 with few modifications..w

Azoxybenzenesulfonamide. ‘HzNS(O’éC6H4N‘N(b)06343(ﬁ)gNﬂé;dfl

A solutlon of sulfan11amide (5 g) 1n hydrogen peroxide
(30 mL, 30%) and glac1a1 acetlc acid (120 mL) was heated for ‘i;
30 min on a steam bath and left overnight at room RO STES I
temperature.~ The yellow crystals were removed by
: flltratlon. | _ o - | ‘, :
‘Anal. Calcd for H2N8(0)2C6H4N N(Q)C6H4S(0)2NH2.: N, 1572;
C, 40.44; H, 3.39. Found: N, 15.73; _c,_4o 80; H, 3’.‘4"0.'.;‘ =
The‘ultraviOIet spectrum in’water7hae7a,peak at 3z§dﬁmg(§

1.89 x 104 ul en7ly,

\

Hydrazobenzenesulflnamide« HZNS(6)2C8H4§hNh06h4S(nggﬁé; ;rjfm;
A solution of azoxybenzenesulfonamide (2 6 g) 1n sodium
hydrox1de (130 mL, 0.2 M) was heated to boiling and treated
‘with- sod1um dxthionite (2 X 4 g).K Decolourization appeared
complete after the first a g eample had been added.‘ The h,'
solution was filtered, hoilgd for 5 min, cooled. and the gdthf

“white precipltate removed by filtration.

»

e
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Anal. Calcd for HzNS(0)2C6H4NHNHC6H4S(O)2NH2. N, 16.36; C,

42'10"3' 4 12, Found:'_N, 15 91 C, 41.33; H, 4.04.

| 'AzObenZenesutfgnamidew;_H2NS(0)2C6H4N=NC5H4S(O$2NH2.
) ) , — .

| A hot aqueous solution of hydrazobenzenesulfonam1de
(2.5 d in 200 mL) was treated with 1 M ferric chlorlde (20
mL). The solutlon was. flltered and the orange crystals |
recrystalllzed tw1ce from 30% pyrid1ne.

~ Anal. Caled for azns(0)2c654n NCgH4S(0)pNHy: N, 16.46; C,
42.34; H, 3.55. Found: N, 16.28; C, 42.16; H, 3;59.5»The;

" ultrav1olet spectrum in water has a peak at 321 nm (e 3.13 x

104 u~! ¢m~!) and a shoulder: at 223 m (e 1, 30 X 104 m-1

'».» Cm-'l ) -
|

p-Hydroxylaminobenzenesulfonamide. H,NS(0),CgH4NHOH.

To a warm solution cf,p-nitrobenzenesulfonamide;(1,g in
30emL ethanclilan ammonium chloride solution (1.7 g in 16 mL
water) was. added; Zinc dustf(l 5 g)‘was added gradually
. with constant v1gorous stlrring while the temperature ‘was
ma1nta1ned between 45° and 52°, The mixture was stlrred (15
min), chllled in ice (60 m1n), and f1ltered to remove the
'zlnc sludge which was washed w1th ethanol. The.yellow
‘foltrate was concentrated under vacuum, and ch1lled in ice

__(20‘m1n) The product was collected by filtration and
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recrystallized from water. yielding white crystals.1-'
Anal. calcd for H2N8(0)2C6H4NHOH-- N, 14 88. c,‘3s 29; u,

A, 29." Found.' 14. 73, c, 38 30 nw 4, 29. The ultraviolet

'spectrum in H,0 has a peak at 256 nm (e 1 564 X 104 1

N !

1). In 1 oM perchloric acid there is a peak at 256 nm

(¢ 8.55 x 103 L -1 n1) and in 0. s M sodium hydroxide there '

-_1s a peak at 278 nm (e 8. 71 x 103 M~ 1).-

pritroéobenzeneeulfonemide;. HQNS(Q)écgﬂdNQ.‘

p- Hydroxylaminobenzenesulfonamide (0. 2 g’ was dissolved

- in warm water, filtered, and added dropwise with stirring to

an excess of 10% ferric chloride solution.- The mixture was
B stirred (20 mln).‘chilled, and filtered to remove the white :

prec1p1tate wh1ch was crystallized from ethanol. .
\ Anal.- Calcd for HZNS(O)2Q6ﬁ4NO:3 N, 15 05,, 38 71; H,

3.25. Found: N, 15.14; C, 39,50; H 3. 37..

:KINETICFMEASﬁREMENTS
L The slow reduction kinetics (t;l& > 1 min) were studied

by. 1n3ect1ng ‘an: aqueous solution of the cobalt(III) complex f;!
(or the ligand) into a temperature equilibrated aqueous =

| solution containing the required amounts of perchloric acid,?rf
lithium perchlorate and chromium(II) perchlorate. This A

order of mixing was required in’ the reduction etudies due to — {



the rap1d aquatiogﬂof these complexes 1n aC1d1c SOlutlon.e_ﬂ§”jfﬂf
i;Thefreductlon kxnetlcs were followed at 505,_500,_350, andl e
,_350 nm for the p-toluenesulfonamldo and sulfamldo complexe ‘

‘.and_the slow step of the p—nltrobenzenesulfonamldo complex

"_]fand-the\p-nltrobenzenesulfonamide llgand,_respectwelyr

The aquatlon kxnetlcs were done s1mllally except thatff:lfr7
‘the perchlorlc ac1d was the last compOnent tovbe injected ;sf':'
~rfor the p-toluenesulfonamldo and p-nitrobenzenesulfonamldoi_lf”k'
complexes.‘ The k1net1cs were observed at 285, 295 and 390“lnﬂf“
:nm for. aquatlon of the sulfam1do, p n1trobenzenesulfonam1do
: and p-toluenesulfonamido complexes, respect1vely.le'”;
‘The reductlon of ;hevsulfamato COmplex and the fast
'l,k1net1cs 1n the reductlon of the p-nltrobenzenesulfonamldo
‘complex and the p-nltrobenzenesulfonamide llgand were |
istudled at 485, 350 and 350 nm, respectlvely, by m1x1ng an
iaqueous solutlon of the cobalt(III) complex (or the 11gand)
in llthlum perchlorate w1th a solutlon of chromlum(II) 1nlv
"}dperchlorlc acid and l1th1um perehlorate on.an Amlnco-MOrrow'\
stopped flow system. In the sulfamato complex studxes the,'
’-cobalt(III) solutlon was. made alkal\ne w1th sod1um ‘ |
_’blcarbonate (pH‘~9) in order to prevent prlor 11nkage
1somerlzat1on and aquz:\t1on.70 | L
Equ111br1um m1xtures of n1trogen and oxygen bonded
'rsomers of’ the sulfamato complex were prepared by allow1ng

the complex to atand in 0.1 M perchlor1c ac1d (14 mL, ~1.6 x

' 10 -3 M cobalt(III)) for 85 min at 21° 70 Chromlum(II) was



’, reductlon kxnetxcs of the 1someric m1xture‘

.-uff:were followed at 288 nm on a: Cary 219 spectrophotometer.-&h‘ff}
v§if!5x”Th1s instrument could be used because the low 1onic strength
h,?'(u ; 0 09 n) siowedkthe reaction. For comparison a few runs
fawere also done on’ solutions contalnlng the nltrogen bonded
fffxuﬂ;;,//»/*"// e a
Lo . lsomer onlx under 1dent1ca1 condltions. In this case the
fcomplex was dlssolved in sodxum hydrox1de (pﬂ ~9) in order
EQri _to prevent prlor 1somerization and aquation.<:f,ﬁf:iﬁ‘"'“
o | All of the aquation and slow reduction kinetxcs were ,;,;;
gt%;w:?'studled on-a Cary 219 spectrophotometer, except the aquation

¢ of the p~toluenesulfonam1do complex which was studied on a’d”’?

Hr.-”;Bausch and Lomb Prec1s1on spectrophotometer._ In either cax_

'f the cell holder of the spectrophotometer was: thermostated by f

__.tthe_water bath..

‘The temperature 1n81de the cel



o
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Amxnco—Morrow stopped flow apparatus had been adapted with
two three—way Hamllton valves permxttlng anaeroblc add1t10n
of the reagents to the storage syrlnges. and the compartment

conta1n1ng the observatlon chamber was flushed contlnuously

‘ W1th argon. . | | - ;::“l .

Except where noted, reactlons were studled under

A
O
e Ll

dpseudowfirst order conditlons 1n perchlorlc acid and

fﬁ@i‘chromium(ll) (reductlon studles only) The observed rate

£or reactlons wh1ch dlsplayed monophaSlC

constant.nk;bsd.'

‘vdetermlned e;;her from the slope of a semllogarlthmlc plot

[ ‘. Wb :

of log (Abstﬁf Absw) VerSUs t1me,'or by f1tt1ng the‘

‘ ‘\’c

Iiﬁ dar deast squares program. \Abst and Abs; are the

\d :

U

bfabsorbanc1es at t1me t and after the reactlon 1s complete,

andfthe preexponent1a1 term, A,st a. functlon of the-*

*

on. coefflclents.[ These plots were 11near for at

¥

For reactlons show1ng more

‘complex k1net1c behav1our;.the observed rate constants were

determlned by flttlng the absorbanc1es to the approprlate




';;dualvtrace 05c1lloscope'

v In the stopped flow\work the transmittance versus tlme;:fa
ccurves were stored on a Tracor NS-570 signal averager.l;Forij;f

5complex k1net1c behav1our the data was output to an X-Y =
‘ :.recorder, d1g1tlzed ‘and fitted as . described above.r For.ff’

wmonopha51c exponent1al bjhaviour the data was output to a

' exponent1a1 decay curve. The t1me constant for the iffifﬁ"ﬂ
A;:fSYnthetlc curve can be varled by chang1ng the re31stancelini:
. the’ c1rcu1t.. The system was ca11brated by recording 1lfw“3':*
hsynthetlc curves on an X-Y recorder and calculating the';fj

‘gobserved rate constant from the usual sem1logar1thmlc plot fhgf

or compar@son to a‘synthetic }7pf_w, E

ad

of absorbance change versus t1me. Values were withln 1% offf?h

\ -

 those expected from resistance settlngs. -~ An uncertainty ofhfll

_+5% 1s expected in matchlng experlmentaf\and synthet1c decay

;:‘curves at typ1ca1 51gnal to n01se levels..-VH__',ffli’i}ij§7*ﬂ'

¥

ﬁ Act1vat1on parameters. AH* and AS* were determined by

‘a non llnear 1east-squares f1t of the data at var1ous T

7z

;temperatures to the transmt1on ‘state equatlon°_]”' ’

) exp(——-) EERTE 'vf-g}Z;ZlQ;f

ko= exp (—
. '.h; oo “RT- . ) R

'where k 1s the spec1f1c rate constant,'x is the transm1551on ,:

.coeff1c1ent assumed to be equal to one, kB 1s Boltzmann@g

L constant, h is Planck s constant, T 1s the temperature in

:°K AH* and Ab* are the enthalpy and entrOpy of activation. i;

'respectlvely, and R is the gas constant in" units cal deg

*}mole 1;
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. REACTION. PRODUCT ANALYSIS

Aquation Studies-“ The reaction solution for the p—toluene—
"sulfonamido complex typically contained 20 mg of the o
'ecobalt(III) complex and 0. 10 M or 0. 80 M perchloric acid in
»ha total volume of ~15 mL adJusted to a total ionic strength

chof 1 0 M with lithium perchlorate.» The hydroly51s was

-allowed to proceed for 10 @@lf times. then the solution was fvd

vneutralized with 5 M NaOH, diluted to a total volume of ~125

}lmL and charged onto a 9? V{ cation exchange column of-

.’ Y

"~Baker CGC 271 weak ac1d re51n in the sodium ion form.'wThe

)

> re51n z;s cleaned by washing with HCl (6 M) and NaOH (6 M)
4

-fbefore use. The 1n1t1al eluent was collectedn ac1d1f1ed to '

'lpH ~5- and analysed Spectrophotometrically for p—toluene-
hsulfonamide (e, 528 cm™? ul at’ 262 nm, pH < 7).,,“é:;‘]1r
;electronic spectrum of the latter ea51ly distinguishes 1t.
from p-toluenesulfonic acid.. The resin containing the‘
: cobalt(III) product was separated physically and washed w1th
:cwater followed by 4 M HC104 in order to remove the
E dcobalt(III) complex. The resulting SOlutlon was diluted to

‘1 0 M HC1O4 Ssd analysed spectrophotometrically for

“*‘(NH3)5Co0H23+ (e, 46 cm‘l Ml at 345 om; e, 49 on Loyl e

492 nm) <;»,

A second column was charged w1th a blank solution
containing no cobalt(III). The respective eluents obtained

g
‘from the 1dent1ca1 work -up- of this column were used as

;o



';°Xidati°n Of the chromium(II).€°i1_ > 19“:'?

:cation exchangé chromatography at 50,
 %in the hydroqen ion form._ The resin was washe
i :with 6 M HCl,_dist\illed water.
 :d1sti11ed water befpre use.  ,5

| The amount of free ligand _
/fmost rapidly by using a columnf@f; ffE'fiﬂ;?ﬁJJWh'ﬁ

- »‘.



_ absorb all of the chromium(III)..AA_relatively high flow -

'rate ‘was used and the free 1igand could bq;collected in '“’f’

"investigated longer columns and slower flow rates were .

- 10 20 J%Q If the chromium(III) product was to be

‘.nacessary to ensure resolution of possible productS. Such

fstudies typically required several hours of elution with

7«‘0 10 M HC104 and concentrations of NaClO4 1ncreasing up to

.0 5 M

to elute Cr(0H2)6 ,‘

The 1nitial eluents were analysed spectrophoto—"

: metrically fdr p—toluenesulfonamido ‘as described above, and

',;sulfamate and sulfamide concentrations were determined

S B A

titrimetrically, also as described above.' The electronic o

}spectra of the chromium(III) eluents were recorded and the , _L

total

chromium concentrations were determined by chromate

l'.VanalySis.

A solution containing the N— and O-bonded 1somers of

‘”l'the sulfamato complex ‘was produced by allowing

'~.’_(H3N)5C0NH2803 2+ (1.2 x 1073 u@ to: react for 2 hoim o 1 ”

’fXO 6 L. of 0 42 M chromium(II) and afterx3 5 min the solution o

79 A 10 mL aliquot of this solutron was treated with

“lfwas aerated,,and ion. exchanged The 1nit1a1 eluent was

e‘,'n

3;-analyzed for sulfamate 1on. This analysis was corrected for :

39,

Y

;5sulfamate 1on prbduced’by aquation of the cobalt(III) gj-l%f;cf?

'_complex by the 81mu1taneous removal of a second 10 mL

'.ft:aliquot of the cobalt(III) reactant solution, ion exchange

‘rand analy51s of the 1nit1al eluent for suifamate ion. ;The S
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¢ 1 M HC1Og4, 0.3 M NaOH

TN ”1 A= 257 nm A = 250 nm

e,'(M"1 cm'l) €, (M'l cm"l)

H,NSO,CgH4NHOH 8.55 x 103 6.31 x 103

»

oA
¢

Thxs method was employed because convent10na1 column
‘chrOmatography, (i.e.., Dowex SOW-XS nt form, eluted with
(¥} = 0.0]1 to 0.1 n\golutioes) was shown by means of a
blaek column (i.e., ehargedeieh sulfanilamide)~to retain
large amounts bf‘sulfa;iiamide. When the column was “

modif1ed (1 e., Dowex SOW-XB,.Na+ forh, eluted with HZO, pH

~ 3) retentlon of sulfanllam1de was observed in the presence

<

of Cr(OHy)g3* and (Hy0),Cr(OH),Cr(0H;) 4.

-

Stoichiometry studies were carried out at various
stages in the chromium(II) reduction of the p—n1trobenzene-

sulfonamido complex, the p-nltrobenzenesulﬁg?am1de l1gand

and the p-nltrosobenzenesulfonamide 11gand by analysing for‘

L

chromium(II) remalnlng immedlately after mixing, and after

“+the reaction was complete (> 1 h), Also, the amount of
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\ cobalt(II) released immediately after mixing, for reaction.f“'
:solutions containing various initial chromium(II) to

cobalt(III) ratios, was determined by, cobalt(II) analyses.f

PHYSICAL MEASUREMENTS

-." . A .
Electronic Spectra were recordep on a’ Cary 219 or a

Unicam SP1700 spectrophotometer. The 1H NMR spectra were\fﬂu
Obtalned in deuterated dlmethylsulfonde ob Varian A56/60 or

- Perkin—Elmer R32 ‘spectrometers. Infrared spectra were

PR

recorded on Perkin—Elmer 421 grating or Nicolet FT-?OOO

j
!

spectrophotometers in KBr pellets, o fﬁxi‘i;f”’

CHARACTERIZATION OF COMPLEXES

.
£

"The sulfamide and sulfonamide may coordinate go.
‘cobalt(III) through either the nitrogen or oxygen atoms.s?it;;ﬁ
must be determined which 11nkage isomer 1s under observation 1!i;
‘berore the kinetic results can be interpreted correctly. M
APrevious work with other metal ions such as Pt(II) and
Pd(Ii) and various nitrogen bonded substituted aromatic
’sulfonamide ligands R-C6H4502NH2, (R = H, p-CH3,
p-NHCOCH3),57 =59 as well as Cu(II) and Ni(II) and oxygen
bonded- sulfamide and sulfamide ion (32N802NH ),56 indicates r_;r'

that both nitrogen and oxygen. coordination are possible. ‘

The observation that sulfamate71 is nitrogen bonded to ‘Q ;

/
/
7

/ o . : P

//’
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‘((Nﬁ3)5Co3+ leads one torexpect nitrogen coordinatfon to
~cobalt(III) for sulfamlde and the. sulfonamldes.' |
~ The cumulatlve features of the ultrav1olet-v151ble
;spectra, 1nfrared spectra, proton magnetic resohance
:hpspectra, as well as the charge on the complexes, and their
Alon1zat1on constants prov1ée substant1a1 ‘evidence of the
‘1somer 1nvolved. ThlS sectlon descrlbes the varlous

.physlcal and spectral parameters ?f these complexes.

4

"'Chefggfand{lonlzation Constants

\
»Mostfof.the complexes ptepared were purified by cation

exchange chromatography The elution characteristics of the

ecomplexes indicated at least qualltat1vely that the charge

on eachfof these complexes ;as 2+. The compounds separated

as single:bands on the'ion exchange,column.and in all cases

only one isomer was observed.; Thejcomplexes were also

character1zed by C,.H, N analy51s.‘ The stoichiometry

conflrmed two. counter ions per molecule for each complex.

The fact that these l1gands coordlnate as - anions in dllpte'

-acid seems ‘more consistent w1th n1trogen coord1nat1on.

| K1net1c and spectrophotometr1c observatlons dlscussed in the

vResults indicate that these complexes can be protonated, and

' the protonated complex of sulfamide has a Ka =0. 55 M, whllej

the values for the aromatlc sulfonam1des are > 5 M. Values

for the uncoordlnated llgands are Ka'= 6.31 x 10,‘11 and-



Y
+

i o | o
~Uultraviolet-Visible Spectra

e

| 5.02 x 10° 10 for p—toluenesulfonamide, and p—

n1trobenzenesu1fonamide. reSpect1vely 61,62 Therefore"

Icoordxnatlon to (NH3)5c°3 has 1ncreased the K of these
' Vllgands by about a factor of 1010 compared to that of the
_ free ligand. Table 1 lists pK values for various free and
coordinated 11gands. Agalogous large changes are noted for :

 other systems in wh1ch the atom coordlnated to’ cobalt(III)

carr1es an ionizable hydrogen, such as water“74 —bonded

sulfamate71 and N- -bonded formamlde.6 Conversely. if the

‘1on1zab1e hydrogen is not on the coordinated atom,’ much

smaller changes in Ka are observed, as noted in the case of
carbonate,75 phosphate,76,and 0- bonded,sulfamate.70_“?

3,

4

The colour and electronlc Spectra of pentaamm1ne~ f’."l

cobalt(III) compounds 1ndicate qualitatively the bonding

" mode of the sixth llgand. Table 2 lists the spectral

parameters of the complexes studled in thls work, and
compares them to those of aquopentaammlnecobalt(III).
hexaammlnecobalt(III) and a few other relevant complexes.,:
In general the detalls—offthe electronic‘spectra support.;hei
nitrogen bonded structure.r ".-! | ‘ - ‘ o
Although the v1s1b1e Spectrum of the sulfamide complexni;};
resembles that of the aquo complex more than that of the'x ”

hexaammine complex, (see Table 2), spectrophotometric

[

4
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TABLE 1

ACID DISSOCIATION CONSTANTS FOR FREE AND BOUND LIGANDS

45,

‘Acid

1
LY

-~

o
e

pK, ‘ref
NHpSO03” | >16
(NH3) 5CONH,803%* 5.8 a
- S AN,
(NH3) Co0SONHp %+ 13,1 b -
NH,SO,CgH4CH3=P 10,2 e
(NH3)5CoNH2502C6H4CH3-p3+ <=0.7" " this work
NH,S0,CgH4NO2=P - 9.3 d .
“(NH3)5c°uazsozc6H4N02—p3 <-0.8 this work
(NH3 ) gCoNH ,CHO3* 2.2 e
(NH3 ) gCoOH 3 6.1 f
HCO3~ 10.3
(NH3) 5Co0COH2* 6.4 g
HPO g | 12.3
(NH3)5C00PO3H ' 8.5 h-
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TABLE 2

ELBCTRONIC SPBCTRA OF PENTAAHHINBCOBALT(III) COHPLEXBS._

-1

c ) :‘l,.x(nm),v(c,.n em™1)

"Unsaturated Nitrqg;n Bonded o ‘ b
(NH3)5Counso,nnz . 501(78)  350(119)sh 270(1.38x103)sh.
(NH3)5C0NHSO3 b g 517(115) 296(1. 78x103)sh

(NH3)5C0NH502C6H4CH3-p2 _505(38)

(NH3)5CONH502C6H‘N02-p " 501(86)
(NH3) gCONHCHOZ* €~ 4BA(68)

. Y(NH3)5CoNHC0CH32+ d  as6(7)

- Saturated Nitrogen Bonded

‘(NH3)5CoNstoznn23*,e 490
(Nujygcbnuzso32*-f4  488(60)
(NH3)5C0NH2CHO3* s . ais(en)
(NH3) gCONH ,COCH 3 3* ho 477(62)
(na3)gConu3 R 456(56) :
| ;;’ o o

Oiydén Bonded

(NH3)gCOOCHNH 3 € 502(69)

’-(NH3)5C002CC6H4N02-p2 i 502(83)
: (NH3)5C00H23 SR 492(49)

290(1. 74x1o3)sh

© 260(9,75x 103)_

34a(alr
351(84)

"545(50)’
340(64)
341(58)

B 339 (46)

3§5(Sej.'

345(46)

250(2.52x104)

o8

47
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’All spectra were run in water at room temperature unlesexf iy

otherwise epecifled. R

In 0.1 M NaOH. 'Po, L.L.; Jordan, R.B. Inorg. Chem.’ ~ '

Balahura, R.J. 3 Jordan, R B. J. Am. Chem. Soc.;1970, 92,14@f;

.Balahura, R J. Ph. b Thesis, Department of Chemistry,rx

(Unlvers1ty of Alberta, 1970, p.39.

e).
£)

g) I
h)
i)

In 1.0 M HC1O,, 15°c

,,,,,

In O'TZM HC104; (reference given in: footnote b).

In 1,0 M. HC104; (reference given 1n footnote d).; ‘

In 1.0 M HC104, (reference given in footnote d)._a_':

P

» S1mac, M. G., Hoffman, M z., Breznlak, N@V. J. Am. Chem.;iﬁr3f

Soc. 1977, 99 2166.

TR AP
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unsaturated nitrogen..

BT S

.

observations dlscussed 1n the Results sectlon 1nd1cate that'"l{.

the peak 1n the VLs1ble§spectrum, of the sulfamrdo complex

'7ﬂlsh1fts from 501 nm to 490 nm 1n perchlorlc aC1d (1 0 M.

15°C). cond1tions where the complex is predlcted to be i

predomrnantly (~68%) protonated._ Thus the protonated form

5«]'must have an absorptlon maximum below 490 M, a value-more
iiﬂ cohsistent w1th a n1trogen bonded compound.f Absorptlon

1-¢ maxxma above 500 nm’ are known for complexes coordxnated via

an unsaturated nltrogen. The deprotonated form of the

71

sulfamato complex has a maxlmum at 517 nm. Also, such a-

1arge Shlft in xmax on 901ng from water to 1 0O M perchlorlC,,

ac1d would not be expected if the complex were. oxygen bonded

",and the proton were belng added to a 51te remote from ‘the

N

’ cobalt(III) centre. Thus (NH3)5C0PO4, (NH3)5Copo4h

(NH3)5CoP04H22+ and (NH3)5ccpo4u33+ have absorptlon maxlma

at 525, 521, 518 and 520 nm, respectlvely.7§ The largﬁ

Shlft is. analogous however to those found for the

formamxdo,6 acetam1do,7'7 and sulfamato71‘comp1exes.
Although the VT51ble spectra of the protonated forms of

the p—toluenesulfonamldo and p- n1trobenzenesu1fonam1do‘;/

complexes could not be measured due to the rapld aquatlon

: of these complexes in acid coupled w1th the1r large
1onlzation constants, the spectral parameters for the

deprotonated specxes are consistent w1th Coordlnatlon v1a an

4

N -



InfraredkSQecegan'

> 'The assignment of varlous infrared stretching “;QT;’”“
frequencies in pentaamminecobalt(III) complexes has proven 7;iifh'
. useful 1n the 1dentification of ‘the coordinating atom When -

linkage 1somers are possible. Bonding modes have been

successfully determined from 1nfrared spectral data ofv“?flfi'”

~car] nyl and nitrile containing complexes 6, 77 7 where the fﬂng?f

S C= 0 and Nz C stretching frequencies are ea311y assigned and:{gfiw#ﬁ
'sen51t1ve to the bondxng pos1tion of the metal ion.:fi~v N

Unfortunately the S =0 stretching bands have not always beenisgginy
’} so readily 1qentif1ed, nd therefore are not as. helprI in{tV?““i*

g

the assxgnment of the bonding mode 78 -80 However, for

| sulfamide and t;e sulfonamides the shlfts of the 802 and S N}i'fﬁ‘
stretching frequenc1es, relative to the uncoordinated ;}ffﬂw
1lgand, are useful ‘7 vi ;L | _' v;‘ j

Coordination through the nitrogen atom results in the |

"withdrawal of electrons from the coordinated nitrogen by theﬁhfifl
cobalt(III) ‘centre. 'If the coordinated nitrogencis'fg:f.” o
protonated gthen all its. orbitals are used in the sigma | afgiif
bonding system, and it 1s not 1n conJugation with the 802 |
—bonding system. Although the N-S stretching frequency\
will be decreased by coordination to the metal 1on, only jbfj'~:’
smalI changes fh the 802 stretching frequencies are expected!»’ff‘
51nce the 502 group is shielded from the cobalt(III) 10n by N

the saturated nitrogen. Unfortunately no examples of such |

[ A . v
.
\

)
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%

B 'protonated ~NH2802R complexes have been reported, due to .

[ %)

B their rapid rate of aquation (see Results) Howeves, the

TN-S and SO3 stretches observed for the sulfamato complex

¥

’gTdiscussed below follow theee general trends.‘v* | ’
' If the coordinated nitrogen 1s deprotonated, the/a% R
"'conjugation of the w—bonding 1n the N-50, system is:

ﬂfp0351ble,'and w1thdrawal of electrons from the coordinated

e

'fwnitrogen by’ the metal ion is compensated by delocalization
? .

'”from the §=0 bopds, resulting in a decrease 1n the 802

‘-3 -

'u‘»stretching frequenc1es and an increase in the N-S stretching
afrequency. Prevxous examples of deprotonated nitrogen
k,bonded isomers Of PtilI) and Pd(II) complexes have been

reported.A Beck and Cenini and coworkers57 ?9 have prepared

I
~0 ~;‘.\‘

':aromatic sulfonamide derivatives such as , o
‘((czﬂs)3P)2¢t1)Pt(NHsochH4R) and (bipy)Pd(NH802C6H4R)2‘H
ﬁTheir SOZ and N—S stretching frequenc1es are given in4$able .
3. The 502 stretching frequenc1es are increased w1th
respect to thosexlisted for the free ligand, indicating
substant1a1 delocalization "of the -502 electrons. -

For oxygen bonded compounds,;withdrawal of electrons
from the 502 - bonding system by the metal centre w1ll be

P

compensated for by donation of electrons from the nitrogen"i¢f
through the N-S bond, causing an 1ncrease in the N-S
llgstretching frequency and a much smaller decrease in the soé
'rstretching frequenC1es than would otherwise be expected., Ag,‘

frecent infrared study of some oxygen bonded M(en)z-sulfamide."f’

N » o
N



Se e aaBLE3
- ' o '“'”'*-’7—*-fcil S

Cmsogwe B ame mes s

'-'N'BOann"conphsxes s

H2N502C654¢H3fp‘ nen ‘_:_n ‘ 132?, ;  :j;r1in:HA | o |
E H2N50.2C6H'4’N02—p:¢ o S ‘...' 1315 ,_‘1..'164.5; j s '

»(NH3)5C0NH$02NH22 :‘,,‘ i ' ' »1224*:   ”;!32§1  ":' =
,.(NH3)5CoNH502C5H4CHB..p ‘. 112“: 1122 e
vvdls (NH3)SC°NH502CGH‘CH3-p j_-‘v‘-'..V1238‘_ "_i.uz“‘- S

.(NH3)5CONH502C634N02-p ¢ﬂ»f”vi'12‘1t:~‘}21140  
((C2H5)3P)2(C1)PtNHSOZC6H4Rd 1320-12¢o 11&0-1135
(bxpy)Pd(NH802C5H4R)2-: . 1215-1260 1140

} p-aonoso conpnsxgsb v s ‘.
/.:‘°“’2"“"2"5°2"“z’(01' ";f?f"11359.1 1158,:}fff.” %

(e"’Z"i‘““Soz“"z)‘Cl’ 3,:‘;;  ' 1350 -;? 11561; ﬁ ' __. ,
(omipNi (NSO )y - BRI 1155ff Cese

o !




ar
T by

c)

q)

. FOOTNOTES TO' TABLE 3

grespectlvely.' .:”

>Uﬁc;fT{: Machida?sk;}aﬁ?ﬁéiyinSpé¢§r6Cb1m;ACta,i§66‘°
22, 2085, L R T
.Glustl, A.,_Peyronel, G, Transitlon ‘Met. Chem. ,: J
:;(Nexnhe1m, Ger ] 1979; 4 35. 'ttf ' '

‘N02 antxsym. and sym. stretches occur at 1521 and 1351

em~ 1 (ligand) and at 1524 and’ 1354 cm"l (complex), L

IS

,(1) ‘Beck, w.,_Bauder, M.‘Chem.'Ber.'1970;7iO3;.583:'

o Ugo, R. J. Chem..Soc._A 1971,‘113._

"f_(111) Cenlnx, S.¢ Pezzottl, M., Porta, F;;”La“Mohica;

:'65?

4These frequenc1es are st(sym) stretches.

J. Qggvnomet.vChem. 1975, 88, 237.. (R = H, p-CH3,

‘p-NHCOCHg)

y

'(11) Beck,~W.,»Bauder, M., La wfnlca, G., Cen1n1, S.,
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N4

derivatives, (M = Niz+ Cuz*), supports this.s6 Tho

”-  observed.; Table 3 gives the symmettlo antf'iw

’and N-S stretches for the sulfonamlde and s

complexes prepared.; The assignments were mad: by GOmp i

of the infrared sgectra with those“?ﬁfthé fr‘"’

deuterated complexes,,and the previiisly reporte nitrogen.

and oxygen bonded 1somers discussea abovs;&zf

1inear relationship has been observed82 83?1,



i

-~

55

to the reported range of 0:.81~0.88. The complexes have

ratios slightly,higher at vsbb(sym):vsoziantisym) = 0;92.f

For the sulfamido and sulfonamido complexes the

S0, (antisym), SO;(sym) and N-§ vibratioﬁs occur in the

1275-1214, 1140- -1222 and 1010-963 cm™! regions,

o

respectlvely. Complexat1on has caused large decreases in the

.80, stretching frequencies ard large inéreases in the N-S /

sttetching frequency. This is most consistent with nitrogen

bond1ng to the deprotonated form. Compafison to the

~similarly bonded Pt(II) and Pd(II) complexes glven in Table

3 reveals that the Co(III) complexes have weaker S-O and
stronger N-S bonds.
The 1nfrared spectrum of the sulfamato complex,

(NH3)5C0NH2803 *, was also recorded and waS'énalysed by

!

compar1son to the spectrum prev1ously reportedwfor §6dium

P

S

s

sulfamatew84 Character1stlc l;gand v1brat10ns 1n the’

e o

g "

complex are: SO3 st;efCh 1270 cm” jantisym),vl245 em™t and

....

1185 cm -1 (symﬁ, SO3 deformatlon 1042 em™ 1 (sym) and N-S
stre;cﬁ'%gg cm- l - In sodlum sulfamate these vibrations ame
obsefved at 1283 em~1, 1240 em™1, 1190 em~1, 1046 cm~! and
788 cm 1, respectlvely. The shift in the N—b stretch to
lower frequenc1es and the relatlvely small shlfts in the SO3
frequenc1es are consxstent wlth coordination through a
saturated nitrogen using arguments slmllar.to those

discussed above.

e



Proton Magnetic ResonanCe~Sgectfoscogx;

j%

Proton magnetic resonance spectﬁa .are pavticularly
useful in the identification of the bonding atom in penta-
'amminecobalt(III) complexes. The chemical shift diffetences

between the cis and trans NH3 protons have been found to be '
3 .

in the 0 » 0.6 T range for nitrogen boniid ligands and in

7

- S
the 1.0 + 1. 5 T rangé for oxygen bonded ligands.v._,~ '.,' -‘f'ﬂg

The chemical shifts observed for the complexeS/”iepared

are listed in Table 4 and. compared/to those of a few known
I / .'c R
nitrogen and ongen/coordinated complexes. The observed

ch/mical shift differences ‘of 0. 30, 0. 18, 0. 30 and 0. 30 for \

p-toluenesulfonamido complexes, respectively, are consistent

T / %N ' » e
with nitroéenﬁﬁoﬁdrngr\\ L i
tofis in ‘the sixth

the suifamato,sulfam1do,zp— 1trobenzenesulfamido and fﬂinfg%&;i

B3 The resonances due Lo all other -

1igand were a851gned by comparison to the spectra of the

free l1gands, and are given~1n.Tab1e 4; The coordinated
—NH—'resonanceiwes not observed in.tne5spectrum of thg;
p-nitrobenzenesulfona ido complex.nk - p"f‘"}:

As a result of the spectral and physical propetties
discussed above, the,subsequent discussion will consider all

the ligands to be nitrogen coordinated to (NH3)5C03

~
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PMR DATA POR PENTAAMMINECOBALT(I11) COMPLEXES.®

.

TABLE 4

.
I
L

B Complex® ”gLs:Nﬁg*f?;E;FNH3 others
© (NH3)gCoNH3* 6.8 _
(NH3)5C0NH802NH22* 6,70 6.88 Nb.8.38:ﬁﬂz,4{24v
(NH3) sCONHSO,CgHCH3-p2* 6.67  6.97  NH,7.97:CH3,7.64:CeHy,
‘ | ‘ 2.27,2.36,2,62,2.72
(NH3 ) sCONHSO0,CgHgNOo-p2* 6,67 6.96 CgHgr1-58,1.68,1,96,
. | 2.06
'kNH3)5Connzsosz* 6.47 6.77 ﬁnz,3.4q
(NH3) gCONHSO3* 6.47 6.77 NH,5.46
(NH3) sCONH,CHO?* € 6.68 6.68 NHé;ﬁ.lB?CH,2.66
(NH3) gCoNHCHOZ* © 6.78 6.78 ‘NH;6.14;CH,i.96
\(NHy) gCO0H, ¥ 6.22 7.25 Ofiz:4.30
(NH3) 5COOCHNH 6.16 7.26 NH,,6.16CH, 2, 62

(a) Alx spectra in deuterated dimethylsulfoxide. AIl‘valqésfare

in t with respect to dg-DMSO peak at 7.‘87.

“tb) A1 complexes are perchlorate salts cxcers/{he sulfamido _

‘complex which is a bromate perchlorate mixed salt.

(¢) Balahura, R.J.; JoPgan, R.B. J. Am. Chem. Soc. 1970, 92,

f 1533,

57



CHAPTER III

© RESULTS: PARTS A AND B

PART A: AQUATION STUDIES

-

_ Hydrolysis of (NH3)5CONHSOyNHp?*.

The hydrolysis of the sulfa@idofCO@pisx was found to

follow the rate law

24

| -dzn[lNH3)5CONH802NH2\‘]" S a[H 1 ?’j‘th;fa5€:_f
' . SR kobsd T R TS ¢
dt - \"jd b+[H l e '

—

The k1netics were followed at 15° 25° and 35°C in 0 02"

to 1.0 M perchloric acid and-at a é%tal ionic strength of _
1.0 M, adJusted using lithium perchlorate.. The experimental*;f

results for kobsd are 1listed in. Table Bl Appendix B, whers;;qf

they are compared to the results of*a non-linear f;astw j?fﬁfﬁ
;squares fit of the data at each temperature to equation

'3.1. The plot of kobsd ‘versus [H+] -1 shown in FiQUra 1 isffﬁ

linear as predicted by equation 3 1. The product analysis

resulted in (95 t 2)% of the cobalt(III) being rccoverad

from the ion-exchange resin and characterized spectroph”to-'~ﬁﬁ

metrically as (NH3)5000H23‘. o '3‘:_;%“

v



.59,

-

v
FIGURE 1: Acid‘dependence of the ved rate constant for,
. . aquation of (NH3 ) sCONHSO,NH, 2 at 15.0°C ()

#

25,0°C (0); and 34.9°C ( O ). Points shown are

the average of at least two runs; see Table Bl,

AppendiX"B; for complete data sett -Linés éhown;

- are values calculated by least-squates fit to

)

—

’equatién 3.1, ' : ‘ o
///
—— ‘ ‘ o E

e
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| These results are consistent with CoJﬁ>bond breaking

and the reaction scheme of equation 3 2, with R - N82‘§“;'

| o SN

(N ) CoNHSO R + Y T=  (NH,) CONH, soR¥® .
375" 2r T S L

T T T VO
(NH3) ;CONHSO,R" " ———— (NH ) c«:oa2 + RSOZNB = (3,2)

3)5C0 —=> (NH,) CoOH, T ¥ REO,NH,

L.

2 2"

The rateﬁlawfccnsistent"with thistechenismtieii_f?ffff‘f?

. 24, o '
-dln[(NH3)5CoNHSOZR ") R klht( + kzh[“ ]

I . (3 3) ,5315*.'; -
'dt‘ '. o ‘0b8d ' :.- [H ] :

and is equivalent to equation a.1sw1;hza;egk,s;anéiéc;f&"
kK1hK, is much~sma11er than kzﬁ]g+] A least-squares Ei‘ Of*g;
the data in Table Bl to equation 3. 3 doea indicate that ﬁ,..--

.'klh < 1 x 10 -5 se"l at 25°C, and the exact value cennot bef?f

reliébly established., The specific rat,rconstant, kgho and;fﬁ

»the acid dissociation constant,,Ka. were determined at each

temperature using equatidﬁ 3 1.; These values ete listedﬂpn

Table 5,-and compared to the valhes calculated from AH‘ As

and AH°' AS°, respectively, using the usual transition state ;'

‘theory (equation 2 2) and thermodynamic equationa.j¢£<ﬁ

The f}rst step of ej_vf

-protonation at the oxygen atom rather than the coordinated

nitrogen, however, the precedent of the aimila~



" TABLE 5

" KINETIC PARAMETERS FOR AQUATION OF SULFAMIDOPENTAAMMINE-

CcopALT(IIN.E y
Temp; o 10 'k2h' sec_l o o Ka, ﬁ
°C'  f obsd.b caled.© - obsd.P | ) calcd.C
l | TR ‘. L o
15.0 0035 0.3 0.4 0.47
| £0.03 . :0.04 ”
2.0 141 131 058 0.55
R C£0.06 . 20.03
5 3.9 s.42 "l‘ 4,38 10;55~' o6
| $0.20 ',- ”;*° 04 | |
EAH*,keal mbl'il,. '151.7:1.1 2, 7+1 4d
ss*,cal mol-ldeg™! . 5.5¢3.7 o N 7,9:4,7d\

al vErrqre are 95%ﬂconfidence limitSvend'are ebou£ three
tlmes larger than one standard error. . /

b) Values were determ1ned from a leaSt squares flt»to
-equation 3. l. | | |

- c) ‘Values were calculated from appropr1ate A and As values o

~reta1n;ng extra flguresl1p'the recalcula;;on. ‘ |

d) Values'areeAH°'and AS®,



complex, whlqh undergoes protonatxon at the nitrogen atom 71’b

'~ makes oxygen protonat1on seem unlikely.“ Furthermore,

protonatlon at one. of the oxygen atoms would not be expectedvv
to: have such a la;ge effect on the rate of Co-N bond '}efiifél
: breaklng. For example, (NH3)5C0P04H22: undergoee aquation s
‘(k = 1 57 X 10'5 se¢‘1 at 60°C) at a rate }ust fifteen t1mesg3
.greater than that of (NH3)5C0P04H (k = l 05 x 10 6 sec 1 §t7f
-“60°C), suggest1ng that protonatlon at a. remote oxygen does
fnot dramatlcally affect the rate of | aquatlon.§§ Nltrogen
eprotonatlon 1s also con31stent w1th the‘large increase in K ;
‘of the 11gand upon coordlnatlon to cobalt(III), an 1ncrease e
' s1m1lar to that observed for the sulfamato complex 71 If
protonatlon were occurr1ng at the remote oxygen, ,much
smaller 1ncreases in K would be expected upon coordination,ff

75 76

~as observed for the carbonato and phosphato complexes.;-*”

o The sulfamldo complex was dlssolved 1n 1 0 M perchloricif
'ac1d at 15°C and the v151b1e spectrum was scanned ':iV:“”S

“repet1t1ve1y every 75 seconds from 450 500 nm., Although
"‘ﬁhydroly51s occurs under these conditrozgg(t.ké ~5 min,vlS‘C)

fthe sulfamldo complem is predlcted to be approximately 68%

in the prctonated form. The results are shown 1n Figure fijff

"2.v The peak in the v1sible spectrum is shifted to ASO;nm};

‘from 501 nm, imply1ng that the abeorption maximum of
'_'(NH3)5C0NH2802NH23+ occurs at less than 490 nm._ Both the{f?ff°

'd1rect1on and - magnxtude of the shift (z -11 nm) is

. L 2 e
. consistent with protonatron at coordinated nitrogen, and

L '\\‘

Y




B o o B O R A T T T

Absorbance :«
s

o']— L ?bl”

oL |1 1‘) IWJ L1 1;1_1~r 1;5’1‘141:1 [ B AR
300 350 . 400 ~ 450 - 500
i . ‘
K Wavelength nm

; FICOREf2 /v151b1e Spectrum of . (Nﬁg)5CoNH2502NH23+ (1,08 x

63,

v// 10'3 M. 5 cm cell) in 1 0 M HC104 at 15°C show1ng.j

/

k/;_ peak at Amax 490 nm.’ Spectrum scanned everY 5

i seconds to show hydrolysis. S e



o prpendlx B. Th plots of kobsd versus [H ] aré linear as'7

Y PO Product anal

would not be expected if protonat1on were occurfing at the ji‘

6 77 71"

eremote oxygen. The formamxdo,:v and sulfamato

acetamxdo

"complexes show sim1lar shxfts of -6 nm,‘-9 nm and -29 nm,}“i’“

75 shows shifts

o

”respect1vely,,whereas the phosphato complex
_of <4 nm, -3 nm and -2 nm for the 1+,_2+ and 3+ species,'

' respectlvely, compared to the1r respective conjugate bases.

-

R P s

Q

Hydrolysis,of;(NH3)5C0N3802R2+; R = CgH4CH3~ps CgHyNOy-p..

. \ . '\:°~ !

Both the p—toluenesulfonamldo and p-nitrobenzene-*3‘]”°f'u

h"sulfonamldo complexes hydrolyse accord1ng to the rate law‘fh”ﬂff

; .2.3?..1

2' ’ C . . ) o
JeCoNHSOLRZYT L
3 5" _ 2 =k =1c[H+] U aay R
- . . , obsd A LYRESS SRR

’ -d2n[(NH

The k1net1cs were folewed at 15° ‘5°1and’35‘”£n*0v:

to 0. 8 M perchlor1c ac1d anb the total ion;c strength wasethai;
ralsed to 1. 0 M w1th 11th1um perchlorate.: The valuee of
'kobsd obtained exper1mentally, as: well as those obtained {jg“ﬂfﬂ

-

“from a least—sq‘ares best-flt of the data at each

atemperatUre to quation 3 4 are given 1n Tables sz and'a3;§9f?fﬂ

'fpred1cted by eq t1on 3 4 and ane shown in FigurLs 3 and

is studies over a broad range of acid

e:;concentratlons resg.ted in (101 t 4)% of the ligand beingﬁfﬂ{h

: recovered as. p—toluenesulfonamide or ﬁ—nittobenzene- ;,,jfff:
~su1fonamrﬂe. The su%fohamxdes are easily disttnguished frcm
. N T _ A e
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FIGURE 3:

. ) .

H
/

3

Acid dependence o§ ‘the observed rate constant for_

aquat1on of (NH3)5CONH802C6H4CH32 ‘at 14.8°C

"‘( A )5 25 IOC ( O )' and 34 goc ( D )o 'POintS
fshown are the average of at least two runs, see

wQTable Bz, Append1x B, for complete data set.

~]lL1nes shown are values calculated by least-

,squares‘fit touequation 3.4,

R

,65?1
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the corresponding sulfonic-acids by'their’electronic spectra
in acid and base, respectively. In both cases (96 + 8)% of
the cobalt(III) was recovered from the ion-exchange column
as (NH3)5COO§2 . Therefore these reactlons proceed w1th
Co-N bond breaklng. o R

| These results are consistent with the reactlon scheme:
of Equatgon 3,2, with R = CgH4CH3 and CgH4NOy, respectively,
and the'rate law of equation 3.3, with c = kyp/K, if Kqg >
[H*] and kyp K5 << RZE[H+]. A least-squares analysis of the
datafin Tahle B2'and B3 to equation 3.5, (where ky' =
kzh/Kal, does indicate that | |

/a . . ’,'.

-dzn{ (NH CONH802R2 ]

35
«dt

ét 25°C kih (R =<C6H4CH3) and klh (R = C6H4N02v) are ‘léS.S:

: than 3 X 10 -4 Sec'l and 6 x 1073 sec—l; r_spectively; and

the exact values cannot be rellably esta llshed in either

i
:

case. Values for k2h/K were determlned at each temperature
u51ng equatlon 3 4, The results are llsted in Table 6, “and
compared to those calculated from the. tran51t10n state.
equatlon (equatlon 2 2) u51ng the values of AH* and AS* for

»

,each c0mplex, also glven in: Table 6. |
| Unfortunately values for K (C6H4CH3) and K, (66H4N02)
'scannot be determlned frqm the experlmental data., It;may be
bnoted in. Table B2 and B3 that there 1s a tendency for the

calculated values to be too small at low ac1d COncentratlons

67.



TABLE - 6

‘R = C6H4CH3i C6H4N02.a

' KINETIC PARAMETERS FOR AQUATION OF (NHj3)gCONHSO,R?Y;

-

c)

'tlmes larger than one: standard error. "
"“‘Values were determlned from 1east squate

;’equatlon 3 4.

Errors are’ 95% confldencer11m1ts and are‘about

fitvtb;“

68.

+ R Temp,°C lbz-kzh/Ka;M’lsec;l . H*,rkcal"AS*, calv’
obsd.,P calcd. € vmol*y mql’lded;1”
- o o LA
CHgCHy ~ 14.8.  0.676 0.667
o +0,024 *
| 0,07 o Tos | y
. « 2 SRR . S L
34,9 %28 6.22  19,0%0.5 =-2.5%1.5 .
| £0.14 N ’ ERR
- CgHgNOy 4.9 0192 0.190 y L
‘xo 007, e
25,0 o 571 0.571 i
- | | ’ B
- £0, 0%5 : " e
. ".- o ."a } 8. +0 -8.4% ;5' N
o s 1% 00w
T #0406 ;

ree. . . ..

'Values were calculated from AH* and AS* 051ng equatlon T

e

 2 2 and reta1n1ng extra flgures 1n the recalculation.-""fﬁﬁﬁ
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and‘tbe'large at high acid concentratians. The deviations
are consistent w1th K *values in the range of 5 to 10 M but
the dev1at10ns are too small tg permit a reallstlc estimate
of K for the coordlnated.aromatge sulfonamides. If it is
assumed that a >15% dev1at1on from equatlon 3.4 would be
real and 1arge enough to be. accurately fitted, then (Hh)

‘'must be smaller than 15% of K,. This allows for 1ower
limits of~5,3 M and 6.6 M to be given to K, for the

 p-toluenesulfonamido and p-nitrobenzenesulfonamido

complexes, respectively. ¥
P

_PART B: REDUCTION STUDIES

‘Chromium(TI) Reduction of (NHg)5CONHSONH,*.

The ac1d catalysed aquatlon of this cobalt(III) complex
is unusually rapid (see Resulﬁs~ Part A), and is competltlve
with reduction. Aguation produces (NH3)5C00H23+ which is
reduced much more rap1dly86 eo that aquation of the

ulfamldo complex is also a rate controll1ng process for the
total cobaltGIII) reductlon.j'

, - The kinetic‘data at 25°Ciare‘sh6wh inlfigures 5 and 6; .

ssentlally s1m11ar studles have ‘been done at 15° and 35°. ‘
“‘To prov1de a’ more ecohom1c;l’gie§p£latlon the usual k1net1c

logic w111 be,01rcumvented by flrst suggestlng the follow1ng

reactloh scheme (where R = NH2)
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.‘U J, .
. 2+ + — v . I+
(NHB)SCONHbOzR + H T———*F (NH3)5CONH2802R

K

* a
k. cr2t k cr?t Koh
Ir ™\ 2r /

3+
/~(NH3) 5C00H2
2+
Cr
2+ 3+
Co"~ + Cr fast
+ \
RSO_NH, + 5NH A (3.6)

2 2 4

The hydroly51s study d1scussed in Part A has provxded values
of ks andaKa. With the assumption that proton dissociation
represents a rapidly established pre-equilibrium, this

scheme gives the rate law

~din[Cobalt(III)]

_ _ A 2+
dt = Kobsa = kh + kr[Cr ]
- ok, 1T K, K +k,_[H']
2h + 1r 2r 2+
= ™ ( T ) [Cr™ ']
K, + ] Kk, o+ H)

(3.7)

where the chtominm(II) independent tegm, kys is due to the
hydrolysis reaction, and kr'represents the term due to

- reduction. The results at 25°Eare plotted in Figure 5 to
show clearly the importance and the acid dependence of the
'chromlum(II) 1ndependent term. ,The saturatlon effect on .
‘hydroly51s, which occurs when [H+] >> Ka can be seen from
;the less than first order dependence on’ [H ] of the
intercepts 1n blgure 5. blnce kop and Ra are known from the
'aquatlon stndy, (see Part A), it is poss1ble to subtract kh

ﬁrom k

obsd 2nd d1v1de the dlfferenceﬁey [Cr(II)] to obtain-

o
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FIGURE 5:

102[Cr2" |, M

The chromium(II) dependence of the observed rate
constant for disappéarance of (NH3)5C0NH802NH22+,
at 25°, at hydrogen iQn,concentrations of 0.020 M
(@ ): 0.100 M ( A); 0.300 M (O)i 0.600 M

( D.). Some points shown,are‘ the average of more

trian one run; see Table B4, Appendix Bv, for

complete data set. Lines shown are values

calculated by least-squares fit to equatioh 3.7.
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FIGURE 6:

12

w—
N

o

o

‘and 102 k, (Kq + [H']), s

1 1 1 i 1
0.1 0.2 0.3 0.4 0.5 0.6
 +
[H'LM .
w0 |

The hydrogen ion dependence of the chfomium(II)

redgction of (NH3)5C‘0NHSOZNH22+ at 25°C: kr

versug'[H+] (A ): kp (Ky # [H*{) versus tH+]

( O ).  Lines shown were calculated using Qélues,

'for klt'lk2r and K, given in Tables 7 and 5,



k

r+ The dependence of k, on [H+] at 25° is shown, in Figure

6, where it is clear chat a plot of k, versus [Hf] id

curved, but‘kr(Ka + [HY)) versus (H*] is linear, as expected’

from equation 3.7. The curvature in Figure 6 is not |
suff1c1ent to perm1t an accurate determlnatlon of K.
Unfortunately the reduction cannot be studled at much hlgher
acidity because hydrolysis becomes too 1mpor€ant, and the
chromlum(IIT concentratlon cannot be 1ncreased because of

-1on1c strength limitations. The results were fitted to

equation 3.7 by least- siuares methods, keeping both K, and

| Kon f{xed at the values obtalnedAln the aquation study (s ,,-f/:f
Part A). The ca1culagg§7andfeb56fvea_ya1ues Of—kobsd are
~compared in'Table B4, Appendix B. A summary of,the specific
rate constants, Kir and Kopr and the activacion parameters
is given in Table 7. :

The product analysis.studies; summarized in—Table 8,
i{ndicate that all of the sulfamide ligand appears in the
initial ion exchange eluent: and that the chromium(III) .
product. 1s tr1p051t1ve w1th the same electronlc spectrum as
Cr(OH2)6 . The products are the same whether the reactlon
'is done at 0.05 M H*, proceeding 70% by the k;, path, or at B
0.60 M H', where it proceeds 67% by the kp, path.

The simplest explanation for the observed’products is
that the;Sulfamide ligand is nop‘trahsferred to |
‘chromium(III)._ However, the unusual écid lability "of

(H3N) sCONHpSO0NH3% (kg = 1.4 x 1072 s71) suggests that a
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TABLE 7

KINETIC PARAMETERS FOR REDUCTION OF SULFAMfﬁOPE;}A-

_ . ; 3 -'7'."
AMMINE&OBALT(III) s e f/{,

.

Temp, °C 102-k1r,M"1sec"1  Kops M~lsec™!

obsd.P calc.t . obsd. D calc;.C

S

\ 15.0
T 5.5 5.53 0.197,  0.195°
” £0.,26 @ - £0.014
35,0  © 11.0  10.8 0340 ~0.338
0.8 - 0,039 o
aH¥, keal mol”l 11.5¢0.9 . 9.3tl.2,
{ 55%, cal mo1~! deg™! . -2613 . - ,b ~-30%4

v ',y

ai All runs in 1 M L1C104/H0104. Q@rrers are 95% confldencs
“units and are about three times arger than one standard
» ' ’
error.,

b) Values were determined from least—squares f1t to

equatlon 3. 7, holding k2h and K, fixed (see aquatlon

study, part A). .
c) Values wer calculated from the‘correspondlng: T kﬁg i

- as¥ values using equatlon 2, 2, and reta1n1n2
figures in the recalcu a;ion. -
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TABLE 8

LY

PRODUCT ANALYSIS RESULTS FOR CHROMIUM(II) REDUCTION OF o

(NH3) gCONHSO,NH, 2% at 21°C. C//»“

[Co(III)], [Cr(II)), [H*], Reaction' %Free. Chromium(III)

M M - M " Time,min- Ligand" Product
0.010 . 0.20 0.05 15 97% -
0.010  0.20  0.05 13 Joss Cr(oHy) g3t 2

.0.010v 0.20  0.05. 10 91%  Cr(oH)gdt 2
0.003 0.20  0.05 : 8 96% -
0.007 o\%iciﬁ; 0.60 3. 1008 -
| N | |

a) 7Tdentified by ion-exchange and electronic spectra aé

described-in text.
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‘.

chromlum(IIIY—sulfamide could be formed, but then hydrolysed
“ during the ion excnange separation. This possibility is
‘ -~
given some credence by the very similar hydrolysis- rates of )
(NH3)5C00803* (k = 8.9 x 1077 sec™1)®7 and (Hy0)5Crosos* (k
2 7.9 x 1077 sec™1)88 a¢ 25°C and the similarity of the .
corresponding sulfamato complexes discussed-below |
((NH3)5CoNHZSO$2+, k = 2.6 x l075 sec'l;-(H20)5Cr0802NH2,vk
= 2.8 X 107> _sec =1y, on this basis one estimates a
~

hydrolysis raté constant for (H20)5CrOSO(NH2)23f of ~1.4 x
| 10"2 sl ora half-time of ~50 s. If these estlmates are
Iapprox1mately correct then hydroly51s would certainly be.
complete even dur1ng the chargxng of the 1on exchange
~column, ' |

The above arguments suggest that the only way to detect
a llgand transfer product would be by ‘an in 91tu method
under condltlons such that thejreduct1on has a half time of
< 50 s. Modelvcalculatlons 1nd1cated that the best
cond1t1ons would be thh ~0.2 M chrom1um(II) and 0.1 M H+
;_Then the reaction proceeds 88% by d1rect-reduct1on of the
ulfamldo complex ‘with a half- trme of 40 s, whllel
" maintaining 1 M 10n1c strength and pseudo—flrst order
'conditions. 1f the electronic spectrum of (H20)5CrOSOZNH22+
and (H20)5CrOSO(NH2)2 | are similar then the latter should
.be 1sospestlc with Cr(OH2)63+ at ~400 nm, and show ‘a max1mum

dxfference in absorbance at ~430 nm, with extlnctlon

-coeff1c1ents of 14.5 andall.S M~ 1 cm 1;_respeCt1ve1y.'

,
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The feasibility of detecting the ligand transfer
preduct was tested by model calculations on the X+Y+Z
kinetic system;' These calculations indicate that a max1mum
of about 36% of the sulfam1de would be present as the l1gand
transfer 1ntermed1ate (Y) after about 65 s. However, the

normal sem1logar1thm1c plot of absorbance change versus time

should appear linear up to three half-times, but the

—
e

;apparentAhalf—time would be‘about 60 s compared to the
reduction half-time of 40 s# Since the detection of the
intermediate ultimately depends only on this half—time
dltfefence the experiment was monitoredAat two wavelengths

| at 13 s intervals at each wavelength At the isosbestic

po1nt (400 nm) the reductlon half time of 40 s should be

‘observed while at 430 nm a longer half-time should be found

if the ligand transfer product is fotmed, and has the

approx1mate proper&;es described above.

Two experlments were carried out under similar
condltlons- 0.20 M chromlum(II), 0. 10 M. perchlor1c ac1d,
and 5.1 x 10"3 M cobalt(III), in a 9 cm spectrophotometer
cell The semllogarlthm1c plot for one: of the experlments_
is: shoun in F1gure 7. At 400 nm the ‘half-times were 39.1 S
and 42.6 s, whlle at 430 nm the half tlmes were 57 7 s and

59 3 s, respect;vely.. These results are almost

L embara551ngly close to the-predlctlons made, and conflrm

é:
2

that reduct1on of the sulfamldo complgﬁ"does produce

-‘substant1a1 amounts‘of chromlum(III)—sulﬁamldo productf

?
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,flggRE 7:. Time dependence of the absorbanc§ change durlng |
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 the. chromlum(II) reduc€1on of (NH3)5C0NH802NH2

at 25°C, M= l 0 Mb Observed at A= 400 nm- (D), A

4

v-_é 430 nm (). :'l' : '.; i
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Chromium(II) Reduction of (NH3)5CoNHSOZC6H4CH3—p2+.

This system is analogous to the sulfamido complex in
that aquation is competitive with reduction.~~The kinetic
results are copsistent with the reaction scheme of equation

3.6, with-R = CgHyCH3 and give the rate 1aw

2+

-dgn(Cobalt(III)] _ - , ) o
/ . + : N
3 Lk, W) k., [H' . 3.8
Lt [klr + L~ 1cr” )

r.K‘ . K -
a o a

THe rate law résblts from equatlon 3.7 1f Kgq >2 [H+],
condltlon already verlfled by the aquation study for [HY) S

0.80 M (see Part A). A plot of Kobsd versus [Cr(II)] at 25°

(Figure 8) shows the first order acid dependenge of the
. A g o
Achromlum(II) 1ndependent term, Khe Thexacid.dependeﬁce of ‘ 4
_ e Y
k, at 15°%, 25° and 35° ‘is shown in Figure 9, where kr.versus\

[H ] ylelds a stralght line with slope k2r/K and 1ntercept
Kypr as expected from equatlon 3.8, The values of k2h/K
were flxed at those obtalned 1n the aquatlon study (see Part_

_'A)'at 15°, '25° and 35° and the data were fltted to equatlon

c-

‘3.8 by:least—squares analysisumethods. The observed and

calculated values for kobsd are compared‘ymleble BS,_'
Appendlva,_ The values obtalned for klr and k2r/K at’ three

.temperatures, and thelr correspondlng actlvablon parameters

S R

v;are"listed in Table 9, o e _:. tfi-   ‘€»l: ‘,'d,f

“
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e

FIGURE 8: g%rom1um(11) dependence of the ohserved rate
e constant for reductlon of (NH3)5C0NH502C6H4CH3
”at 25° _at hydrogen ion concentrat1on9 of 0. 025 M

N

y E (C». Most p01*ts shown are the avqrage of at fi'
least two runs; . see Table BS Append1x By for
complete data set. L1nes shown are values'

fé‘calculated by least squares ﬁ t to equatzon 3. 8. lh;;f

L AT S ool
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FIGURE 9:

102-k,M —1s1.
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Acid’ dependence of the second order rate constant
v ‘

for reduct1on(of (NH3)5C0NH802C6H4CH32 ’at;’iaé'
14.9°C ( 413 25.0°C (D) and 35.0°C ( 0. e

‘lenes shown were calculated us1ng values for k1;

,;and k2r/K glven in Table 9. Most po1nts shown

‘are tny average of at least two runs done at the

“same chromlum(II) concentratxon. Those po1nts

¢

'vshow1ng the largest devxatlon from:the l1ne~are

=

Athose at the lowest chromﬁum(II) concentratlons

(see Table BS, Appende \B).

v

.
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TABLE 9 R "43}.- .

3

B .
v

KINETIC PARAMETERS FOR CHROMIUM(II) hﬁDUCTION OF

o

. 5‘- N (NH3)5C0NHSOZC5H4CH32_.3 a;.,,fg j;f’ g

.\
LY NS

v}T g

Temp, = 102-k1r,M —lg, fliVVAf" 10 -kzryka,sec lb’

oc 7 obsd.C . calcd. d - obsd.C . . caléd. d--

g{x ) o e

1409 333 . 3.3 6.0 . 6.0

¥, kcal mol -1 'ef]’frliqlidiself;e . ;ﬂ-f'f3?f5¥53’f,"-’ﬁ

'As*; cal mol 1 deg -ﬂﬁ;“‘727£3.,>u R Y2 [ .

a) JAll runs in 1 M L1CJO4/HC104.; Errors are 95% confldence
,11m1ts and are. about three tlmes larger tha ;one rfﬁe}

',nstaﬁdard error.__'f‘_,_!“‘_h1 :;;w\t.=,f,;— ."/i‘l_ n;ff~3fﬁ

'b) Ky 25 My so that kpp z 0.45 ! at 25°C,

.c) -Va1ues were determlned frqm'i '»i’ﬁ4 flt to

\ '!equat1on 3 8 holdlng kZh/K flxed (see aquatlon study,

I

f,part A). ,‘1’\42,4 ?1? " j‘ 5;;[;;{/ n.ft;?zt"
'*d)v'Values were calculated from the correspondang AH* ?nd

. //' e

*fAS* values, u51ng equat1on 2. 2, and retainlng extré A;;f

:ffflgures 1n the recalculat1on.-fyfff”:‘ffy;f?ﬂif?ﬁ-é“fjﬁ;gﬂ
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The product analysis results are given in Table 10 and.

o

show that all of the p- toluenesulfonamlde appears in the
initial ion—exchange;eluent. The observatlons are.
consistent with no ligand transfer to chromium(III), or with

rapidvhydrolysis.of an‘initial ligand transfer product by
arguments p!rallel to those glven for ‘the" sulfamldo I
complex. The hydrolysis study of (NH3)5C0NH502C6H4CH32+

yielded values of kpp/Ky = 2.15 x 1072 M7t 71 and Ky > 5 M/

Yo) that‘k2h > 0.1 s 1 If a 31m11ar rate constant applles

. A\
to the (H20)5Cr3+ complex then it w1ll aquate in' a matter of

/

seconds and never be an‘1dent1f1able reductlon product.'
: . N :
| o o o o .
This is consistent at least with our failure»to detect any

ev1dence of a chrom1um(III) 1ntermed1ate “when the spectrum

o

was scanned repetltlvely from 600 nm to 300 nm at 160 s
i . :
1ntervals for a solutlon initially contalnlng 0'08“M

chromlum(II) 0. 052 M hydrogen ion and 4.7 x 10 3 M D

!

Cobalt(III) in a 9 ¢ém path length cell.

2

ChromiumgII) Reduction of.(NH3)5CoNH28032+-

_Previous work has shown that the sulfamato compuex has

a pK, of 5 7 (l M NaClO4)7l and undergoes l1nkage R

_isomerization and aquatlon with rate constants in the range“

~

of 1073 to 10 -4 gec-l at 25° 70 From the reductlon klnetlc"

results dlscussed below it 1s clear that aquat1on and ”

‘9 [N

isomerization are much slower/than reductlon for the

hN



o "~ TABLE 10

PRODUCT ANALYSIS RESULTS FOR CHROMIUM(II) REDUCTION

(NH3 ) sCONHSO,CgH4CH3 2" at 5°C.

.« [Co(III)];' A[Cr('II)],‘ [H*]";‘: *  Reaction | % Free
M M ' : M time, min Ligand
< 0.0025 - 0.39 0.05 - 15 100% -
% . . PN . . ) . . . .
0.0025 0,39 -~ 0,05 E 10 97%
10,0024 ©0.36 - 0.33 . 7. 71068
/- ‘
T p -
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chromium(II) ooncentrationsiused'(kobsd = 0.1 sec'l'at-25°),R .

The ‘rate of reduction of the=nitrogen~bonded'sulfamato_

e

‘complex was found to be 1ndependent of hydrogen ion

concentratlon, and to obey the.mate law

A

~den[Cobalt(I111)] _ , . 24, o
- dt | = Kobsa = k2rlcrt ]“‘ . (3»9[,-
| The experlmental results at 1.0 M- 1on1c strength are‘
given in Table B6 AppenGIX~B, where-they are c0mpared.to,d“
the results of a 1east squares f1t to - equatlon 3 9 The ;
,spec1f1c rate constant, k2rr and the enthalpy and entropy of -

)
_actlvatlon are glven 1n Table ll

L
b

These results ;re cons1stent w1th the reactlon schemek

of equatlon_3;6 wlth ‘R =.O‘/ and the rate law

~ -din{Cobalt] -

24
¥ Lt Irta  2rt .t 2+ _
‘ =‘kh + (- —) [cr™ ]
R L I

9

where kh has been prev1ously deflned,70 if kh‘<< k [Cr+2],

L Ky Y [H]and klr.'

™.

a <« k2r'['f].‘ The first two condltlonsg'

.\f\ﬁ\\have already been ver1f1ed by the aquatlon study 70 71 For
bo\h\the sulfamldo and p toluenesulfonamldo complexes
dlscussEd\above klr < k2r-' Wlth Ka = 2 X 10 -6y and erV?.
3. 30 MT -1 sec I\at\?5° any reasonable‘value for klr would

satlsfy the ‘third co\dlt1on for the ac1d range under~



TABLE 11

KINETIG.PARAMETERS FOR REDUCTION OF

. SULFAMATOPENTAAMMINECOBALT(III).2

S

Temp, gzr,n;lsec’l,f ot :"'.:As*,h
°é" dbSd.B f. caléduc kcal:nel’l cal:mol’l'deg
15.0 1.95 - 1.95
o 0,07 L
o SR o \
25,0 3.3 3.32 ANt
l. | 01 l T \
35.2 5.%4 5.53 8.520.5 i -27%2
H, 0,32 |
l_25;0d[= 0,51
25,0078 0.49

a)
“}confldence 11m1ts and are about three tlmes one standard

'jb) |
"’equatlon 3.9.

c) .

d)

' el

All runs in 1 0 M L1C104/HC1O4 and on" the N bonded
1somer unless 1ndlcated otherw1se.f Errors are 95%

error.

ot

Values ‘were determlned from least squares f1t to ..

Values were calculated from an¥ and AG* ‘'using equation

2.2 and. retalnlng extra flgures in the . recgﬁculatlon.r .

‘Ionlc strength was 0. 09 M, Observed first order rate
jconstant divided by [Cr(II)] ‘ _
‘Oxidant waswmleure of O- and N- bonded 1somers._f-

3
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; con31derat10n, [H ] ; 0 025 - 0 40 M., "." hfrll,lh. ?'H?ﬂ’

Klnetic studies were also done .on equ111br1um mlxtures
. iy

jof the n1trogen an&vdxygen bonded llnkage isomers. In order

. i.
v “:.,_

R

-
5‘ _‘.14;‘ N

‘ to slow the reactlon for more prec1se spectrophotometrlc
':examlnatlon, these stud1es were carrled out at lower 1on1c
'{costrength (u = 0 09 M). Because aquat1on 1s COmthlthe w1th ﬁflf

2

: l1somergzat10n. the 1somer m1xture solut1ons contaln some 3'5‘]sg

‘V\(NH335C00H2 } However, the latter 1s reduced much fasterzg fl;h

L

(ks 102 L 1 sec -1 in 0. 01 M HC104 at 25 C) than the
";hsulfamato spe01es, so that thls was not a complicatlng

ffactor., It was| hoped that the 1somer mlxture would show A 7'f;f

P S : Y e "'33"

iblphas1c k1het1cs,.but only one process could be resolved

-k1net1cally w1th a rate constant at most 9% above that of

P

+

*;fthe nltrogen iSOmeg alone.. The results are glven, nd

,fcompared to those of the n1trogen 1somer studled under the

='same condltlons in Table B6 Appendlx B. The spec1f1c rate

Ny R
constants, k2r' arefglven in Table 11.; Reduct1on of th@”“f""
| o o

o : £
: oxygen 1somer cannbt be rap1d and\complete on m1x1ng because

the 1n1t1a1 absorbance of the solutxon “at 488 nm on add1ng

-".\ - a,o..

chromium(II) was w1th1n 2% of that of the 1nitial 1someri;!§;_fhf
' ﬂ» mlxture.n-It has been estxmated that the equlllbrlum

'vconstant for equatlon 3 11 eq' 1s greater than or equal to =,

Tl

) i B R 2+ b eq T ,2+ B o SR
() CONH, 8047 "gmmte | (NH3)5CO0SO,NH, ™0 (3.11)

CME T T .
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0 3 at 24° ln 0 90 M HC104\7Q Therefore, the 1somer mlxturef‘.%‘a

is at least 55% oixgeﬁ/bonded, and slnce the latter has

almost the same absorbanCe as the n1trogen 1somer at 488 nm,.

?

the 1n1t1al absorbance would have been-at least 25% below
g
that of the reactants 1f there had been raplfvreductlonwofa

tbe oxygen 1somer., Isomerlzatlon 1s over ten tlmes slower

than reductlon Under the exper1menta1 condltlons, therefore

B 'u

.‘.-~ .

[

ll the observatlons requ1re that the oxygen and n1trogen _ff:”

L

rsomers‘are reduced at very 51m11ar rates.}ﬁ..l
| Repeated ‘scans of the vA51ble spectrum W1th
chromlum(II) in’ approx1mately'10% eXcess over cobalt(III) at
low 1on1c strength (- 0 025 M) and low a01d1ty (H+ i 0 020

M) showed the- growth of two peaks at approx1mately 415 nm

g and 575 nmﬁh}ﬁgure 10) ﬂ‘Isosbest1c poxnts occurrlng at 383.

: .'\

422 and 547 nm. 1mply the exlstence of only one product

. \

The results ot product ana1y31s studies are summarlzed

s 1n Table 12 The analyses for free sulfamate 1on 1n the

1n1t1al eluent clearly show that >93% of the llgand remalns
f\ﬁ g .

4‘;‘

bound to. chromlum(III) after reactlon. A d1p081t1ve

chromlum(III) prodUct was - bdentlfled by 1ts 1on exchange N

propertles.f ThlS product has absorptlon max1ma at 416 nm

and 591 nm w1th extlnctlon coeff1c1ents of 16 8 cm 1 M 1 and

15 5 cm”1 M 1, respectlvely, and a shoulder at’~672 nm.

Reductlon of the N- and 0 bonded 1somer mlxture gave the

,nsamebproduct§7§s the N 1somer (see Table 12)

Fomy _
s a -



' *Wavelength(nm) | :.» R

el

S .
N / o

FIGURL 10 Change 1n VlSlble spectrum durlng reductlonvof

:' ﬂ(NH3)5CoNH2S03 (2 96 X 10 =3 M) by Cr2+ <3 26 X

l?

_10‘3 M), [H+] 0,020 M u'= 0. 025 M; T -‘21°c 5

n

’,cm oell The absorbance 1s decrea51ng at ~342 nm" 

J and‘~485 nm due °to . consumptlon of cobalt(III)

;'” :comp1ex, and 1ncrea51ng at a415 and ~575 nm due:jf”

: T
e,
S

4“‘?

B
to productlon of Chromlum(III) compfex.f‘ﬂ

BN .'/ .

‘ﬁ:isosbestlc p01nts occur at 383 422 and 547 nm.'ff

( . ‘..~

‘v
¥ LT
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‘g”c‘ﬁ e :_.Mfffg‘ S -; TABLE 12 TR @

PRODUCT ANALYSIS RBSULTS FOR CHROMIUH(II) REDUCTION ’

l". t Y "

S 1
V.o, OF (NH3)5CoNH2503 f at 25°C,”

P o PR T

‘Ligand  [Col1I)], [Cr(IN)), (H*), ‘Reaction - Products

M . M M ~ time,  Free ; Chromlum(III)
A "/ “ ) . ' . o . N - , . ]
‘ : : ~min ' Ligand C .

" 0,010 ;¢ : 0. ozof 0,100 3,8 "‘ §.7§ R
- Lo.oidfff .0, ozdi: '6,2bf vjf;}s’ L 5.3% -
—— o,dio 0,020  ~'50;3¢5_:f4g4;5 ey =N\
',n32s63;‘. o, bib - 0.020 1}0.56 38 e -
i 0. °°87a 0. 9097 ol 1m0 - .’(“25)5Cr¢902N322t‘?';“

'~_o 0125‘*«b 0,023 -y 10777 3.5 4,58 -(H0)5CrosOpNHy T ©

DT 2 olza:b \~a,ozs “vo.lﬁ';; 3.0 0w T

‘*.fggqf\ f‘v';,o 0072° -J‘p.xz.i' 0,20 3.0, ';---;‘fjf»(HQOySCroS93*,°

>

,'; 3)7~Experiments done at.. amb1ent temperature (21°)
o b) '0x1dant was 2 mxxture of N- and O—bonded isomers.

'; .C)f‘ldentxfled by ion eXchange and electronxc spectra as T

: ”,1des¢:1bed ‘in text.



hO 10 M H+ 0.5 M NaClO4) Inttres 1ng:y,h'j'

" Chromium{1I) Reduction of (NH3)gCo0SO3%:

. . ) "‘»' ~ e N N . . ' N . ! ﬁ‘ c T >-
. Y . Lo N - BT . . L . R : o A Co .

The Spectrum of the pfofuct 1s very 51m11ar to that of

'(H20)5CrOSO3+>89 wh1ch has maxima at $11_Dm and 587 nm w1th '

extlnctlon coeff1c1ents of 18 8 cm -1 M -1 and 19 0 cm"1 M 1
respectlvely and a shoulder at 671 nm. Th1s 81m11ar1y

1nd1cates that the reactlon product 1s the O-bonded 1somer

studled spectrophotometrlcally in qhe 1on exchange eluent

and-had a rate constant of 2 8 X 10 > sec l} (25°* 0~05¢to ff»yh

’-1s nearly 1dent1cai to that for aquatlon of -
(NH3)5CoNH25032+,, 2.6 x 1075 secTl at 25°, 70 Aquatlon
durlng 1on exchange‘canvaccount for the <7% sulfamate 1on

| product Yo that electron transfer may well proceed A ‘df?é»gff

:v:completely w1th transfer of sulfamate to chromlum(III)

>
{
4

The k1net1cs of thls system were studled

h»prev1ously 90, 91 and only the chrom;um(III) product was
""1dent1f1ed .in thls work (see Table 12) The product had 1on
.;fexchange propertles typlcal of a +1 charged 1on. fThen;;'ﬁr"
”‘felectronlc spectrum of the product in. 0 l M HClO4 ShowS‘fpfs
.'pmaxlma at 672 nm (shoulder), 586 nm and 416 nm, wlth |
'whextlnct1on coeff1c1ents of 5 32 M ¥ cm ; 19 l M f 1.and

"[20 6 M 1 gl,;respectlvely,.ln good agreement w1th the

91.

u.(HZO)SCrosozNH22+.’ The aquatlon rate. of th1s product was _;75»\

S rate constant}h~f

llfw?spectrum of (H20)5Cr050§~ reported by Flnholt et a1 89 The |



yield of this product was -

'bf;é?balt(ilif.i

A

LI

98§7pased'on the original amdpnt'

‘w -

“92;]1
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.'.‘.' - B ‘ / . : . :. . . ':.: : .‘ )
o Wten Y 15 Hzo, the reactlon 1s called aquatlon or e

”'Q?;:enterlng 11gand. Consequentlyﬂ tﬁquate of a d1530c1ative?””

l_mjréact1on 1s sen51t1ve to va§1ation 1n the nature of the

/’cobalt(III) ammlne complexes in. acxdlc aqueous solutlon is a

B dlSSOClatlve procesé.?? Th1s 1abe1 implies that the ma1n

| ,;sf“,‘}_;_;_ T T e e
B N e e Py SO

W She e “
[P P RIS JE i

--«;fchRf:Ag»‘Acugrxonfs}ﬁaggs-,”,;,,_,,__..,

TN e e TR T R e R
qgand subst1tut10n react1ons of coordlnatlpn compounds__ﬁg
| ‘ / " SR p»;:ﬂ'ic Tu
may be represented by the generallzed equat1on _7ff%1o‘ T
. A e ‘ _ ‘ - AT . o

SN S S D L T T e T T
My Y FEMK T AX Lo 0w

B e Pt T e b T e T

AR
./ .
r

R U

where M/1s the metal»lon and X and Y are any two 11gands.: g;ftii

/

1‘hydrbly515-\ ;ﬁnff;hsﬂtnpkiihle"vq“. T'i:u{{ﬁj‘ f‘;:j;h”}e.ﬁi?

/)

':a/. 5ubst1tution reactlons of metal complexes have been SR

A i

”1ntené1ve1y studled, w1th‘general agreement that aquatlon of,fdﬁf

act1vat1on energy comes from weakenxng of the bond to the_

1eav1ng group, w1th 11ttle, lf any, Partlclpatlon of the;ﬁf_nt

' . - '/
1eav1ng group. The numerous studles on the aquatlon o

e*;ycobalt(III) ammlne systems have shown def1n1te trendstbﬁfﬂfaﬁf

'fj*between the rate of aquatxon and the Lewls ba51c1ty of the ifika




‘xwhf;On thls ba51s the aquatlon of the sulfamato complex (R

B R PR R A A A SR Lo
.

‘? .

A"sthe carboxylate‘énlons.gé the rate °f aquatlon Of the

| ~Qtoward the proton, of the free carboxylate 1ons.pt;;"‘

/ﬁﬁsulfonato complexes (see Table 13). Thls hlgh level of

leav1ng group whlch support the dlssoc1at1ve aﬁtlvatnon
ypo hes: s S ‘ ﬁ#";ﬂ.:‘,~ff"'f"ﬂ _ 7;_“3K '.,
Unfortunatqu,:there 1s no general measure of Lewls

ba5101tyh,so that these trends*rema&n qualltatlve.g If \\-

B

'”fattentlon fs conflned to a 51m11ar‘set of llgand54 such as

,.o’

'1égpentaammlnecobalt(III) complexes parallels the ba31c1ty, _t:‘“?

I

o In the present study, a homologous serles of leaV1ng

"agroups have been examlned for whlch the ba51c1ty toward the };p:"'

/

'.Lcobalt(III) of the coordlnated‘llgand nltrogen atom mlght be<[fj<7

hiijrelated to the coordlnated llgand Ka' e g.,;ﬁrfoVIflfsv

() gcon S lonyR F=RE () CoS() R s BT (4:2)

: I B ) s

i :;k$;" 2 x 10 6 MW should be much slower than aquatlon of the.ipi;?li
7};;sulfam1do complek (R &Hffj‘é = 0 55 M), wh1ch 1n turn S
fj:fShOUId aquate more slowly than the aromatlc sulfonam%do
.5scomp1exes (R “‘C6H4CH3' C6“4N02' K 2 5 M) The‘klnetlc L

'*;}]data summarlzed 1n Table 13 conform towthese pred1cﬂr6ns.-;f”:fgﬁﬁg

It 1s noteworthy thah;the protonated sulfamldO\and

‘faromatlc sulfonamldo comglexes have aquatlon rate constants

.

“t;ffan the samelrange as the perchlorato and trlfluoromethane- p94’

£07: Y
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/
unexpected and might seenm unusual.- However, if the simplest
assumption is made, that the aquation rate constant is
directly proportional to the coordinated.liganq Ka,-then the
sulfamato rate constantland K, can be used to predict a rate
constant of 0.55 x 2.6 x 107%/2 x 107% = 7 sec™! for ‘the
sulfamido complex compared to the velue of 0.013 secTl. oOf.
couree, this argument;is‘very simplistic{_but it indicates
that ‘there is no excu;e for invoking‘specialieffects to
explaln the kinetic ‘lability of the sulfam1do and
sulfonamldo complexes in aqueous ac1d. | |

The present-results have some. bearing‘onlthee
coordination{ohemistry of sulﬁonamides-and carbonic
anhydrase; lt is plear'that the sulfdnamide anion prefers‘
to bond through nitrogen to the metal. Futthermore, the
neutral sulfonamldes are not strongly bonded by the metal. -
It would be useful to be able to estimate the pK of metal—‘
bound eulfonamides in carbonic anhydrase._ Thls-could be,n
50ne by comparison}of the pK of the cobalt(III) sulfonam1de
complexes and that of (NH3)5CoOH2 (pK )74 and N '
(enzyme)ZnOHZ;‘ Unfortunately, the latter value is not
available unamblguously. The enzyme has a pK f 7 1nvolved
in catalyt1c act1v1ty, but 1t is not clear if thls is for v
ionization of a hlst1d1ne or a metal bound water 94 95 In
any case, the highcacidityaof (NH3)5C0NH2902C6H4X3+ is
consistent;uith complete ionization of the enzyfle-

sulfonamide;Eomplex at and above physiological pH values.
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A

PART B: REDUCTION STUDIES

“the rate constant at 25°Cc,90/91 1t seems to be assum

Tne’péntaamminecobait(III) comolexes of sulﬁﬁxe (A),
sulfamate (B) and sulfamide (C). offer a series in which the
structure of the 51xth llgand is changed little whlle the
complex charge and coordlnatlng atom are varied.

| | | ﬁ ‘ if; L 3+ 0,
(HBN)SCOQFﬁ—Ov f\ “(H N) CONH b O:) (EH N) CONH —b NH2
0

A

. »
The chromium(II) redUCtion of the sulfato complex, (A),
was studied previously with teasonable agreement at least on

ed967

_ that the reaction proceeds'with sulfate ion transfer to.

chromium(III);7apparently without actual identification of

the product;_-Fras’er91 found (HZQ)5CrOSO3+.as the product

"~ from the reduction of en2C002802+..'Linear free energy

correlations97 with theArateaoereduction by Ru(NH3)62+ 98"

indicate that tne chromium(II) reduction of (A) is not an

.outer-sphere process. These observations all are consistent

with sulfate actlng as a brldglng llgand in these

Achrom1um(II) reductlons.

In the present work,_the chromlum(III) product of the

—v.-

chromous reductlon of complex (A) has been separated and

vcharacterlzed by its electrOnlc spectrum as the 11gand

transfer product, (H20)50r0503 . ThlS is in agreement w1th
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the ahore'observations.

The chromous reduction reactlons of the sulfamato
complex, (B), and the sulfamldo complex, (Cﬁ? also proceed
with ligand transfer~to chromium, (see Table 12).

-~ The kinetic reéults Of'this and related work are
summarized in Tablew14.l*There are several puzzllng features .
of the results on these seemlngly s1mp1e and structurally
related systems. :How do the protonated sulfamato and

»sulfonamldo.complexes achleve bridged electron transfer

hrough a sat}rated -NH,-group coordlnated to . cobalt(III)?
why are the rate constants for the N- bonded and 0- bonded
sulfamato complexes qu1te 31m11ar°' Why are. the rate |
constants for the protonated sulfamldo and p—‘;f{ | f‘
toluenesulfonamldo complexes (k2r)99 larger than those for
the deprotonated form (klr) when charge and cohjugatlon seemdw

' to favor the deprotonated form° S "v: : eh'-is'%ph

The rate constantS.4k2r, glven in Table 14 decrease 1n

. | % |
the order (NH3)5CoOSO3 > (NH3)5CoNH2803:
(NH3)5C0NH2802NH23 i. For a reactlon b ween two ions of

'educed to zero 1on1c //
VA

:/.
. 2

charge Zp and ZBtthe rate constant-k-
strength) is giVen by:

Ink =1nk, -28B N .3
- DKTr, - R . _

where koﬁis‘the'ratelconStant in a.medium of infinite

dielectric constant, D is the dielectri¢ constant, e is the
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_charge of an electron, T lS the temperature in °K, K 1s

'IBoltzmann s constant and r# ‘is the anternuclear dlstance ‘in

’ LN

o~

*fthe actlvated complex.;_ S
. s

-

The relatlve react1v1t1es (kzr) of the sulfatp
lsulfamato and sulfamido complexes are con51stent w1th a
dependence of the rate constant on the exponent1a1 of thea“ﬁ"

,pcharge product of the reactants, as descrlbed by equatlon

~

;é.'Q This predlcts relat1ve rate constants of 1 0 14 :0, 018,'

'respectlvely, c0mpared to the observed ratlos of L
_;1 0.18:0. 011.__f* el S
| The above observatlons are 1ndlcat1ve of a commonv
d.jreactlon mechanlsm for the sulfato, sulfamato, andw,gfft
protonated sulfamldo complexes W1th a llgand br1dg1ng
“_between cobalt(III) and chromlum(II) : But 1f the rate lghif~
hconstant (k2r) dlfference between the sulfato and sulfamato -
pcomplexes can be accounted for by reactant charge, then B

' electron transfer appears to be about equally fac11e for ',rm

N

e .t ”'l:h'. R N ’-dr'v

S O oy I T o
CQII;’O*E‘Ofcr;I'Jand,‘_c II;'Nﬂz'ﬁ'O-CrII;-;V

':The s1m11ar react1v1ty of the N-'and O-bonded 1somers of the

sulfamato complex leads to a 51m11ar conclus1on. aThefft

'1mp11cat1on 1s that electron transfer 1s p0551b1e through a-
;coord1nated'—NH2 group, but thxs is . cbntrary to our v'”
prev1ous experlence6 7 that -NH2 groups, e1ther coord1nated,:-

e

'or as -a lead 1n groups on a. 11gand, do not prov1de an 1nner-‘ g

..



I
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Then the (E) tautomer and 1ts sulfamlde analogue could be

-lvthe forms actlve 1n the brrdged electron transfer betweenlj*

’fchromlum(II) and cobalt(III).x Howevehé; he deprotonated

8u1fam1do complex, whlch woﬁld be analogous tO taUtomer (E)" |

'{~1s less react1ve than the protonated form, therefore 1t is
‘:fdlfflcult to a551gn much enhanced react1v1ty to (E) nf -
f*waddltlon,'lt 1s dlfflcult to explaln the 81m11ar react1v1ty

ffof the N-‘and 0 bonded sulfamato complexes,i51nce only the.n
j~,;{¥N 1somer must go through thxs tautomer1c equxllbr1um | Ti?ﬂi:‘
An explanatlon for these problems 1s to Suppose that dfli
.ri“sthe eleotron transfer does not occur. through the —NHz-e;;
group. Thls would be p0551ble w1th a brldged outer sphere
:_mechanlsm 1h'whrgh the brldglng l1gand 81mp1y serves to hold..jﬁ
-iff;the cobalt(III) and chromlum(II) in prox1m1ty so that outer—{rf*
“sphere electron transfer occurs. The tetrahedral geometry |
bout the nltrogen and sulphur‘atoms allows[the flrst,~

"coondlnatlon spheres of the cobalt(III) and chromlum(II) to
“‘ibe 1n close contact.; Th1s proposal also 1s con51stent w1th

f he s1m11ar react1v1t1es of the N- and U—bonded sulfamato-j"



° ,.“' ' Y . “-‘jo‘ ) .o i;'l'" e . ) ’\ . r03 . .
; . 1 . .\ ) .“‘\v-’ - ‘1 . o \ . N
A
’ ¢
A3 > \
- IR & . '
complexes.a A ,”¢,|. Coos :

‘The larger rate constaﬁts for the protonated forms of
;the sulfamldo and p—toluenesulfon m1do complexes can. be
ratlonallzed with a brldged outer sphere electron transfer

“mechanlsm. Protonation of the n1trogen atom coord1nated to

'A cobalt(III) should make reductlon thermodynamlcally more .

"favourable, and thegeby 1ncreasé the rate constant for 3
: )\‘f \ - A..

"vouter—sphere electron transfer.43 ‘Slmllar reactlvxty
9f1ncreases were observed by Gould et al 100 for the reéuctlon ?\:
"by vanadlum(II) of several protonateﬂ carboxylatopenta-f [~

‘.iamm1necobalt(111) COmplexes, j‘;°ffﬂ§ﬁf



CHAPTER V

RESULTS AND DISCUSSION PART . C'

T,v‘ .  CHROMIUM (I1) REDUCTION of P—NITROBENZENE-

SULFONAMIDE AND P NITROBENZENESULFONAMIDO-

i

?ENTAAMMINE CUBALT(III)

;*SStoichiometry Studies = = -

&,

e

. e

.

r The results of the chromlum(II) st01chlometry studles

Ch

| carrxed out on the reductlon of the p- n1trobenzene-'
sulfonam1de llgadd and the cobalt(III) complex are g1Ven 1n
Tables 15 and 16 ‘respectlvely. The st01ch10metry for the
llgand was found to be four chromlum(II) 1ons ox1d1zed per.

%p n1trobenzenesulfonam1de llgand reduced 1mmed1ate1y after

'ﬁh mlxlng, (reactlon stopped by 1n3ect1on 1nfo Fe(III) or

_ Co(III) solutlon w1th1n 1- 4 m1nutes), and 31x chromlum(II) o

f 1ons oxldlzed per llgand reduced after the reactlon was, p‘

a 4 -

Complete (2 1 h)., Slmllarly chromlum(II) reacted 2: 1 w1th ,;.'*

p n1trosobenzenesulfonam1de 1mmed1ately Upon.mlxlng (~ 2
m1n) e | | . | |
For the cobalt(III) complex, the st01ch1ometry was
| found to be f1ve chromlum(II) 1ons ox1dlzed per o nltro-'ﬁ.

benzenesulfonamldo complex reduced 1mmed1ately after m1x1ng,

', (reactlon stopped by 1n3ect10n 1nto Fe(III) solutlon w1th1n;fq

. Co
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TABLE 15 \, '~ .
STOICHIOMETRY STUDIES: CHROMIUM(II) RBDUCTION OF LIGANDS.a,fy/

!

L ol

'. . . et [ R
P

r : i : .. ‘,,_w" s

R e “'moles of - Cr(II)
. , | .'?103 | 102’ e reacted per
'Héng02¢654x-pf'_ . [Lig},,ICr(II)}, IH ] mole of ngand _

ox=No, 466 *";4~69”ff’Oé2f'xi\3;7§@5:643d

| 4.66 469 0 0.2 . 390 639
Cet 2,34 . 4065 0.2 4.4C 618
2,45 - 4,65 0.2 - 4.0 5.98 .

X=N6 . 5,00 0 328, 0.1 . Z.a°

’,'aQ Done at: amb1ent temperature,:~21°C.(_

b;[Allowed to react ~4 m1nutes before 1nJection 1nto e

f_Allowed to react ~l m1n before 1n3ect16n 1ntoffo(lrb’r

;-"Allowed to react 24 hours before 1nJection 1nto
.zFe(III) Vg.vx*,fffi;*;~;1~ir:%;’ "E_ferfﬂ‘%rfjf"“'

"releAllowed to reactlon'~l hour before 1n3ect1on 1nto

',cO(III)
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'.LTABLE»lG g

STOICHIOMETRY STUDIES.' CHROMIUM(II) REDUCTLON OF
2 a

(NH3 ) 5CONHS(O ) 2C6H4N02 p*

| ,’7;io4gf7u"'-”1o3i”’.j  ?f. o ,,moles of Cr(II) reacted ‘
R e T e S IR el
o Ico(1II)], o [Cr(II)), IH#],__’lper mole of cobalt(III) '

M o M '\_ J.f:.MfA "ﬂf 1n1t1a1b fiaglc

7,98 © o.d9 0.01 L. 48 T

7098 Csa9 001 5.0 T

lsfgbéﬁeiét ambieh£ tempéféture:.~21 oc. ﬁ[:fe?-fﬁte,fc\;fc
[efb;’Allewéd to react <3 mlnutes before‘lnjectlon 1nto' if;}tﬂ’ﬁ‘
?,TFe(III) solutlon... . | T
:;f,;e;fAllowedvto geact ;24 hours beforeb1njeetion‘1nto Fe(III) feee




‘»f'complex reduced after the reactlon was complete, (2 1 h)

- 107

+

~ 2 m1nutes), and seven chromlum(II) 1ons oxld;zed per va

In Table 17 are summarlzed the y1elds of cobalt(II) as

L both the rat1o of the,1n1t1a1 concentratlon of the reactants

,.__u‘

rV»g»and the ac1d1ty are var1ed. The reactlon was stopped after

gl z m1nutes by a1r oxldatlon.- Approx1mately one f1fth of _
'the added chr0m1um(II) reduces the cobalt(III), t)% majorlty ;

'~fhbe1ng co?sumed 1n reductlon of the llgand At low a01d1t1es

"C

"the larger values obta1ned when 3 or 4 equ1valents of

'5fchrom1um(II) are added suggest that 1ntramolecu1ar electron :

"thransfer through one or more of the 1ntermed1ates 1s more

PaES

igxrapld than tthSgh the p—nltro der1vat1ve 1tself, and that

f)fprotonatlon of
’f;antramolecular electron transfer.' At h1gh ac1d1t1es Ehe
'"35;cobalt(III) 1s not entlrely reduced w1th1n 1477

‘f;heven under a 50 fold excess of chri_;

ne or more of these 1ntermed1ates 1nh1b1ts

l"/

_ m1nutes

'um(II). Thls 1nd1cates

"77chat at h1gh ac1d concentratlons and under pseudo flrst

"gﬁqrder cond1t10ns, reducﬂion of the llgand to an 1ntermediate 7v

i'yfwhlch does not rapldly undergo 1ntramolecular electron

transfer occurs 1n compet1t10n w1th 1ntramolecular electron

"ﬂ transfer throughOut the 1n1t1al stages.;flml*]'*

ff_k1net1c studles,

fff cobalt(II) w1th1n l or 2 m1nutes.;g

: sulfOnamldo complex, dlscussed'above, has a tz%é 2 30

Under the pseudo $1rst order condltlons employed 1n the fff

-.“lr

{_ 90% of - the cobalt 1s released as. .liffﬁ;;fﬁ%:

;fr:t'hg-»~'p~.ga-1'uéhe;;::---::

et

It should be noted that reductlo'f

-

.,‘v'.‘_,vﬂ ,-;'/,/ L -» B './ R

g
iz .
e .

et
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COBALT(II) STOICHIOMETRY STUDIES OF REDUCTION OF

(NH3)5CoNH902c6H4N02—p 2%

. l“‘-

108 -

Dy

[Complex], ‘

1o4 S

[Cr(II)]rﬁ

M];mu-ﬁ'\

[Cr(III)]/

[Complex]

e i % Recovery

:;17Fﬁ*l} ; f?

as Co(II)

;4g(-A.

f 73 %:ﬁ::;
10 ng“'

“j7lo;bj(af

8, oS[*

= 10, 0"}3*,’

83y
'f~;,710;0_ Zj

's_,194;9<*3“ -

I","‘-
E

s, 54f*fﬂ'”
e, 3f“”'/'

vijmsa '.: ,-‘ |

| ;.24}$15 :iv,v
'ﬂ_:29;9; Qvf“

a1

E;;?{pr, }¥:;; L

  6;°1f>'=

S o800

oo
"!i0;89  ST

: fd€Qiff;ﬁ
‘ ,0;80 ”

19

 'f6%ui
S os3

 1> 83f:“ﬁff

e e

4 3i;;fb;w;  
:38Fﬂ M4*g.v;'

: '. ,-v"z}:'j

Lilgs



A
\

fﬂfmlnutes, so that direct réductlon of cobalt(IIIr,ls not 'T“,itag

lllkely a competltlve pathway for the p-nltro compIex.:ff"

e

L ".m ol

The product stud1es for the chromlum(II) reductlon of

SRR S
.:hthe p—nltrobenZenesulfonamlde l1gand wene carrled out by

"Eooxygenat1ng an allquot of the react1on solut1on 1mmed1ate1y

$

,fw after m1x1ng, and agaln after the reductlon reactlon was
"lfcomplete (t > 1 h), prec1p1tat1ng the chromlum(III) by the
'; add1t10n of base,‘and flltrath§ of the mlxture through a

.M1111pore fllter.: Analy51s of the resultlng solutlon was

oarrled out spectrophotometr1cally, (see Experlment sectlon

for detalls) Slmllar studles were performed on thydroxyl—iﬁ
:“;gamlnobenqenesulfonam1de and*sulfan11am1de.;“i’hcjv; h ':v» '

\\The results “of these studles are listed in Table 18.s11likﬁ;1
”.ﬁtri:When P~ hydroxylamlnobenzeh;;ulfonam1de or’ p-f*qﬂf - e o

'n1trobenzenesu1fonam1de are reacted“wrth an excess of
chromlum(II),.grfﬁ" ow t !

ff_93% of the llgand, respectlvely,-was recovered as

'sulfan11am1de, the\s1x electron reduct1on produht;‘ln

u,eiagreement w1th the stoxchlometr':

}results. Samples contalnlng:exther the p—nltro or'the T;TV:V
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TABLE 18

PRODUCT STUDIES: CHROMIUM(II) REDUCTION OF LIGANDS AT

103 102 [er(I11))/ $ Recovery as

H NSO,CgHyX-p, [Lig}, [cr(11)), ILig] , [H%), p-H NSO,CgH4R

' M | M R=NHOH R=NH,
X = Noy 4.66 7.5 16 0.2 2 93
| 4.66 7.5 16 0.2 3 94
§o# 7 . ‘
2.28  0.91 4 0.2 89 12
X = NHOH - 2.34 7.5 32 0.2 1 99
X = NH,P - 2.35 4.5 19 0.2 1 =~ 102

.‘a. Allowed to react‘2»24 hours.

b. * Blank experiment, no reaction.’
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p-hydrqulamino iigand which Qereboxygenated immediateiy
{t"~ 30 sec), and which subsequently had aiiquot§ removed
for aﬁalysis yielded 2 85% sulfanilamide with > 90% total
recovery. _HoWever; in the p-nitro éase, aliquops removed
anaerobically from the reaction solutibn’prior to}.
oxygenation (€‘~ 3'ﬁin) yielded 3—45% p—hydroxylémino-
benzenesulfOnaﬁide and 91-15% sulfanilamide.

In all cases where > 90% of'the ligand was recovered,
the majority of it, (>.85%), was‘5u1fénilaﬁidé. A blahK l
experiment. using sulfanilamide as ‘the stétting'ﬁaterial was
carried out under similar conditions"(see.Tablé 18 for
qetails).. TheAresﬁEts showed thix"IOO% of the sulfanilamide
present can be recovgreé using ﬁhis method. In~a1i spudies,.

\'the ligand waé,separatedlfrom’the chroﬁium(III) by
preci§itgtion of\#he chrOmium(III).under‘basié conditions as
the highlyichérged polymeric [(Cr(III))X(OH)y(Oﬂzgz](3¥—¥)+~

species. The low yields obtained in sbme of the studies are
consistené’with the tfapping of a neggtivély charged.“

________partially reduced ligand species, e.g.
“HNS (0) 5C gH 4NHOH

within the cationic polymeric chromium(III) precipitate.
» . e . . . ’ .
When product studies were carried out under a 4:1 ratio

" of éhromium(II) to anitrobenzenésulfonamide ligand, and~

allowed to react to completion, 89% of the reactant is’

R



recbvered as b— ydroxy1am1nobenzenesulfonam1de, and on}y 12%
es sulfanilamide. Thls 1nd1cates that reductlon to b
Pr hydroxy1am1nobenzenesu1fonam1de 1s faster than the
subsequent reduction to sulfanllamlde, 1n agreement wlth§the
stoichiometfy studies. These results also indicate. that the
problem with the product.studiesTperformed under conditions
of a large exeess of chromium(II) must occur atvthe'
oxidation stage. It appears that'oxidation of excess
chromium(II) by oxygehiproduces sehe intetmediéte'which can’
rapidly réduce H2N5(0)2C6H4NHOH to sulfanilamide. One ‘
possibility‘is: .

cr?t + 0 ———5tcr3+»+ 0,
2 2
o o - 2wt
p“HzNS(O)2C6H4NHOH + 202 >

" p-HoNS(0) ,CgH4NHp + 205 + 2830

Kineti¢ Studies

~

The klnetlc results for the reductioh of free and
.complexed p- nltrobenzenesulfonamlde 11gand can be d1v1ded

into two generaI categories. The fast reactlons were,

studled by stopped flow technlques and were complete within .

~ 1 minute. The slow reactlons were studied on a Cary 219

spectrOphotometer and requlred several hours to reach

112



completion. - For both rate categories and both reactant
systems the kinetics did not display simple monophasic.

behaviour,

Stgpped flow Studles-‘ The stopped—flow studies showed

¢

an initial rapld 1ncrease in absorbance which was too. fast
y
"to measure, (t'BQS 10. 3 s) The product could not be

1dent1f1ed due to rapld subsequent reactlons, but the
2 \ . . .
absorptlon Spectrum was measured on.the stOpped flow system

]

“——
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SEES
T

at ~ 30 nm 1ntervals betwéen 270~ 500 nm. These measurements

showed an absorbance max1mum at 330 * 20 nm w1th antapparent _‘7

extinction coeff101ent of ~/2 5 x 103 M l . cm 1 at'pH-O,7_£or?

_ both the‘free "ligand’ and the cobalt(III) complex.v

ThlS reactlon was followed by a k1net1ca11y measureable-

~

the free llgand and complexed llgand respect1vely.~
kvforrthe free l1gand there was a subsequent slower N
decrease in absorbance, but the absorbance change was small
and the rate constant, k2Lr could not. be determlned -~ The
data’were fltted;by;least—squares-to: | | |

- (P2

o ekt —kgpt
Absy = Abs. + Ajre. 7+ apre 2L

decrease in absorbance with rate constants le and le for :

RN N

where AbStvand AbS, are the absorbanCLes ‘at tlme t ang” after'

the reactlon 1s complete, and the preexponent1ai terms, AlL

rand LYK, are funct1ons both of the ext1nct1wi/coe§f;01ents

: :.-E_'_ . . [+ 3
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and the rate constants,-kiL and Kkpp, (see Appendix A). The

-1

value of k2L was flxed at 1 sec -, whlch generally best

descr;bed the data. Slnce le >> kzL,\the values of le
‘were quite insensitive to assumptions dbout the magnltude of
ko, below this.upper limit. L g L //

For the - complex, the second k1net1cally measureable

reaction on the stopped flow 1nvolved an 1ncrease ‘in

absorbance and the values of k2¢ could be - determlned. Thls
| behav1our represents the mqst obv1ous d1fference_between»t'e .
'free ligand and. the complex.' The tvo teactions vere ;
‘suff1c1ently separable so that the data ‘for each react1on
:h_could be fltted by least-squares to.equatlon‘S.ﬁ] u51ng the
data up to 0. 4 seconds to obtaln k = le and the data’

-t

| “obtalned between ~ 0 5 and ~ 12 seconds for k-— kzc.:
Absg = Absm'+}Ae“kt L s

For both the free llgand and the complex, the values .

fobtalned for kl é&e cons1stent w1th the rate law'

- . . . : . . : . e

| dThe values obtalned for kl from a. least squares flt to
equatlon 5. 3 are compared to the experlmental values 1n

' TablepB?Jand BBL_Appendlx»B, for.the‘l;gand andvthe«complex;-'
. Tew o ‘ e = A
b ¥

l - - ’ Y
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p—'x-NHs‘;tofzc '

'complex{, E

_respectively. For the free llgand a = 95 4'10 sec""l and b =

2.69 £ 0, 14 X- lO3 M‘l’s’if wh11e for the complex

a =84+ 10 sec™ ana b = 2 36 ¢ 0.19 x 103 w1 silaatff;
'25°C. Plots of kl/[Cr2 ] versus [H+] 1 are 11near as shown

in Flgure 11. The 1dent1ca1 rate law and very 81m11ar rate-s?

‘5

parameters 1nd1cate that the same process is be1ng observed
for k; in both systems.' '

N These observatlons are cons1stent with a react1on=*f ;

:.ﬁsequence 1n whlch the 1n1t1a1 reactlon 1nvolves formatlon of

the nltro radlcal an1on, at a rate too large to measure

er-NHS(O) 6H4NO Cr “» p-X NHS(O) 6H4N02 +Cr S
. : : ; R o (5 4)

.'followed by reductlon of the protonated and unprotonated
'forms of the radlcal anlon w1th the observed rate constant

: %klf‘ e

| p-x NHS(O) C.H No2 +H+<____-—-> p—_xh-"NH,s’.('_O){Z:CG'H“;NO'. H

2 6 4 K

o "2

b X-NHS(O) C N0, + crdt —X» product . . (5.5)

2 6 4 2
MM 4+ epZb KM
4 2 + Cr t.sﬁ__*e:product ST

‘where X z H for the free ligand, and X = (NH3)5Co3* for:the

Ty

This scheme predlqts that B .'1;_’t“lrlf‘¥~ v



10-3-Kkq/ [,,.CIT(ZII)]_» M—1s—1

O w0 20 30 40

FIGURE 11 Ac1d dependenée of the second order rate

’;7¢constant for reéuctlon at 25°C of p—NH2502C6H4N02 « D )'

;5,vand (NH3)5CoNHSOZC6H4N02 p U C))._,Llnes shownll_‘:~‘~

| ftepresent values calculated by least—square flt te

| eequatlon 5.3. Pe1nts shown are average values.: Erfore'
(bars represent the range of values.a (See Appendlces B7

eand,BB, respect;yelx). - o
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ok ekt e
Ky = ( —2—— y teety o (5.6)
S r S o |

=

COIf [H*] >> Ky then equatioh 5.6 reduces todthe‘same form as

equatlon 5 3 w1th a = k'K, and b = k",

Thls proposed sequence is- con51stent W1th the .

observatlon of, Hoffman et a128vwho found that p- HOZCC6H4N02H

ve

1ther free or coordlnated to (NH3)5C03+ has Amax : 310 nm,'”f7

= 2-x 104‘M .1_cm_l and both the free and coordlnated

"<rad1cals have a K, = 1 6 x 10 3 M. Thus the assumptlon that

' range 1s from 0. 025 O 50 M..Hv

[H+] >> K 1s ]UStlfled ‘in the present study where the [t ] 3dh

The product of th1s react1on, (equatlon 5. 5), could not

, be 1dent1f1ed, but ‘is probably the p n1trosobenzene

V'~der1vat1ve For example, thlS could be obtalned from the

'3 »- Xz an(o) € H,N

’protonated radlcal by hydroxy radlcal abstractlon

e

S S T .
+ Cr _

Pl gy T SRR

NPT s T

p X- NHS(O) c634n-o¢+ HOCr R S

A chrom1um(III) llgand product 1s also possxble
. e : o
The slower stopped—flow reactlon, k2, 1nvolved a.

’ \isubstant1a1 1ncrease 1n absorbance for the complex, bUt a

.fsmall decrease 1n absorbanc% for the 11gand WhICh could not

d.be characterlzed k1net1cally It 1s p0851ble that th1s_f
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Small decrease also occurs with the complex, but is
’hcompletely‘masked by the larger absorbance increase; It . .
Akmlght be noted at this point that the studles on the Cary

219 spectrophotometer, to be dlscussed later 1nd1cated that§
Y_at the-beglnnlng_of the slow kinetics the:ln1t1al absorbance

'lsz'tO'Bgtimesllargerefor the complex than for'the free -

llgand, and thatithe inltlal‘abSOrbanCe inCreases with

decrea51ng ac1d1ty ‘for the complex, but 1s‘relatrvely
| 1ndependent of the’ ac1d1ty for ‘the free l1gand ‘ Thls }s
con51stent w1th the qualLtatlve observatlon that the |

'absorbance 1ncrease for the complex on the stOpped flow was't

[

'ffflarger at lower ac1d1ty. Furthermore, the apparent' |
”l-fextlnctlon coeff1c1ent at 350 nm is 1n the range of 2 - 3.5
iy X 103 M -1, cm 1 for the complex at the end of the—s{épped—""
hj,flow study. . R

A con81deratlon of'the electronlc spectra and known l"
;chemlstry of varlous p0551b1e reduced der1vat1ves of |

‘_fp NH28(0)2C6H4N02 1nd1cates that the most 11kely product in

';the cobalt reductlon study w1th substantlal absorbance at

-350 nm 1s the azoxybenzene der1vat1ve (V-l) fed:,;_:- ﬁf’ :hﬂdﬂ‘dg

H:;‘fThe molar ext1nct1on coqff1c1ent of (V—l) 1S l 31 x 104 M 1

-

| {,fcm*;'at 350 nm, so that Only ~ 20% need be formed to cause

K

‘ the observed absorbance 1ncrease.3 Th1s is. not 1ncon51stent

,a;r, -
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with the st01ch10metry results, 51nce a small amount of the//,i“/
R

azoxy prOduet would not be detectable from the stclchlometry

:StUdleS. | | | | |
Format on cf azoxybenzene derlvatlves has substantlal

precedence jh‘a number of studles 1n wh1ch reduced nltro *;.

'deslvatlves 1n several ox1dat10n states are present.‘_rheia_j_nf

_formatlon klnethS have been studledlo1 104 by reactlon of

‘aromatlc, (Ar)., n1troso and hydroxylamlne derlvatlyes-

- o .
.

AFNO +’1rNHOH‘-f—ffArNéOAr;¥;HéO; : -_:-‘ _J,; 1r@$ﬁ§)f.f-?*
- R R T P
‘The rate constant 1s'f1rst order in each reactant (k ; l M‘li;,un
’1 25°C)102 and shows ac1d cata1y51s (k ~ 1. x. 102 % sél}f;fhtF”
'25 C) 102 A dlsproportlonatlon and radlcal coupllngV4x‘”'
mechanlsm has been suggested103 - e
S .f:[.':k ;j‘b: rhf ukx ) B
| AINO + ArNHOH S—= 2ATNHO —= ACN,OAr + Hp0 = (5.9)
For the phenyl system (Ar % CGH5), K ~ 10"5 105 and k1net1c'"

tudles y1eld kK ' 0 3 M” 1 sec";'at 19°C 103 so that k

0. 3/10-5,_ 3 x 104 M -1 §"¥;: on the other hand,
7study104 of the a01d and base catalysls has suggested a
-nidlrect coupllng mechanlsm through an 1Ptermed1ate of the.
”‘friﬁorm«@V=2>»;~*i:fr“7.-w',"fﬁé;=§iff.,‘;=,pj+:?‘?'*?< o
TR : ::f“ Ar——n——N-—Ar Se A .

. OH QH
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If the absorbance 1ncrease w1th the complex‘is to be
.accounted for by an azoxy derlvatlve (V 1), then the
freactlon scheme should be con51stent w1th the klneth.
| results discussed below, and should explain the fact that

14

more of 1t is formed at lower ac1d1ty, and explaln why more //)42

L -

| forms w1th the complex than w1th the free 1lgand.f In regard
”"'to the latter it should be noted that (V l) 1s reduced
rapxdly by chromlum(II),'so that the product from the'
complex mlght 51mply pe” stabllrzed 1ntsome May relatlve‘to>;
further reductlon, compared to the correspondlng free llgand

product., For example, the chromlum(III) coordlnated spe01es

(V 3) mlght/he stable to reductlon 1f reductlon 1s'ft'

The klnetlc results—ar//élven in Table B9,‘Append1x

The absorbance data show a 51mp1e exponentlal tlme

Fl-dependence w1th an apparent flrst order rate constant Wthh = 7§ff

-

',1s 1ndepeqdent of the concentratlon of chromlum(II), but
. N 0 .
o Whlch does vary w1th the 1n1t1al cobalt concentratlon (a

‘Lﬁless than flrst order dependence), as well as sllghtly w1thﬂt,fu o

L oA =
*j;the ac1d1ty It seems pecullar that the t1me dependence :

'fgshows f1rst order behav1our, but the apparent rate ?onstantf;“



'.varles w1th the concentratlon of the 11m1t1ng reagent

£

The 51mplest way to account for the apparent pseudo—:“

flrst order behav1our would be a. reactlon between two
- <, , _
.cobalt(III) spec1es, (Pl and P2),‘w1th one of them, (Pl)/if*fbwﬁ
.belng domlnant. If Pl and P2 couple to g1ve the azoxy N
i derlvatlve, then the k1net1cs could be pseudo-f1rst order:
v[and the rate constant would depend on the 1n1t1al |
cobalt(III) concentratlon because the concentratlon of Pl
‘ would be proportlonal to the concentratlon of cobalt(III)
| | Reactlon of product W1th res1dUal reactant mlght also
,'be a. poss1b111ty, but Seems unllkely s1nce the absorbance )

llchange for k2C is. 1ndependent of the 1n1t1al chromlum(II)

"”7atlon,_but the rate of le 1s flrst order in:

fI11).. Less reactantQunud be\present at hlgher;f%a

:(II) concentratlons and then less azoxy product ﬁﬁ{r
gormg?-_;;r R .,Qg
FA N explanatlon for the formatlon ofra‘chromlum(III)

é'azoxy 1ntermed1ate w1th the complex,ﬁand the ac1d

,ly 1n1t1al reduct1on products of both the protonated and

eature of the complex, compared .° the free llgand, ,wﬁbf

’hls suggﬁ;ted to be 1nner-sphere reductlo”_of the e

L unprotonated p—nltro rad1ca1 complex, re/ultlng 1n reductlonabiﬁ'
’ﬁof the cobalt(III) center. Th1s pathway would result

B eventually 1n product1on of a chromlum(III) bound p-nltroso-pr

)fency of the amount formed w111 start w1th the most .\*QF

rotonated forms of the p n1tro radlcal complex.hVThefdftguf?%“



122

| fbenzenesulfonam1de product, wh1ch 1s proposed to be

~f1nh1b1ted from further reductlon by the bound Chromlum(III),.f =

'.h'but wh1ch 1s subJect to nucleophlllc attack by an i

Vv;vhby hydroxy radlcal abstractlon._ Thus, the protonated

”fefp n1tro radlcal complex mlght react by hydroxy rad1cal

:‘xhydroxylamlne product (see below) to form chromlum(III)
‘;bound azoxybenzenesulfonamlde.,j} - g;y;<57..'4 |
It is proposed that when p0551b1e,vreduct10n wlll

ncoabstractlon (see equat1on 5 7, X _‘(NH3)5C0 . y1eld1ng the o

"unbound p-nltroso derlvatlve,. Thereﬁore, the amount of

*tichromlum(III) bound p—nltroso product w1ll depend on. the )

‘fQ‘,amount of the kl reactlon proceed1ng v1a the unprotonated L

fepathway, although 1t 1s not the sole product of that

37*{reduct10n (see Scheme I).‘”f;"ﬂ e

It is proposed further, that only a small fractlon of

:i’jthe cobalt(III) 1s reduced at” the p-nltro radlcal stage, the ;ff,lh

a

' f}gpredomlnant two electron reductlon product belng the p—i';f

a"-ﬂnltrosobenzenesulfonamldo cobalt(III) complex._ Thﬂs n1troso

'fder1Vat1ve can be reduced to the radlcal, whlch can oifﬂﬂ""‘-

.f]:fprotonate,_and\both forms w111 be reduced further.o If the-ff S

'7protonated form undergoes reduétlon produc1ng

157 ﬁ;._a relatlvely unreact1ve e

di bonded chromlum(III) spec1es, then thlS mlght account for'”

:*Vjthe 1ess than quantxtatlve y1eld of cobalt(II) at hlgh

'f‘afac1d1ty,.(see Co(II) st01chlometry results, Table 17) het_,,f:i'

”'»feunprotonated form mlght undergo 1nner sphere reductlon*of

.'/,
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o

the cobqlt(III) center in a step 51m11ar to that proposed
above for the p- nltro radical species, produc1ng eventually
' chrOmlum(III) bonded p-hydroxylamlnobepzenesulfonamlde (see
lScﬁeme 1).
It is proposed that the major portionbof the ¢
cobalt(III) is reduced at the p- nitroso radical stage, in

agreement with the cobalt(II) st01chlometry results. The

»”

final products of the two 1ntramobe¢ular electron transfer

steps couple to give chromlum(III) ‘bonded
')_,,' .

azoxybenzénesulfonamlde.

C
ArN=0Cr + ArNHOCr —> Ar N-—NAr —— ArN= ?Ar (5.10)
9 O

0
minor ma jor I , |
* : Cr Cr

. B N 4

The pseudo first order rate constants, (kQC)i for this
coupling,reaotion (see Table 39, Appendix B) were found to

vary°sllghtly with the ac1d1ty, showlng a mlgﬁmum value of
A -1

~ 0,43 sec -1 at. ‘0.1 M nt and 1ncre/srng to ~ Q 51 s and -

o ) /

0. 60 s l at 0 4 M. #* and 0.025 M H+ respectlvely. Although

the~var1at10n ‘with acidlty is not large, 1t seems to be

¢ 3

’outside the range of experxmental error, judging from the

reproducibility of the runs at any'particular’acidity.

The data for koo were best-fitteg to equation 5.11, and
the results are compared in Table B9, Appendix B.
‘ A \V ' M * . .
o : » » . ' l‘
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kyo = (—2— 4y, (H'1) (Coly + z = kgolColy + 2 [(5.11)
’ > N
Thé values obtained for x, y, and.z were 46 * 8 s'l,-3.25 %
0.71 x 103 M'2 -1 and 0.268 + 0,025 s~!, respectively.
The reaction scheme (scheme 1), proposed for productlon'
'of the two reactants involved in the cobalt dependent_term
of equation 5.11 may be abbreviated to W ‘

RNOH + et —2
ArNHOCrx

+ ' ; T g
H ¢ ,///flf/f’f///" ‘ B :

RNO,, “+ crt 3

Hi
m

where R (NH3) 5CoNHS (0) 2CgHy Ar HoNS(0),CgHy, Cr =

_Cr(%ﬂa)53+ and ¢ + d = a; and where "a" and "b" have the
same meaning as in equation 5.3. Both the hydroxylamino and
nltroso spec1es can protonate, and it is proposed that the

unprotonated nitroso derivative can 1somer1ze accordlng to
4

«

equation 5.13. e

.4

k.

-is
Cr

The terms [ArNHOCr]T and [ArN OCr]T refer to the total -
concentration of each spec1es, i.e. o J/.L

4

o Hoo H

. . L v -
[ArNHOCKr], = [ACN_ . ]+ [ArN_ ] S T
-, ~Nocr - So(H)Cr -

9

e H Cr o
: ¥ N | o
[ArN=0],, = [ArN=0Cr] + [ArN=0Cr] # [ArN=0] - (5.14)

"y
i 32 )
ot , |
A © |

. .

ArN=0Cr F=fi—= ATN=0 S (5.13)
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. The acid dissociation constants are'dgfined by:

[l

[ArNHOCr] (HT] [ArN=0Cr] (']
K., = : K, o= (5.15)

al " (ArNHO(H)CY) a? [ArN(H)=0Cr] ~

The reacﬁion of equation 5.12 would be followed by the
" coupling reactiohs
) ) ?Cr
[ArNHOCr]T + [ArN=O]T-é——#—ArN=NAr

which represents the six possible pathways.

ArNHOCr + ArN=0Cr

ArNHO(H)Cr + ArN=0Cr

N

H
; | _ .
ArNHOCr + ArN—OCrJ ~
: ? _ ~?Cr
ArNHO(H)Cr + ArN=0Cr . » ArN=NAr
| Cr
'ArNHOCr + ArN=0 (5.16)

, e : ?r
| ArNHO{H)Cr + ArN=0

The reaction between Rydroxylamino and nitroso

£y . ! . : : .
' dompounds can be viewed as nucleophilic attack of the
. : ' : ' ‘ ‘
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hydroxylamino nitrogen at the nitroso nitrogen atom:

H |
| ‘ ‘ - : )
_ Br-N: /"_\“w—Ar ——> ArN=NAT S (5.17)
N < .0 '
B

Therefore, the N-bonded iSomef‘of the nitroso compound,
r .
Ar-N =0, might be expected to react more. rapldly than 1ts

oxygen bonded counterpart, due to the 1ncreased

Y

electrOphllICIty of the nitroso n1trogen. If steady state,
r
conditions are assumed for Arg =0, and if kV[ArNHOCr] +

kVI[ArNHO(H)Cr] >> k_ls, then it can be- shown that’ the o
Cr o

steady state concentratlon of ArN =0 is glven by
: LE\

o kig[ArN=OCr] - . .
[ArN(CY)=0]g = V? : E B . (5.18)
' *®¢ k' [ArNHOCr] # k'~ [ArNHO(H)Cr] BT

- ’ e Fra
. : o ‘ CI: r v
If the steady-state concentration of ArN =0 is much smaller

than that_of the O—bbﬁaéd isomer, then,
, . .

[AEN=0]p = [ArN=OCr];; (ari)=ocr) O (5.19)

. B
. . s
A

Combining eqidTions 5.14, 5.15,5.18 and 5.19 it can be shown

that |

SR R S B o .
(ArNHocr] = -2 —— [ArNHOCT] . (5.20)
. o+
T ) SR
[ArNHO(H)Cr) =-f———-—;— [ArNHOCZ), =~ . (5.21)
B . +[H) T S

o, ‘\‘ al
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. K 5 o _ |
[ArN=0Cr] = —2=— [ArN=0], T (5.22)
Ka2+ (H] ‘
| Swh o
[ArN(H)=OCr] = ‘—;f——:—— [ArN=O]T ’ ' (5.23)
S K ~+[H } - L
az2 R , . .
- + ' o
K. K (K +[H ]) [ArN=0]. .
[ArN(Cr)=O]S.S. isa2' al . T .

v, . VI 4 - ¥ T .
(k Ka1+k (H ])(Ka2+[g iD) .IArNHOLr]T

(5.24)

ar

Employlng equatlons 5.20- 5. 24, the total rate of

productlon of chromium(IIIY bonded‘azoxybenzenesulfonamlde

by the reactlon scheme of equatlon 5. 16 is glven by
dIAzoXy]f w1k K kII [H+]+kII [H V2
» S al a2. , X
ae N\ (K +H 1>(Ka2+[H 1) ~
‘ ' . i 1
' L KisXan o ;
[ArNHOCr] . [ArN=0] |+ (——=) [ArN=0]
- : T_ R »T + . T
o . K .+[H ] -
S (5.25)

" The hydroxylamino species is the reactant in excess, so the
. observed firét-ordép rate‘conStant,rk2C, ig’given 5yg

u\

B T 11K félu*1+klllxaitnf1+kIV(H+1? SR
Koo = - —————— JArNHOCr],,

AP P
(Kt (87 1) (K * (H7D)

. k%sKaz

P UEEEE SSR R
" The product distribution predicted by eguation 5.12'is

given by:



129

[ArNHOCEly b[Hf]u+w°.~” S P
_[ArN=OCrly’ d - ' ‘ R T A A"(5.27).

1f 1t 1s assumed that these are the maJor reactantézpresentew

: _prlor to the rise in absorbance then.

Total jcobaltlss'icaJTas [ArNHOCr]T " [ArN OCr] | 5 28)

_ By.combinihg equétibn5.2]land‘$f289itecanwbe_shewhfﬁhéﬁek;i
: B | b[HfI‘+fc-%] o R R
[APNHOCE] . = () [Coly L (5S29)
SRR b[a*] + +;d_\r*';? L R

e'However, the hydroxylamlno spec1es 1s the major product of

.equat1on 5. 12 Therefore b[H+] +c >> d and

[ArNHOCr]q = [COlp . -
'eS“bStiF?tiéhvbf'¢QUé£i6n.5,3d‘iﬁtdﬁedﬁ5fion’51?6'diveS:,e7ff

kIIK itﬂfffkiiik;ilﬂf1+k;Y[H+];,»~'""“

k Iy o
- icoly

a1 a2 |
L’ 1)(x- )

26 =

T sy

+ k1sKa2

+[H 1
1 Ka1 < [H 1, Kag >> [H 1 and kII + kIIIK I/K 2'<<_ R

ckik 1/[H+] + kIV[H ]/K 2. then equatlon 5. 31 reduces to.e”"ﬁ"'
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.:' Wthh is - equ1valent to equatlon 5. ll w1th X - kIKéd,'y =

139

Pff‘-A‘g‘xé]f‘»'k{VlH ].\J.zaiw_. s B SRR
= ( ¥ ) IC?]T * ks B ‘5.3%)

[O——

and z = Kk

kIV/x Kise e

a?
Although the reactlon scheme of equatlon 5. 16 y1e1ds a“

‘rate law cons1stent w1th the results, 1t 1s always adv1sable -

lto con51der 1f the approx1mat10ns used, and the rate

N . §

o constants obtalned are reasonable. As dlscussed ‘in the

"*fCharacterlzatlon of Complexes sectlon above, coordlnatlon of.

!

"'(a metal 1on to an atom conta1n1ng an 1on1zable hydrogen

\"generally results in an 1ncrease in the K by a. factor of

loloycompared to the uncoordlnated 11gand.' Thus, the K 1 h

'-'of ArNHO(H)Cr should be ~ 1010 larger than that of ArNHQH

_ Hydroxylamlne 1lgands are not expected to be very a01d1c.‘

|-_v,

' ”;In fact no measurements of the Ka of such 1lgands have been
[freported to date.o A value as small as Ka < 10 -13 s not

vllunreasonable, allow1ng an estlmate of Kal S 10"3 M,

Con51der1ng the assumptlon that Ka2 >> [H ]z Ogata et

.’al101 have reported that the Ka of CGHSN OH 1s ~ 0 8 M.j i
hjjiSlnce the oxygen atom 1s more ba51c that the nltrogen atom,
- "0 _

._the K of:CSHSN O must be > 0 8 M Addltlon of a

. H

]~chrom1um(III) ion, y1eld1ng C6H5N OCr(OH2)54f Can only serve

_lﬁthen the values:

.‘i;to 1nCrease the]K further.~ If Kal S 10 -3 M and Ka2 2 0 8 M, B

5 f X and y can be used to calculate kI 2 5 X y”

'104rM:1%syl and kIV z 3% 103 M -1 1
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" 0gata et all0l have reported a value of k = 0.4 X 103 -1
s~} for the reaction

,".'~~_ + .k o e ut
NHOH + C_H _N=OH —f*—h'FGHSNfTCGHS + H0 +H
. IS oo . . 0 . ! .

Cefls R
"Therefore the values'for kIlandtkIV-do;not‘seem

-unreasonable. A o = .

el

It 1s proposed that the free llgand undergoes reductlsh

i bp the same steps as’ that descrlbed above for the-
.cobalt(III) complex, except that those steps 1nvolv1ng
2;reductlon of the cobalt(III) center are not avallable, and

1n the absence -of the bulky and hlghly charged (NH3)5C0 |

group,‘chromlum(II) mlght be able to attack the llgand atf

the sulfonamldo oxygen atom, as well as at the p~n1tro jva-

'1oxygen, on the stopped ~flow - t1me scale.

As dlscussed above, the results of the faster 11gand

‘m,stopped flow study, (le), are con51stent w1th reductlon:gj

:'accordlng to equatlons 5. 4 and 5 5, w1th X H, as well asf-':

'ﬁw1th the rate law of equatlon 5 6 " The protonated p n1tro”.”r'

"‘radlcal sp901es mbst l1kely undergoes reductlon v1a the

thydroxy radlcal ahstractlon reactlon of equatxon 5 7 ( z—}h;r

.

ﬁ)} However, 1t 1s proposed that the unprotonated p*nltrOg'3

rad1ca1 mlght react to produce both the free andx

: nchromlum(III) coord1nated p nltroso compound,-1 e., = oSy

"'



- “oxygen onded chromlum(III) complex, whereas the protonated
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. N R ;. LT ,.3{
‘H NS(O)2C6H4N02+ Cr T H, NS(O) 6 gN=0 + H Ns(o)C6H 0"
T ) o ; ‘3.. o ' OCr(OH ) g

(5 33{i' .

d_ The slower stopped flow.reactlon, (kzL)v Whlch 1nvolved ‘a |
,small decrease 1n absorbance 1s most llkely due to reductlonb

of both the unprotonated ‘and protonated forms of the p— T

Q
o n;troso radlcalzcompoundu~

fH NS(O) C_H NO + u _::::ﬁ: H Nb(O) c H N ou

2 6 4- K 2 2 64 |
a ’ R
. . S H o
2+ 2L 2+ .
‘H: NS(O) C.H. NO + Cr . ———~——*-H NS(O) N- OCr(OH )}
2 6 4 BES 4 5 .
" . . | v»" .v./
H Nb(0)2C6H4N OH + Cr :r——~———»-H2Ns(O)ZCGH4N OH LS
\ _ _ SR . ) , | 24
i - o | L A Cr(OH )

].Although the product of thlS reactlon 1s unknown, the

¢

*;.unprot%:ated radlcal would most llkely react to produce the
. i

. spec1es mlght be expected to produce the n1trogen bonded

"flsomer.i Aga1n,_some or all of the product could have a

' second Lr(OH2)53+ center coordlnated to the sulfonamldei

'»oxygen atom-

.‘_)_

Tﬂé mechanlsm of equatlon 5 34 1s con51stent w1th the\'g

et

*'. B
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rate law’

o+

: k', K _+k"., [H'] _ ' - o o
kyp= (—22 2L ) er®y (5.35)
| K+ S RTINS

- Asmus et al106 reported the pK of the 51m11ar CGHSNOH -
b
rad1cal to be 11. 7 Assumlng a pK of 51m11ar magnltude for :

the sulfonam1do spe01es equat1on 5 35 reduces to

24

2L 2 ) [ceity o (5.38)

k = ——= + k"

2L *[th 2L

‘ f«UnfOrtunately,'the acid and chromium(lIl dependence offthe

rate constant k2L could not be determlned, but an upper s

., P
i

limit of ko~ g 1 sec -1 was. obtalned.~
The re/ylts of the slower reductlon studles, (t:%@ 21

m1n), dlscussed below, suggest that the maJor product
‘ present at the end of the stopped flow studles 1s the

N bonded chromlum(III) complex. Th1s 1mp11es that 3

k! 2LK /[H ]l << k"ZLf and that k"zd:[ Zf] s l sec }.T'Since‘fi'
the average concentrat1on of chromlum(II) was 8 5 X 10'3 M,-~?
‘thls allows an. upper 11m1t for k"ZL of ~ 102 to be
Ycalculated S S

: The overall mechanlsm proposed for the stopped flow

e reductlon of the free 11gand 1s shown in scheme II., 'l;?§blf'”
Y : : R
Cary 219 Studles.' The st01chlometry results, (see:

Tables 15,:16 and 17), 1ndlcated that the llgand has .svf'
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SCHEME 11
IR

E

H NS(O)2C6H4NO2

_HZNS(O)2C6H4NO2 7z H NS(O)2C6H4N02H

S S

+ 0 |
o gHaN=0 Hst; C6H4N ~oH
S Y S SO« S

BNE-Cgi-0cs _._-Hzrﬁ-%%ff»-w
o B o Cr’

(Cr)t7“'i‘fv SRRR (Cr)_f;'--';‘ 

%(major)

‘; fp;.."  (mlnor)
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'felectron-reduction-at_the;start_of the slow -

fthatla'further 24electron reductlon'GCCursvih

fow stages to y1eld the sulfanllamlde product.

¢III) complex has undergone a 5 electron‘reductlon
. . v, ,‘w.-‘,_ .

fart of the slow klnetlcs, w1th the extraaelectron

:1n reduc1ng the cobalt(III) to cobalt(II).,4 yed"

Ed prlmarlly to p-hydroxylamlnobenzenesulfonamlde 1n

:fses, although 1t may be present as a chromlum(III)

l/".

s

‘.For flve of the twelve runs w1th the llgand under var10us_h¥=f‘f-3”

Tcondltlons,,only blpha51c behav1our could be resolved by

lfcomputer flttlng.a Subsequent analysls 1nd1cated that for 'ﬁi”f'ﬁ

.a 7

»ifour of these runs thls occurred because k4L was w1th1n a'

A

“factor of 2 of kSL' due to the dlfferlng cOncentratlon

lldependenc1es of k4L and k5L.f In the flfth case, the overallf,ﬂgffei

’7fabsorbance change was smaller because half the normal llgandgfffffu'

’5_concentrat10n was used, but at normal or hlgher llgand

;Vconcentratlons,,otherw1se 1dent1cal runs showed trlpha51c



rp-behav1our._ For the complex the succes51ve rate constants

'Vigenerally dlffer by a factor of 6 to lO @nd the trlpha51c ;;f'
" ' ;’ﬁz . , L

character*could always be resolved.

o

Lt should be noted at the outset that extractlon of

ihvrate constants from polyphaslc systems 1neV1tably is lessl“v
'._:accurate than from monopha51c systems because there 1s " ’
‘T_always some correlatlon between rate constants and between i
‘fr"pre-exponentlal factors. The degree of correlatlon 1s o
‘reduced for a partlcular step 1f the pre exponentlal factor
thﬁls 1arge and 1f the rate constant 1s qu1te dlfferent from
-fythat of precedlng and succeedlng steps. It should also be
“mremembered that other reactlons may be §01ng‘on; but may notvv.hu

be detected, e1ther because they have 51m1lar rate vfﬁf’r:\

constants, or. small absorbance changes. o

:?u The results of the least-squares f1ts are.summarlzed in 3
'f;}hTables 19 and 20 for the cobalt(IIl) complex and the freevhfyicf
T;illgand, respectlvely. Before these results are dlscussedvrn o
'.e,detall, spme qualltatlve featuﬁes should be mentloned.ikhbalxjt'h
vuﬂl;Flrst of all, the most obv1ous dlfference between the two
uh;syst;ms ls thatfk4L 1s flrst order 1n cnromlum(II), whlle ‘:1
b';;k4c is independent of chromlum(II) Secondly, kSC and kSL
dhivare of 31m11ar magn1tude, and show the same lack of [H+] and
.:p[Cr2+] dependence.:‘anglly the absorbance is hlgher w1thi]tt‘ia

';fthe complex 1n1t1ally (Abs + A3 . A4 +. AS), and also at the

°-f;fend of the f1rst,_(Abs + A4 + AS)' and second,»(Abs' + AS)

'hhsreactlons, than 1t 1s w1th the l1gand.‘ff*ﬁfpffgf:tgf_ ﬁ_w%f:“

PR TR

,_v"’ '
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Footnotes for Table .20 ‘ L

a.

Values obtalned by fitting data by least-squares tg .

v equatlon 5.37.

a/(b+[H* ]), see Table BlO Appendlx B for fits.

K3y =
'k4L’?~(c+d[H+]’1)[Cr2+]; see Table Bl1, Appendlx B- for
fits. | |

kg, = 1.8 X 1074 sec™; average value.

Values listed for Absm, A3L' Ay, and ASL are the e
observed values dlvlded'by 2; for easy comparison tow
runs done at 104-[Li§] = l.ﬁO M. .

Values listed for Absm, A3L, A4L and Ast are the
observed values multlplxed by 2° for easy comparlson to

runs done at 104 [Lig] = 1. 70 M.



140

For. each‘oxidant,'a relationship has alread§ been
noted: (see pages 117-118), between the 1n1t1a1 absorbance
fprlor to the first slow reactlon, and the direction,
magnitude end acid dependence of the absorbance change for
the last stopped-flow reaction, (reactlon koo and kop).
‘Data in Tables 19 and 20 further reveal that the absorbance
decrease during the first slow reaction w1th the complex,
A3C' is larger than that with the ﬁigand;/A3L;’ 16 addition,
HA3C increases with decreasing ac1d1ty while A3 remains -
relatiVely constant. ‘These‘results also parallel the
absorbance changes‘forlthe laet stopped-flow reaction.

These observations indicate that the initiai slow
reactione are_different for coﬁpiex and 1igénd,-despite
their similar rate constants. The rate constant, k3C' is
ihdependent of [cr?*] and appears to be independent of.[H+] .
‘except poésibly at the highest acidity. These observetions
‘are consistent with the slowkreaction being aquation of the

\

chromium(III)—azoxybenzenesuifdnamide complex, proposed to

v

~ form in the last stopped-flow step.

ocr(oH, ). >t 0
' 275 K3y . ' 3+ ' ‘
ArN=NAr ———— ArN=NAr + Cr(OH2)6 - (5.38)

Experiments starting withvrhe proposed azobeenzene—
sulfonamide product of equation 5.38 indicate that it would
be reduced rapidly to products that are essentially -

v

transparent at 350 nm.
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‘The first slow reaction with the ligand, k3Lr shows an
absorgance change, Agzps which is éssentially indepenQent of
the ?éiﬁity and about eQualfto the smailest changé observed
with the(cdmplex, A3zc, (i.e., at the highest acidity), If

' the azoxybenzenesulfonamide detivative were‘formed and
hydrolysed during the %irst slow étep with the ligand, then
an increase in apsorbancé‘during the stopped4flow‘study

‘&

should have been obééfve@ with both the ligand and the

[ 4

cobalt complex, (k2c'andwkéL). iNo incfease‘was observed
with the.ligahd, indicating that little or no azoxy
derivative 1s produced from the llgand

VA con51derat10n of the ‘acid dependence of k3L and the

ac1d 1ndependence of k3C further 1nd1cates ‘that the flrst

slow step for the ligand and the' complex are due to_

different reactions. - The values of k3L are independent of
[cr2*], but the acid dependence~can’be:des¢ribed'bykeQUatiOh
5.39. The experimental values for kj3; are given in Table.

B10O,

Kyp = —— ‘ o (5.39)
e ] - o

Appendix B, where they are compafed to‘the resultS“of‘a‘f
least-squares fit to équation'S 39.
Thls rate law is consistent w1th a reactlon scheme of {i'

the form~
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. . ,

AH — —— AT+ H+ -

- v

kl
pAm —3L products (5.40)
_ "k"3L
AH ——— products
for which

t 1] + .

' } k BLKa + k 3L[H J_ | (5.41)
3L Ky + 187) o T
o a

which is consistent- ﬁh equatlon 5. 39 if k' 3LK >>

L[H ]. A least-squ res f1t to equatlon 5.39 .gives b- = Ky
= G.22 ¢ 0.10 M, 102:a - 0.42 ¢ 0.12 # s~ from which k'3 =
1.9 x 1072 571, ' \_ |

" The reaction characterized by k3y, appearsvto be an* |
aqdatlon reactlon, s1nce the rate constant is independent| of
'[Crzﬂﬁ and 1n1t1a1 llgand concentration. HoWever, it is |

vunusual that aquatlon of the deprotonated form is much

faster than the protonated form. Normally the 1lgand
"protonated form of a chromlum(III) - llgand complex aquates‘

more rapldly 107 An 1nverse acid dependency of the rate is

}7‘:

observed for some (H20)5CrIIIX complexes, due to reactlon of
the conJugate base (H20)4Cr(0H)(X) However, the ac1d

h idlssoc1at10n constant for the system is expected to be < RS
_>10f3 M, wthh»lsvnqt consistent with the value of Ky =

T s

!
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0.22'M.
. O
The rate law for k3L is con51stent w1th the- follow1ng

~reaction-scheme, where Ar' mlght be . —C6H4NHOH or a

chromium(III)-hydroxylamine complex.

K¢ ; .0 S ¢

1 K - - k! B - H i
NH ,-S-Ar' .;:ﬁ%!, ‘NH-S-Ar' b———éé—*" . ~\N-S—Arf“
2 H ' o slow (H.0)ecr” M
0 o 0 - BN S S
Cr (OH )5 - Cx(oHy)g )
" . : ’ - . +
k 3L . ' : . Ka H
% . ‘ ’ ’ o H O
- . 3¢ fast o, oo A
Y < 3 IR S AN , : . N Q- '
H'2N ﬁ Ar Cr(OH2)6> | (~H20)5C»r r;l ‘IS' Ar

It 15 proposed that dissociation® of the —NH2 proton is .
followed by rate controlllng llnkage 1somerlzat10n to the
n1trogen bonded chromlum(III) complex, whlch aquates ohi\, 
relatlvely rapldly in a manner analogous tQ the - R
cortespondlng~(NH3)5Co3_bcomplexes dlscussed ianart A. v’The¥
.nitrogen%bondeva3;haho NCS complexes of Cr(OH2)5 ;;aquate_"
‘25 to 200 t1mes,»respectlvely,_more rap1dly than the o
hcorrespondlng (NH3)5C03~ complexes. If a 81m11ar faotor~ -
:applles to the N- bonded sulfonamlde Cr(OHz)S3+ eomplex, then f
aduation would be,;apld relative to’the obeerved rate}r-
“'constant k3L.f'__ i 1 ‘,e  1 -A »1”. ;h _H  ;“.

| A least-squares f1t of. the data to equation 5. 41
hklndlcates that k”ﬁL ~ 2 p 4 10 -3 s'l and cannot be accurately

determlned 108
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_ The proposed reaotion scheme could be substantiated if
Athe K value could be estlmatedﬂlndependently. This seems

.roughly p0551b1e from the followlng results.»

»

2 x 1078 M

B

i ' S L 2+ o ¢} . .
E)(NH3)5CONH25QBV.¢_(NH 3) CONHSO,™ + HT K |
-14 70

' 24y BRI ‘ N
(NH3)5C00502NH2 .<_(NH3)5C00502NH +H K 8.5 x 10 | M

n

"(NH ) CoNH SOzAr (NH ) CoNHSOzAr s+ k_>5M

From the flrst two reactlons; the chenge from-nitrogen to
oxygen . coordlnatlon reduces the Ky by ~ 108, -and if the same
factor is applled to the th1rd reactlon, then a value of Ka
> 5 5/10 -8. ‘M canbe predlcted .for (NH3)5CoOSO(NH2)Ar .
.Replacement of (NH3)5C0 3+ by (H20)5Cr3+ mlght increase the

i“value somewhat, but 1t is. stlll smaller than .the . observed Ky
= 0.22 M. However, a more detalled examlnatlon of the

hsulfamate‘and sulfonamlde systems 1nd1cates thaﬁhthe O—

_flsomergac1d1t1es mlght not be as analagous as 1mplled

";above[ Thls may be seen from. the follow1ng 51mp1e valence

'bond-Structures{ where_M £ (H20)5Cr3 .

1
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.0 0 .

I 1] - + ‘ . : . ‘ : .
Mfo-ﬁ—anh——’ M-O-S-NHT 4 WD . (5.43)

: _ | : : : ) !

0 0 "

(5.44) .

/

The oxygen coordlnatlon of a metal 1on favours the two lowersv

ﬁ

structures w1th the aromatlc sulfonamlde, 1ncrea51ng the

_p051t1ve charge on the n1trogen. and thereby 1ncreasing the

'-na01d1ty of the- —NH2 protons. Analogous structures are not

,requ1red for. the oxygen bonded sulfamato complex. *It*’
remalns debatahle what the magnltude of thls effect should

‘ be, but the ac1d1ty m1ght be 51m11ar to that of fg P

TN o-‘” :‘ e ; T
,~»auR-of%%§H2 '”"~“j - _\‘s 'a_::“'-yvfdu
: jnrf' .‘.‘
EHU“fortU“at91Y:vn0fK gvalues are;éfaiiable,to'd?t¢}f9f;suchtl
1m1doarylsulfon1c a01d esters. | ‘ . : |
These results 1mply that aquat1on of the-dg,_,;'

N

: (HZO)SCrOSO(Nﬂz)z + 1nner-sphere product, (observed braefly»-d“:“

- as reported in Part B, see’ pages 76 78), should al§o ocqur ft
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via the mechanlsm of equation 5.42, and that our earlier
assumptlon that the o%served aouatlgh rate constant should
be 1ndependent of LH ], is suspect on the basis of thls ‘new
proposal The valence bond structures for the aromatlc
sulfonamides, (equatlon 5. 44), are appllggble to the

‘sulfonamldo derlvatlve, w1th Ar' = NH,. Therefore a

comparison of:thevfollowing Ky vaiues should be meaningful

>"3+
(NHB)SCoNH SOZC6H4CH -p Ka > 5.3 M
3+ - -
(H20)5Cr650(~NH-2)C6H4CH3 p K= 0:.22 M-
. . 3+ . _ -\ . . »
(NH3 ) g CoNH, SO, NH, Ky = ,,0.5'5.5.4 o

from thch a value of Ka ~ 0,02 M can be predicted for .
(HZO)SCrOSO(NH2)23+.'fThen equation 5.41 reduces to
ke

. 3.K 4 " - } v- - - J | .
k = = 4+ K55 . o _ (5.45)
TS . - T

.if'[ +]_>>1K ~ 0'02 M. This analy51s predlcts that the

rate of aquatlon/of (H20)5CrOSO(NH2)23+.Should decrease w1th
; \,

'1ncreas1ng ac1d1ty under normal condltlons.;
: R

~ To test this pred1ctlon an experament 51m11ar to fhat
.t.descrlbed 1n ‘Part B (pages 76 78) was repeated wlth [Crzkl =
th 20 M as before, but [H+] was 1ncreased to 0. 40 M.. Under |
'these condltlons a reduct1on half tlme of 24 eec 15.;,t |
‘#predlcted-at by 400 nm. The semllogarlthmlc plot produced

id;é t,rﬁ==‘2onse¢'at_xléknoo nm and a-t.yﬁ" 240 sec at .

v?“__
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430 nm. The‘:‘ increase in t Iy at 430' am £rom! 60 sec to 240
. sec as [H*] is 1ncreased from 0.1 to 0. 4 M ver1fies that
'aquatlon of the tran51ent (H20)5CrOSO(NH2)2 inner Sphere ’
product is 1ndeed slower at hlgher ac1d1ty. This ‘i@
‘substantiates the a551gnment of the K3L reaction to aquation
of a chromlum(III) coordlnated sulfonamido product.;

" A second- problem with the proposed mechanlsm, (eguation
5.42), is the substantial absorbance change assoc1ated w1th
kBL'. An 1n1t1ally 1.7 x 1074 M solution of ‘ligand shows
about a O 30 absorbance change 1n a 5 cm path length cell.l
Thls corresponds to a change “in molar extlnctlon coeff1c1ent;
of ~ 350 M\l cm” - at 350~nm. .It.has,been-noted prev1ously
thatrthe v151blejspectra ofﬁ(Hzo)scrdsO3+, e

. (H20)5Cr0502NH22+, and probably (H20)3CrOSO(NH2)2 * are
similar and do not have 51gnif1cant absorbance at. 350‘nm.
Therefore the change of ~350 M =1 1~1n the molar ] |

extlnctlon coefflc1ent must be attrlbuted to the presence of

the aryl hydroxylamlne functlon.
- e 0 Cr(OH )
. (Hy0) CrO?—.—NOH' |
. O H
fThe data’obtaihed.for‘the‘second:slow_reaction'ﬁithvfhe?e_‘

yligand,cbuld‘bglaccqrately fittéd'gé';{’jl;'f’

Ny s ., d) e SR T g s

-

)
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The'expeflmehtal results for k4 are eompared to the results
' ofta least-sqbares flt to equation 5.46 in Table élli.ﬁh
Appendlx B. When [HY) = 0.2, 0. 4 or 0. 8 M this reaction
cannot be resolved from the last slgw reactlon, (kSL)'
consistent with the value of.k4L falllng to less thah~2
tlmes kSL at h1gh ac1d1ty. There is a sim}lar’problem at

3

he lowest [Cr2+], also caused by Ky x kgpe From’the
results at higher [Cr2+] and 1ower [H ], when these two .
reactlons are well resolved, it appears that the absorbance
: change for k4L is 2 + 3 tlmes larger than that~observed for
Kgp+ 80 that when the two reactlons cannot be resolved, the
’ absorbance change is dom1nated by the kyj, contr1but10n.{_;@
| The rate law for k4L ' (equatlon 5. 46), 1s con51stent.'
| w1th the follow1ng react1on scheme 1nvolv1ng reductlon of
the hydroxylamlnevfunctlon._ R |

Cr(OH2)5 e - Cr(OH )

' / 2'5. kg : - S u""+f‘
- H2N602C634N\H,‘ | '——>,, | H2N802C6H4N\ o +AH
k" ~Cr2i-
(5.47)
“oroductsl ff' | |
o VThis”scheme,prediets5that ','} - Lf”,'?fsxan‘ .;



whlch is con31stent with equatlon 5 46, W1th c = k'4LK and_ :
d =k"4 | 1f [H ¥ <‘0 05 >> Ky The values obtalned for %
k' 4LKa and k"4L from the least- squares flt to equatlon 5 46

‘were 3.0 % 1,1 x 1073 57! and 1.6 x‘o 8 x 1072 i P D

respectively. 'Aﬁfesﬁiﬁa§9 ovaaﬂcan be,maqe fIOm.thejrl'
(NH3)5IrNH20H “""(NH3)51rNH0H + HY ‘,pga.='9;4199 | :ﬁ»gm .idf_
v')/v,'f o f:" ;,;,1 ”",j'f‘;

Y'On thls ba51s the pKa of : (H20)5CrNﬁ should be 3 to 4 unltsf°w
larger than for free ArNH20H+, or K ~-10.4 to 10 5 Thls :5
'-4est1mate 1s‘con51stent w1th the above condltlon that K ’

vO 05 M, and glves a magnltude for k'éL of the order of 0 03

-

"tc> 0. 3 M 1 1‘ \‘:}v : f5:f‘h:“- f.v , ufii-‘ h‘tv;‘Vt»,,:f; ;ﬂffifi“:§3§f‘ _
Schmldt et al.}1l have studled the reductlon of fuff-‘“a";
t-hydroxylamlne and a varlety of amlne ox1des in’ aqueous _f».';;jég

:ﬂa01d. Oxygen 18 tracer experlments,:radlcal polymerlzatlon
h‘1n1t1at10n,'and fallure to detect a chromium(III) am1né :
v'iproduct are con51stent(w1th dlrect attack by chromlum(III)
'hon the oxygen atom, followed by hydroxy ra@lcal 7 7

7'on:_ The am1ne rad1ca1 produced could then react by




o

T to the absence of an NH proton 1n two cases, and to the

| 71 ac1d1t1es. However, the range of values at 0 l M H+ and theﬁij

. 51ngle value at- 0 05 M H+ do not 1nd1cate any ac1d j;[;,j,

e R1R2R3NOH+ C.r2+ —3191» R R '~R‘ N+' + »C.I‘-IIIOH.‘Zf o
RiR233N+ +fcr2*_¥%;4—a> RfR}R-NHf + CrI;HoH2

The1r results are glven in Table 21, along w1th the results
: of the present study.‘ The Cr(OH2)53+ would be expected to
destabllxze the R1R2R3N. radlcal 1ntermediate and reduce the '

rate relatlve to (CH3)3NOH nd (CH3)2C6H5N0H ag“,:;;jij:

N

C(s049)

observed.- The lack of an- [H+] 1 term xn the rate Law fori,gi»

the systems studled by Schmldt et al 111 can be attrlbuted :

X

w smaller Ka and hlgh ac1d range, (0.095 o, 485 M), studled ';77ff,

w1th NH3OH+ Lo

The flnal slow step has a; rate constant, k5L,11n the :fl.'

i_range of 1. 5% 10°4 t0 2.2 x 10 4 }; The smaller

absorbance change and sometlmes 51m11ar rate to the o

precedlng step d1d not allow the rate to be resolved at all‘~;5

dependency for k5L.j.S1m1lar1y k5L does not appear to have. B

' any chromlum(II) dependence.: ThlS reactlon 1s tentatlvely

, »ov : :

' nasslgned.to aquabcdﬁ/of a chromlum(III)-amlne complex,,gg’

(H o) CrNH2C6H4SOZNH2 e HZO — g f ';"gl“'<5j5°?y
Cr(OH )6 Q + NH3C6H4502NH2

l’yA;separatehstudyfofétheKChromlun(ll)Zre?uction ofppfiy:'



M

: RATE CONSTANTS FOR CHROMIUM(II) REDUCTION» OF AMINE

OXIDES R1R2R3N0H

U 01413 L

~

Ubfschmldt, W., Sw1nehart, J H., Taube, Inogl Chem. _

1‘&98 1, 1984




-
nitrosobenzenesulfonamide'confirms the observations on the

a

slow k1net1cs for the l1gand reducfion and 1nd1cates that

the nitroso derivative ~an intérmediate in the reduction
of p-nitrobenzenesulfonamide. No attempt was made to study
the first slow'reaction, and the results 'of a‘least~sguares

best~fit to a biphasic exponentlal equatlon are glven in

Table 22. It was found that the step’ correspondlng to k4L ,

152

referred to as k4NO' was fitst order in [Cr(II)], showed: the

same acid dependence, essentially the same rate constant and

A

_‘a similar absorbance change of ~ 0.4 to 0.5 units at the

same’ oxidant concentrations. The data analysis was
complicated in the same way in that k4Nd and kgyo could not
be resolved at the three highest aciditieg,.and the 1ewest
[Cr(II)], apparently because the rates aré*too 51m11ar.
since the kSNO stép could only be detected for [H+]l<
0.1 M and’ [Cr(II)] » 8.5 x 1073 M, it could not be )

characterized, but the rate ‘constant was ﬁlxed at 1.8 x 1074

sec™!, consistent with the p-nitro ligand results. Then the

value of Agyg was in the range of 0. 14 to 0,19, consistent
with the Agy values fr the p- nltro llgand study.
The flrst slow reactlon for the complex already has

been assigned to decomp051t10n of the azoxybenzenesulfon-

"amido chromlum(III) byproduct. The second and.thlrd slow

Vreactlons for the complex do not seem to show any

chromlum(II) dependence. Th1s is surpr151ng since ‘the

stoichiometry studies indicate that 2 moles of chromlum(II)

4 | |
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must be consumed per mole of cobalﬁ(;II) during these slow
stages,.énd the second stagg with the ligand is first order
in chromium(II). The lack of a chromium(II) dependence for
1k4C and kg could be due to other reactions with similar
rates, but larger absorbance- changes, and/or to some slower
step preceding, and rate limiting, the reduction step. The
latter possibility does hot seem entirely consistent‘with h
the fact that the k4cyredu0tion rate is always greater than
the k4, rate under simi}ar éonditions of (] and
(Cr(II)]. The o;her'noteablé difference between ligand and
°complex is that Agc is 2 tov3'times larger than Agp, i.é&.,
the absorbance change for the 1aS£ reaction is much lafger
with the complex than it is with the ligand.

| The qualitative observations oﬁtiined‘above seem most
consistent with failure to resolve a'reauctioh step in the

absorbance—time data fo e cobalt complex.luA.

c0n51deratlon of the prOposals f&r the fast steps indicate

-

“that the major product at the start of the Cary 219 studlesé'
on the complex should be the O- bonded p—hydroxylamlno—
behzenesulfonamido chromium(III) complex,

p- NH2502C6H4N(H)Ocr(OH2)5 *. Chromium(II) reduction of this’
spegles should be slow if the hydroxy radlcal abstractlon

_ mechanism, dyscussed above, is the,favoured path. This is
'éonsiStent w{th the observations of Schmidt. et al.lll that
NH3OCHj+'is reduced much slower than NH3()H+ under similar

‘conditions. | Linkage isomerization would produce the same N-

// .. | . \\
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bonded p—hydroxylaminobenzenesulfonamido chromium(III)
complex, as proposed with the ligand, and this would be

reduced as in the ligand systems

OH
H T
NH.S0.C H ,N=07 —Slow 50,C gH JN-Cr (OH ) g
SR TN ony 3T Kpg 2°Y2%6
H 2’5 H '
- (24
OH o 3+
NH.,$0.,C H,N~Cr (OH. ) et NH_ SO CH N‘CH\O‘HZ)S + cron?*
2502064 mCr 0 I T 2592C6M4MN g
H
‘ 5 (5.51) -
Cr(o“2)53+ er??t : AR 2+
NH2&>()2C6H4N Ny —fa5c™ VH,S0.C 6”41?’-C,r‘.(OH2‘)5', '+ CroOH’
| ! | _
H ' |
NH.S0.,C H N=Cr (OH ) 3+~—-§——>NH so.c.H NH.Y + cr(on,) St
250C Ml 4l=Cr(OHy) 5 3 250276 3 2)6

If the linkage 1somer1zat10n step were rate 11m1t1ng then
the observed reaction would be 1ndependent of [Cr2+]

Before trylng to support such a react1on scheme 1t‘must
be adm1tted that f1tt1ng of the absorbance—tlme data - clearly.
indicate three klnetlcally dlst1ngulshable steps_with rate
constants d1ffer1ng by about a factor of ten. The only
peculiarities in the f1tt1ng parameters are that the values‘
of k4C are 51gn1f1cant1y lower at the h1ghest and lowest
a01d1t1es, an unusual. but not 1mp0551b1e 51tuation, and the

values of Age 1ncrease w1th decrea51ng [Cr(II)], whlle ksc

decreases somewhati;th decreasxng [Cr(II)}.- Bearlng in .

0



S

._1 8 x 10 -4 sec

mind the complexity of the fits, these peculiarities are at
best hints, rather than compelling reasons, for suggesting'
even more complex kinetic -behaviour.

If the prOposed reactlon scheme is to be con51stent.

with the results, the absorbance—time data actually consists

- of four steps, and should beg descrlbed by the\equatlon

-k, .t -k —k\ t
_ * 3C _‘ 1s ct Ksc
Abst = Abs  + A3Ce + AISe ; j

(5.52)

T

. {’
l

where k3cre ka, k* AC and k*ge are the ?ate constants for

" aquation of the chromium(III)—azoxybeﬁzenesulfonamlde
. byproduct, 1somerlzatlon of the O~ bonded p-hydroylamlno-

'benzenesulfonamldo chrom1um(III) complex, reduction of the

\

N- bonded p-hydroxylamlnobenzenesulfonamldo chromlum(III)
complex,,and aquatlon of the chromlum(III) sulfanllamlde

product, respectlvely.. The last two reactlons, k*sc . and

. t

k*scr 8 hould have the same rate ‘as the correspondlng

reactions in the llgand study, i.e., kgp and kSL‘-

I

: Therefore, k* 4C should be glven by equatlon 5 46 -and k*SCA

-1, . |
also A*4C 2 A4L ~ 0.58 and A*SC g ASL

N

0.2, based on mid- range values from the 11gand study. The

absorbance ~-time data were refltted to equatlon 5 52 Wlth

i

flxed parameters k3C = 1 6 x 10~ =2 sec‘l, a typ1ca1 value

156

-1

from ‘the tr1phas1c fltS, and k*4C' k* 5C and A*Sc'as obta1ned

in the llgand study for Kqpe kSL and ASL' (see Table 20).
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The resulting values of Abs,, A*3c, Ars: A&ic and'kLS‘are
given in Table 23. For two of the seven runs, the
parameters A* 3C' Arg and kIS were . undefined as judged by ﬁh_.
their 95% confidence limits. These two runs are at the
llowest acidity'and the highest chromium(II) concentration,'
respectively:' It remains unclear why these do not fit
:satisfactorily, but it may be related to the fact - tmat they
have the 'largest k*4c values, and these are- w1th1n about a
factor of 3 of the kIS values expected on the basis of the .
"other runs.. Aside from'these two runs, the valueS'obtained
for kIS are reasonably constant, and well defined Judging
from the confidence llmits. The values of A*4C at 0,10 M H
(~ 0 48) are also 51milar to the values of A4L from the freef
ligand system (~ 0 58), con51dering that the pre-equnential
term A*BC was - fixed'here, but Was a. fitting parameter forfd””
the ligand system.u_: | | . | =

It 1S concluded from this analy31s that the data at '?g

.\oe i,'

yleast are. not inconSistent w1th a qualitatively unobservable

intermediate slow step, (k4c), in’ the cobalt(III) system,jn;j

| attributed to 1somerizaﬁion followed by reductlon and "

' aquation steps w1th the same. kinetic features as observed
w1th the ligand Although this proposal is more speculative
tthan one might 1ike, 1t seems more reasonable than other ,1~$q_

':triphaSic mechanistic schemes which would requ1re rapid

reduction of intermediates in ordér to explain the apparent"“
/

lack of chromium(II) dependence of the slow steps observed

o~
e

C o o : . ; e SN
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with .th)e cobal‘t(iu) complex. Rapid reduction of the o-
bonded p-hydroxylamlnobenzenesulfonamldo chrom1um(III)
‘SpeCIGS seems 1ncon51stent with the observatlons on the free
ligand, and wlth the observatlons qf Schm;dt et al llluon  'f'

hydroxy}amine analogues.



CHAPTER VI

£

A _SUMMARY AND CONCLUSIONS PART C
‘.L . .’ R < 3
ul)
There are’ many 51m11ar1t1es between the chromlum(II)

' reductlon reactlons of p nltrobenzenesulfonamlde and 1ts

(NH3)5Co(III) complex. In both cases reductlon to the

- p- hydroxylamlno derlvatlve occurs on the stopped-flow. t1me

scale, and : further reductlon and aquatlon yleldlng free "
’4sulfan11am1de requrres several hours. In both systems the
flrst detectable 1ntermed1ate 1s the p n1tro radlcal
derlvatlve, and reductlon of thlS spec1es has the same rate
’1aw and rate constants, w1th1n experimental error,‘for bothkf
systems. The f1na1 slow reactlon also is klnetlcally the

“Same in both systems, and has been a551gned to aquatlon of a

'Wchromlum(III) sulfanllamlde product.,i' hq.' .5f i

N
»

t the 1ntermed1ate stages of reductlon the major
dlfferences arlse because reductlon of the cobalt(III)
results in the 1ncorp0rat10n of one more chromlum(III) than
}1s present in the free llgand system.; This extra.f ﬁfr:‘ |
' chromlum(III) generally serves to 1nh1b1t further“ |

EE] N

'.reduCtron. Thus, the chromlum(III)-nltroso 1ntermed1ate,

' ',p—NH2502C6H4N OCr(0H2)5 .} is’ not rapldly reduced and can

ifbouple w1th the chromlum(III) hydroxylamlno 1ntermed1ate to;’

ﬂuproduce the azoxybenzenesulfonamlde derlvatlve. b1m11arly{?7



the chromium(III)—hydroxylamino intermediate, p-
.NH2802C6H4NHO(H)Cr(0H2)53+, is not readily reducedi_but
isomerizes to the nitrogen-bonded isomer‘prior to |
reduction.,dReduction of¢this-intermediate wouId'normally
proceed by hydroxy-radical abstraction,‘but thiS‘is
prevented by the oxygen bonded chromlum(III)

One pugpose of this study was to obtain 1nformatlon on .
the intramolecular electron transfer rate, (ke t.)e in the
initial-p—nitrobenzenesulfOnamldo radical, }.e.,‘ |

_ ‘ 4 ke t, ~2t b

(NH3) CoNHSOz 6H4N02p — > Co" + 5NH, -

H (6?1X"

L vI-l

+ NH;S0,CgHaN037P.

Such rates.have been measured with the.analagous carboxplate
complex (NH3)5c002CC6H4N02 p »‘(ke t.h' 2. 6 x 103 secftlat
25°C and pH 7). 27,28 Although the 1n1t1a1 report suggested
that the carboXylate group fac111tates electron transfe§,27
. A 4

it is now belleved to act as an. 1nsulator, retardlng the

"transfer of an electron through the brldglng

'f% 1lgand 28, 112 113 It was hoped that the ;resent study would’ dd“
Hndlcate the relatlve 1nsulat1ng capac1ty of the -NH802 v
‘:group _"‘”’ : R : :

| The p-nltroben nesulfonam1do radlcal 1ntermed1ate;
BE A(VI 1), was 1dent1f1ed by the 51m11ar1ty ‘of 1ts electronlc

spectrum to. that reported for ~the. (N&B)S%F02CC6H4N02,p'.::}r

ehrag\éals enerated by pulse radlol 515.28 _The s1m111ar1ty |
v ysis.
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- (4(""‘1“‘1
i

11T

of the absorptlon spectra of the free and Co coordinated

nitro radical indicates that coordlnatlon of the electron -

’ &
-

~withdrawing 3+ metal center has little;effect on. the
electronic energy.1evels}involuedvin'the observed
transitions of the ligand radical, implyind that the ;NHSOZ-
1inkage does insulate the nitro and aromatic‘electronic
szstems from the metal ion. | |
Unfortunately,'the‘intramolecular electronrtransferA
raterconstantpfor the reaction represented bydeduation 6.1
was not‘obtainable for this system. 'This reaotionhmust be
slow compared to further reductlon by Cr(II), 31nce even |
~when equlvalent amounts of chromlum(II) and cobalt(III) are
employed, only 20% of the cobalt(III) is reduced 114 In
addltlon, if 1ntramolecular electron transfer rates were
fast, subsequent reactlons in the cobalt(III) system should
be 1dentlca1 to those observed with the free 11gand, wh1ch
they were not. | | |

-

rfalt is assumed, con51stent with Hoffman s

»‘observatlons,28 that only the deprotonated nltro radlcal
‘undergoes 1ntramolecular electron transfer, then an upper

- 11m1t for the rate constant ke t‘ of equatlon 6 1 1s glven

.

,bytt

< kkicr?tr o 8a3 (8.6lx 1071
kIR HCE T e A X L g see™ L
: ke t‘*< T SO = —— = 1.8 sec.
Tets Tt e T

F’This'value'is - 103{times'smalierathan’the,coxrespondingt
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value r orted for the carboxylate derivative}za (2.6 x,lQ3"
ds—}); suggestlhg that the_—NH802 group is an -even less
favourable brldge for electron transfer_ In-fact, ke g.pis
closer in magnltude to the analogous—rate constants reported

for (VI 2) and (VI 3) . for non-resonance a551sted through

S ; O H

. . .. . I r’ N ) vA‘ ‘l ' -..
,(NH3)SCo02CC'f(I:—‘Q - ((NH3) (0 ,CC-NCH ¢ O
h q Linolt oo S | -
' S oy % 2 . . | ,L,.i /
chaln electron transfer.29 Hoffman has attrlbuted the
:1ncreased value of k for the p-nltrobenzoato der1vat1ve fﬂh_p

. l

w1th respect to (VI 2) and (VI 3) to the substantlal_fa“

lelectron sp1n den81ty at the carbon atom para to the nltro h;fﬁ
'group (~ 16 -17%), 28, 29 determlned v1a E S R.H ol .
'ispéctroscopy 115v Eor the sulfonamlde derlvatlve the présent%f‘y;
’_results suggest e1ther a lower elec%g?1%¥nh den31ty on thejgp
f_para carbon,'or lower electron permeab111ty of the ' ' I
‘psulfonam1de llnkai7 w1th respect to the carboxylate gropp.rg.t
| :;Ak Flnally, the opservatlons 1n thls system also prov1de

"hp§§1nt1ally useful 1nformat10n ;or the preparat1on of amxne
.ri”and hydroxylamlne derlvatlve complexes of Cr(0H2)53+ ‘-;?;;'h%]ﬁj

"‘appears that w1th approprlate control of the st01chiometry

0

?and reactlon t1mes, these complexes can be prepared 1an*f€

solutlon by reductxon of the approprlate nltro or nxgroso

- v' 7
M

’fllgand derlvatlve. i‘/‘“;v'h
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' _TREATMENT OF DATA FOR CONSECUTIVE REACTIONS .

!

Considéring“the sequence of two irreversible pseudo

first order.reactions, -

‘A _,_}_qg B.;—72—§> C . ..4 3". u R 1(5*1);

, whéré»kl‘and*ké are the observed pseudo first order rate

-~

o cqhstants, the differential rétg‘equatiohs are: -

B

| - Kk, [Al e e
d,tf

RETCIN

S = KLFA1‘; K2}B}l' “  V Ls. o ',{% ‘ ;qi'  f(A—Z)

Sodt

odtel
k,[B]

——

tode

Integratlon of these equatlons, assumlng that at t 0 [A] =

[A]O and [B] [C] , then the concentratlons at any tlme::

;  , t. ln te’rms Of [A].O are.» . ORTR ' “   '

1Al

 ﬂ (§r

A

o E XA
—
]

174

Cas3)



in a tell of path length 1 cm,

_Abst

A-:\‘j:‘

e 1Al + ¢, [B) + 'ec[¢1

175.

is given by: R '}_

(A‘-’-.:4_v)"b_ |

where‘ea,'eb and tc are the molar absorptiyities of A, B and

- C,

respectlvely.L

Substitutien»of equations A-3~int6 .

,_,equatlon A 4 followed by rearrangement of terms glves~”

-where"4‘._\.b's‘,‘,';=

N 0,v/"v

e —> . -
i}

n

:equatlon A~

e % il
bEER s

" k1i Aztand kélard

Wl -

%t
1 v a

- S
ex Al g ands
Qo R

AA[Aléﬁea + —el———;—éa);tf

= T AS

—k T L TP o
2 n ) K » _‘: (A—-S) ‘:. :

The data were gltted by non llnear least-squares ﬂb
x'hdr§‘ bst# nd t are the knawns and Abs,, Al,g{;;”f

”tﬁe fit&lng parameters. ;r~r 5.;f;tffgf,f{“ﬂj 5




- s
- rl
K
i . é :
~
» .t

: s

»
.

AN

-
. .
176




AQUATION KINETIC DATA FOR (NH3)5CONHSOZNH2

__Table Bl

(AN

Vian

2+ a:

a 1?7!3; 

10 k

obsd

obsd sec

3f calc

'1y;f»

b BEE

. 0.0250
0 04001:
o 0.0409.
0. 0999//
0. 099§
* f;o 999 -

15,0 0.0200
... 0,0200 - 1.
o.o2s0

f‘°-999.¢,

25.0 © - 0. 0200;°];_

‘L'f'i ;i0 0200;;s /;f
“Tv?f_ftyo 0250‘3 ]ff'
S f }'§g 050250 -

féo 09997f{ ﬂ*
‘ffo_*  1‘;f; 0 999';}t ”j

“"in;: 34g9ﬂi; 0. ozoe§f°=f39”"

0. 0200f W,_;fjfl? L
o o333i 7$’ 1.

" .

:1'6;144f:_i:,
i 4,0 178M{ig 1
':;0 17aﬂ:;'ﬁ ;

| ]




o 118

215 . 2,17

6.0 .. 15.92

o .5.93 . 5,92 - -
0.3 10,4, £

10,3 1004

171 16.9

. 71‘.‘6...,5..;". T 16, 'g; -

. 24047 2405

0. 999-~#”,_ | Loi27.0- 2609
'71}{o 999 f],;“z 46" o 26.8 26,9

0.0333
St 70,0999
0.200 . 48
0.200 0 L,
S _,.j*o 400 .
ST Tol400 0
i o ,o 799

Ionlc Strength 1 0 M (L1C104/H0104) ﬂ  ;h>’ﬁ3Ls‘fMJv.

b Calculated from equatlon 3 d W1th 102-a = 0 35 0 OB ot

'“ 1;413; 0, 06, and 4 42 £ 0. 20 sec -1 and b ' o 47‘- o 04.1

”7fffb;58f£;o 03 and 0. 65 . 0. 04 M at 15. 0° 25 0° andf o “_*

W'57:; 34 9 C, respectlvely.» Errcrs gfe 95% confldence llmltgﬁ

' f'wh1ch are about thpé) tlmes larger than the Standard f,fl .

;gerxor,:fyl\__y

LT e e S e T e T e e
. . e Lo # ) . S ": RREUA e e - \ RS (.‘P ¥ B
\. . , S ‘ N . L ‘ L O B . . R ‘ BRI i .
R TR e P . B RN g
. . S ot PRV R PR o ‘. . . R \‘ : '



 AQUATTON KINETIC DATA FOR (NH3)gNHSO,CgH4CH3Z*,8 - - -

-

":2455'?'v

5»;[;émb}*¢_'vf‘[H*i}; y104[Co(III)], “. 10 ‘kd!bd' sec”

°C e M M obsd calc

*/ R CE T g

. Bemiede

1

25

L4 L 001000 2,44 0
S 0,1000 2048 L
B3 0“206;15; fff2L9L?;T375*”
0 260i':f{t:2;§1;fw Cna
o, 400fi»537fj5ﬁ91fo?ifff257
"?,:,-Hfgq,aooﬁj'"’ (2298 e
o 80035_ﬁ.?i5 .98 |,

. P v N N "“ co -

.*o*ibzf:f”"'
';?mo 1045 20990 e
0,202 t278 0
0,203 2T
[ B - ‘F\ . 5 S




0.302
© 0.302
© 0.400
0.400

2,91
"2.91‘
2,91

2.91

19.0 19,0
19.0.  , 19.0
24,1 25.1-
24.3 25.1

Tonic Strength 1.0 M (LiC104/HC104).

-

Calculated from equatlon 3. 4 wlth 102-c = 0 676 t 0 oM,

2.15 # o 07 and 6 28 *+ 0.14 M‘l sec

and 34.9°C, respectlvely.

]

-1 5t 14 8° 25.1°,

’

,E;fofs“are as in Table Bl. ..
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‘Table B3

“ Lt : - h 2 o
AQUATION KINETIC DATA FOR
: - ' ey

temp,

(NH3) ECONHSO0CgH4NOg #¥. 2

™~

- : . . Q‘:
LASY '_10§&TC9(III)]'.,3103‘Robsﬁf's?°_l

ec o | M. obsd | " calcP

14.9 . 0.100

it

0.100

0.191 0.192.
5.73 o 0.202 0.192

' \ A :

- 0.200 ~_ 3.85 . 0.361 0.384.

73,39 0.423

0.200°

'0.400 . 4.53°

0.400  4.18 0.767
0.400 . 4.36 0.802 0.767
0.400 3.80. 0.767

- 0.384
.0.808 0.767
b.728. |
- 0.788
~0.800  , 3.58 1.4l C 153
0.800 . 3.46 . 1.54
0.800 4:14

153
;,_xl;ﬁﬂg)i -
25,0 -

U

10,0997’ 4.46
©0.0998 . 7.28 ' 0.590
0.200 3,27 1.200 1,14
0.199 . . 3.3 . 118 . l.l4,
 0.400 © 5.37 - 2.31 . 2.28
| 0400 ©s5.96 . 2.33. 2,28
Vo 0.800  4.65 4.38 4,57
S 0.800 5,13 - 4.42 - 7 a.57
| ‘ 1,000  4.97 5.40 . 5.71
Vo 9 5.48 . 5,71

1.53.
0.597 0.571
0.571

K2

.~ 1.000 5.89
4 \ . . 7 ’ ;. . ‘ ) ) |
“ - 0.100 7 4,94 -~ 1.68 - 1,59

. .00  5.20 1.71 1.59°



| and 35 0°

fespectiyely.-

4

T 10.100 4.35 1.4 1.59
S 0. 200 S 3.63. 3,22 3.19
0.200 5.93 . 3.30' 3,19
0.400 - 6.68 6.44 6.37
0.400 C 4.65 . 6.42 5 6.37
0.800 5.25 11.9 . 12,7
©0.800 . 13,91 11.9 12,7
0.800 - 4.47 . 12.0 12,7
0.800. 4.65 12,3 . 12.7
a. Ionic strength 1.0 M (L1C104/HC104)
b. Calculated from equatlon 3.4 with 102-c‘= 0.192 ¢ 0 007,_~
0. 571 + 0. 017, ‘and 1. 59 0.06 M~k sec™l at' 14. 9°, '25.0°,

"Errors are as in Table B;.
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~Table B4

REDUCTIONlKINETIC DATA7ﬁbR (NH3)SCoNﬂSOZNH22+:3'-f

temp, _ o (#f] 102- o 10f 103+kgpgar SeCTH

ec. . M ' tchi1)]*Ic6(i1i)]_ obsd - calcP
o o S e L

M. M

1s.0  0.0200 1.0z ° 781 0.462 0,459
- R 4.01 7.68  1.40 - '1.38
g.25 0 7.96 2,33 2.39
S g8 7070 325 3.20
v ou100 1,00 T.67 10020 L.03
| 399 7.6l 2.36 © 2,29
L 6a99 f,7.56}:-[':3;55:,~l2_3;55‘vj i
0 es7 1700 460 476
0.300  0.944 . 775 195 196
E P U0 % S P B 3.84 377
< g2 1M 5183 5.55 - .
‘\,1._; ﬂf ‘ e f,.7.84jv'1>‘7.19; }   7;35. '
. 0.600 ©  0.990 7.71 . .2.85  ° 2.69
DAY PR X 7SN 15 U AR 1
599 7.70 - 6.49  6.38
6.31  7.83  7.73 . 8.08
8.31 7.83° . 8.08 - 8.08.
€ 24,9 0.0200  -2.00 816 . 1.65  1.68 |
| o 3,84 7,98 2,92 v 2.85
4.8 . 8.24 - - 5.20 sl
| o 9.1 vB.02 6.51  6.45
e 0.100 - 1,00 . 6.24 2080 2084
- . 73)97 . 643 51 el

[



T

- 0.300

P

0.0200
3099
7.87

6,97
0,985

3. 98

3,98 -
._' 6 97 : : \ »
§.00

9. 93

'QfO 995 '
3,97
. 819
Ciren

W.1.02_Lt' |
1,89
8,11

f.9 84

©0.200

J

" 0.100

0 993

4 01;1"‘
'_6.93 S
£10.0
“1{00:f
3,96
6. 97 *1.

0 986

1,00
7.‘1.02" 
4000 7
o405 L
'?'6'9§ff1.”
10, 0 -
"9,92
n9,925vf‘
77f1415i;;f

-176;39
6,29
“;7,95,}
07,96
3_7;96>:1$
;7;95f 

8,02
7094 0

703
7,93

8,17
e
1045
1;;12 3
T
';s.f1”7‘* !
15,9
2000,
'ff;2ﬁ4_
172
f12154 ;
26,2
  16;§  
‘:31639"'1“
a2
S
e
*;27 2.
2105
‘fv;32a0a.”
L3l
32,10
j{36;3?11:f5

”‘:'7;91 3
8,01
7,96
7090
Cais1
7.5
7.62
S 7700
L 61\
7095
7,95
.60
7.94.
L7057 o
7.92
j:;QGOSj. 
AT
7,94 0

.22
9.17. .
9,30
9.45
B N
B VN B
ﬁ ff3.53
Sl2.4
'1836 o
 ;15;3f

2 46

2, so
5097
©o10.5-
 ,12 8.
29
11,5
D as.i
"9T20 0,
1240,
169
21.8
:!ﬁze 6"
15 8 N
  ;15 8"
';}15 8
21,3
L2130
26,7
1 ;26 6
3272
3201
32,1 ;;ﬂl*

f';'9‘;.'58>

5. 83

758 95
8,95
12,...0- 2
| flsﬂlqw ﬁ”.,
g P
C12.20
E :15;6 .
“j.17,6 j;




ST 144 7067 73815 40,2

" FOOINOTES FOR' TABLE B4 L

Ionlc Strength l 0 M (L1%}O4/HC104)
f.b Calculated from equatlon 3 7. w1th 102-k1r

”rl_s;se”iﬁo 26 and 11 0 ¢-0. 8 M 1 geg l.and kzrrf 0. 110
. 0.006, 0.197. +0.014 and 0.340 10.039 M'l secl”

‘)

"1.‘15 0 ,_24 9° and'35'0°x.respect1ve1y, whlle hOldlng k2h:'= r

;-and K constaht at values determlned by aquatlon study

:fQ(see Table 5) Errors aremfs in Table Bl..;gﬁﬂ 3

.;?\;;;

.frz 76 o 14,;;“



f;~REDUCTon KINETIC DATA FOR (NH3)5C°N5502C6“4CH3

Sed oy

© zabless -

)“'. .

2+a.

‘fjtemp}‘ ifT

. [N Vo

;fﬁ+lifﬁjr 102‘

. 10t

'..M ”1f [Cr(II)l'[Co(III)l,:

e, L

103'kobsd' sec »1'

”stg_],:

.1‘_

calcb

140900

'gﬁquzéo:

0 200

0. 912f;
o 912

‘.ff3 23 QV”
ST esr
w:-; ; 1;9i57_¥ 
15.85
15.85 7

15,93

T e
e 3,26
. ' 3626’i. 
9.64

C9.64

 :;9 64: ;5h
" 16230
16,30
16. 30;-

0. 906
-*'o 906

"; _2.99,;
3300 -
300000

=

S .00
6,05
_'?6;05.’_
6o
Ceon
6loe.

ra

6,02

¥ 6;022:.{
6.86,
6,94

6,85 .
685
6.85
T 6.85
6.85
ey

5.98

7.00
7,00
lééglf‘
6,91
6,91
7.00

-

0,486
0.485
FEEW T
fa_i;jj, .
3,67
3. 85“'
3,47
BN TR
L 5.62
5.22°
1,05
2,01
o211
451
a.s3

3 12*»

2,78
V;2,94_fv,.

74044
1@(6;42 :"
 ?6;6£ff _
f65663:f2
78
1.83

'b»486'

0,486

w2
1,290
Co3.48
348
23;50 3: .
5.69 [
Losu69
: ﬂi5{7}ff ‘.‘
o 1.04
C1i96
1096
SRR ICY R
{rQ? j; ‘ 
44
7008
,;;7;08;_i “
47*08'f5f»'

Le 76'

L 76
2. 70“"
R2ﬁ717>



@

2800

0.025

' 0.100

19.69
9,69
9.74
16.04
16.04°
16 13.
- 0.906
'*o.9o6f] 
0,907 -

0. 907

TS 07 -
3 07

3.07-

3,07
9,73
“ .9174'
9,74
S 12:95

o :.12.,9‘637")" A
712,96

o 0.892
"_1;96j  iY;
S 1.96

37
o9
"17_12 85
16. 32
'-».1_6-55= :
ey

21,59
10'705"‘
C0.705.
. vao 715

821
2,31
6.72,
6.72
a7
”_7}80fjl}f
6,98
'5’6,871 
8,39
6,96
4,65

' 5.95
- 5.97
15,89,
8. 48'
19,05
1.77,
321
3.19

3. 32

o omal
L 4s62 .
a, 70

f;s 05

,_«fv4.82_'

7,96

8,14

8.36

9069

975

9.71

115
- fl.16 ;1 '
,f!.l;é9l'j
o189
B YRIT
_16”26'”“

S 9.22
11, 46;
s
©15,14°
14,94
302
'f3;04'

5,74 "

5,74
5.76

 8.62
- 8.62°

8.66
3. 22
'3, 22"4

3.22
3,220
446

-’4‘46S,;> ‘

4.46
4,46
828

8.2BLf@'
8.28
10.1.
10.1
10,1

1,14

1.15

1 87 ..

1. 87Lv”

2 .89

5. 957;;;1_

: ~11.§ i
‘:‘11-8,TU-*1“

15. 2f fjf1

15,2

2. 68 - e

2 68

-:z~~2y691_,{



0.886 *i 88 Av 2 97 ;i Jf 311,v'
. 0,894 ; . -
0.894 5. 88 3;;3 075 2 81

”,‘88,;,.,'3 03 2. 82, :1_tg

o002 ﬁe 02 - 2:90 o2
: -_0._'9__05*_-:,‘_.ﬁ‘j 6. °2t~6 %ggf9§¥3!' 72s83a7 fxf<

0.968 .03 ffﬁ;13‘64~’21“22,&86f”

oL FUE RURIES- R fﬁ:;3;06*<,fa*

1.21 .0 8.16 3. 46 ;3;95;1'

125 0 8,39 - 3.29° 3.08

126 8.24 5 2,89 }j‘ 3,09
'~1‘257; 1’3;24?: f‘¢39lS SEREE NI EE
2 15 CLe23 3083 376
326 8.34 0 4093 0 4us9 o
REN Y § 497 0 450

B T

oo 12*f5ff}19.%‘ ”Jﬂf’5¢92,7‘s_?5 23f";;f”?

7511@7ff='"'

128, 6. 87*:1ﬁ 11,93 >;j11177553?f
_:7316;5':j:;{27 9__-7-313:17f ,”{31§;8-3f7f7
"f j16;9;L”»;327,9fi}*f713°25"'A'f11L3[~“1f3
19 675 1447 L1850
1v,flV”gig,_”65755:ti'p14 50 f‘, l5f5f“ th

; e _*,18 9ff“‘ z;9;5;;:' 13,7516 2.0
- o 200 - 0.896" ;},§L91f¢f rj 5.35. f‘j'js 06,
o ©0.896 S;éiif*[“jjg.se eQ;g"5,06 "af,:f
_,.;_2 1@1*f{fé'é4r*;}lf6}42;;fji;6*06125 -
o2 11f§lf‘ 6 7477 6.44 6. 07
a6 74 fé'él“h*“'fB 07,
- 2 12'_?*__ i ._'10 6  7 04 6. 08 :
o, 31'5“ifhs,77' 12,08 '"12 1
L9, 399iﬂ*5f6;99?§z'3 12,46 v'12 2
o150 6u9a 17,07 f17a4.;“'fi



RPN T

0.400. - 0. 882;¢37
L ;;7§,;;,o 882
SRR MR U 1

Tt 122
R 1,96
. ‘ 1 v 1_96 :

FEERTIR N D 3,22

3,22

35,0 " '0,0250 0.861.

. .64« B

T Vj:‘3 05;» .
- ﬁ,[if;][f _fff3 12000
L f'73 lzi :
e, 37]?;_
937
S s
"*;g-&»ls 6 -
el

T o 100 j 1924
0924/

'ff“f1v§;j f,“::;93 15}ffAﬁﬂ
| _Lf >.r Jf'i' 9-44iké; 5
';ﬁfiﬁ‘éff
‘.15 3;.?

°Qﬂ3 di2dof 0. 912

v .
o e
\

j ;fy ‘}g{.‘< B
‘ \ B 15” ‘7

e

' '.:;6 02‘ §
6. 02 }15~
| '6186?j"
f.:_.e"‘ss‘_
6.86.
\6.86-

;57:GQ§§T:f

- 716512a41”*
612
701

7,01
6.9L
6. 91f1”

.;¢6€95;_

6,72
28.1
5,96
5.96
675
’.6’.' 75 . "
675
6,75
:'6;74 f 
6.74
676
6. 84
6 84_;

7!91

'¥}7ﬂb17.ft*f5""i,,
14, 4517

-~ buos ¢

1 16,41
317.071
- 8.62
-”m:9-41'_
9T
,1og03'f
;ffld,jagkf
e
‘118[20'
20 '19
- 2.'0..'4'8.1

2059
270
5.68
'5'95fi**f
6. 02
4.2
' fw;a,s,,

14 4

17 4
17 5
9. 51
9 51
9, 85
*9 85
10.6

19-6_;[fv"

11 9.
119

179

205

: "‘

'2 69

9. 69

5.55°

5. 65
5, 65

1380

2009

‘2212
21,3
7. 44 ;}f
7. 75

22,0 -
a;jzz's--ﬂw,;
©1.57

T 59

10 8.

3<,11,1f$§
1900
“1974if3ff
s
2803
28,3
“f]<13 9

145

710 7
10 7

»'.19 5

f19 5

28.3.




L N O IR R
o 16, z’_ T3 360

o 400 ,; 0 892 '5 7¢§7f“?:§“].j.

a8 697 . 47 alo
“’7';{*f}cﬁ,?}ﬁ¥/:}?7:112;7fvcf”f6}955,7i;f47;if 13ii47;5fvvi#i

Ionxc Stxength 1 0 M (L1c104/ﬁc1043

v:fffqb Calcui7éed from equatlon 3 8 w1th 10 'klr 3 33 X 0 11,.<f 
0.41 and 12.8 “o. 5 M"I sectl: and. 102 kzr/K ?' 6

ii;s'g 3 5 and 12, 0.-;3 9 sec™! at 14 9° .25, 0°'and

3§ 0° respectlvelyy wh1le holdlng kzh/Ka constant at

b,ﬁalubs determlned by aquatlon study (see Table 6)

Errors are as 1n Table Bl .

= T S BT



A mamess %
" REDUCTION' KINETIC DATA FOR (NH3)sCONH 032,32 (V5 o'
sl A

’,

. tempi, tﬂ*l -a,' 102 ;A;1¥045 10 -kobsdﬂgec 1 \\a;;

”fq;ﬁgj?fﬁgf?_ﬂ ' [Cr(II)],[CO(III)]' cbsd f:.calc «
T e

P j’e 38 55*757 g0 . 15.8 - 16.3
o e s, 85 o T1ea3
0 odoo 4T s.05 9,00 B9
,_4__; f;ff :_f;j575g4_gs?zqf(fifg;83;1]5ﬁ3}91i¢j f

v j;;€é5E0'Tii§O;Qspbf,fﬂ.4ﬁ70Jbiiifsf45 i§}5“i§é$?ﬂ;1 ST
S 0a02 " 4100 C6017 157t s,

'fij;'f¢isz. 0 202 (7 4 70 -f‘ﬁzﬁéii*fﬂ; 7i5;2ff”ljt  ‘ij: ’;

B i ":\4 90 5069 o 15.2 o 15,8

| ”p1 63 j%5,73;;;;;;s;§¢[};jv¥f:;1;.&*‘“




" FOOTNOTES, FOR TABLE B6 . .

'ﬂflsomer unless otherwxse 1nd1cateds'

%fCaluclated from equatlo

'fare as 1n Table Bl.;_n
4[Ion1c sttength was 0 09 M. o

Zf0x1dant was a mlxture of 0- nd N-bonded 1somers.,,?"

“;Ionlc Strength 1 b MP(L1c1o4/acio4) and Qiihﬁ&fpﬁﬁdeaﬂr“

. 3, 9'.--"‘11 th k 2r




193

4 - ./
Table 'B7.
Cvo ) = |
o R | i
STOPPED-FLOW. REDUCTION KINETIC “DATA FOR H3NSO,CgH4NOp at
250,210 . | |
Lty . k103[Cr(II)]; . Kype sec™! N
M N M - ~ obsd “calc®
L ‘
0.500 16,7 51.38 . 48.22
' g 16.7 49,86  48.22
0.400 Cse1 . 26081 . .25.2
8.58 . 25,29 25.1
o . 8.58 23,96 25.1
' - 8.58 27.75 ¢+ ,35.1
0.300 O 8.56 . ~ 28,53 - 25.8
: 856 26,70y  25.8
o 8.56 29.66 - 25.8
0.200 . 8.61 28,97 27. 2,
8.8 24)¥1 21,2
®.58  24.73 27.2
>, ~ 'g.ss | 23,74 27.2
0.100 . % .8.20 - 31.75 29,8
| o Te20 T3 1 29.8
o 8.20 . 3178 29.8
S sa20 T 29042 0 9.8
ot s.20 33,15 29.8
.20 T _ . 3130 29.8
8,200 - . ©28.01 - 29.8
8.20 ©  27.14 - 29.8
i .20 & 2921 29.8
: .20 27.31 . 29.8
8..20 .- 27.65 - 29.8 -
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8.20 . . 27.97 . 29.8
g.38 . 30.10 . = 30.5

8.58 30,69 . 3l.2
| . 8.58 20.79 ~ 3l.2
0.0500  <8.61 . 39.46 - 39.4
| - 8.6l 39,95 39,4

8.61 390200 - .39.4.
0.0331,  8.53 51,12 47.4

| '8.53 . 47.36 0 4T.4
o 8.53 48.25  47.4
L 1na 92,97 94.8
St .100.4 . 94,8
o, 1741 . 96.51 . 94.8
b 4027 o 23.00 - .23.7
L 4,27 2319 2347
o 427 2491 237
' 0.0250 8.61 60.91  °  55.7
' Y 8.61 60036 . 55.7

' 8,37 o 53,47 54,2

8,37 53.38  54.2 -

8.37 o 49.22 - 542

- Ionic gtréngth‘l.O.M (LiClO4/HC104)s'
[Ligahd}§=’1.71 X 10-4 M:balllbeS-

Calculated:from'eQUation 5.3 with a %‘94;7 £ 9,7 Sec'?

. I'$ : T . f X i . . . .
*v,and 10=3.p = 2.69 * 0.14 M1 se‘c."l at.25°C., Errors are .

as in Table Bl.

[



’

-

Table B8

STOPPED FLOW REDUCTION KINETIC DATA FOR

- b .\’\.“.“{ |

RSN :
v - .
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(NH3)5C0NH802C6H4N022 at 25°C. (ABSORBANCE DECREASING). 2D
[5*], 103 [CE(IT) ], kycs secT}
M oM _ obsd galcc
0.400 T g6l 25.3 22,1
) 8.61 25,3 22.1
0,200 8.60 23.6 23.9
# >
8.60 26,5 23,9
8.60 24.8 23.9
' 8.60 25. 4 23,9
8.60 25.5 - 239
 8.60 22,8 23,9
: 8,60 23.2 . 23.9
| 8.60 22.4 23,9
. 0.100 8.38 C25:2 26.8
| - - 8.38 24,7 26.8
 8.38 | 23.3 26.8
o 8.38 G54 26.8
0.0500-~~ 8.61 '39.0 34.8
L 8.6l 35,0 34.8
8.61 35,2/ 34.8
6o ‘36,4 34.8
| . 8,60 31.1 34,8
©0.0336 o 17.2 77.3 183.8
| 17.2 75.8 83.8
17.2 75.9° 83.8 -
8.60° . 46.4 41,9
© 8,60 2.3 41,9

LY
<4,



f R €

860 . 48.9 41.9
8.60. 39.0 ALy
430 20,4 - 210
o 4.30 210 7 »[<3,_21;o;» v
T e300 22,0 21,0
0.0250 ' - “s.6l  5l.2 49,3
| S ael T 5004 0 - 49.3
| el . ae2 . 49.3 .
. sl 5206 49.3 '
L .61 . 49.4 . 49.3
“- 8.6l . 5409 49.3.
B 8‘51 . 47?5ff  f‘f, 49.3
M g6l 563 493
f)f.";" g.61 52,6 . 49.3

Ion1c Strength 1.0 M (L1C104/HC104)

1. 71 x 1074 M, all runs.

[Cobalt(III)] s
._1 -

,Calculated from equatlon 5 3. w1th a'? $4;3;£ 10.1 sec ,_;

and 10‘3-b»= 5.36 + 0.19 M1 sec -1 ar 25°C. Eerrs areQ':

‘as;in7Téble»B1.. - _1>_ | f“  BRI RER



"STOPPED FLOW’REDUCTION KINETIC DATA FOR

Table BY

(NH3)5C0NA502C6H4N022_.atl25°C,,
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(ABSORBANCE INCBLASING) a

wty,,

L '103 \,
e (11)),

M

104

3

fficé(iII)L;f; 

k2C' sec -1

obsd

[

f_calc

N ]

b.

0.400 . -

0.200

©0.100

°

.0.0500"

0.0336

17220
17.2
‘8,61
8.61

8.61

4430

- ' 4.300
. 8.52

8.52

852
8.38
8.38

. 8.38

8.38
8.6l

. 8.6l

8.61
8,60

*3,50 -

8.60

ST
17.20

3. n

"1 71

(0,479

, 1.7l_ ,,‘p
171
171

:1}l-ii\{f“

17

S S

1

BTy S

L

N

L
1.71

S1.71

‘;1.71

171
171
SRS 5 B
1.7
.. > s
1,71
1. 71
isqi'

'”1.71

0.509
0. 482_'
0.542,.”

0.527
0,524
10.510
‘fb\§00

0. S\B\\
0,498 ,;
]ro.545'
0.444

" 0.455
0.406
S 0.446°
0.434

7 0.437

0.467
0,495
o 477

,0.529. .
0.53&'



CU0.0250
T ent el
Cggy
8.60
8,60
SN 8,60
';f?fs 60‘**“f,
- 8.60
860,
8,60
8,60
1 8.60

. 8.60

.IB:GO,F;

17.2

e
860
8.60

430

4.300

o4 30 .

8.60 -

B

o R

0

 »f5:?Q?
0L
‘0

0
0
.0,

i eo

L7
LT
L7
L. 71‘.”
B 2
L 71;?,5>
BRSO S ERRE
171
g
o,
: v,‘,o
S
o
ffo.
o
"

t:3;42”i_.7
3.42

_[3 42
.855
.855 - .
855
430
430 i..:,_ ; :
430
210]
210
.210 -

o
o
-  ﬂ0
o,
 ‘0
 va:
0
o,
.

0.
o

o,
S

54d ﬂf

553

’Ssoﬁifv
547
510
523
.529°

601
589
598
464

459
448
333
320
319
325
302
204
295
.280° -
272f-f

;st}j::;

005210
0’521-"'
 ﬁ:o 521
o521
o2
*;o;sg;;;i~“
0,521
0,597
. 0.597
0,597
sz
‘Yf50f537i:f L
0. 535’
0.335
0,335
0,335 Ve
C0.3%5
© 00302 ,
©0.302
C0.3028
0,285
C0.285
0,285

'.‘sec.

,;10 3°y
Sy

3. 25 ¢ 0. 71 M- 2 sec” -1 and z

A“Ionlc Strength 1. 0 M (L1C104/HC104)

:Calculated from equat1on 5 11 w1th x

ll

46 0 * 7 8 sec 25  £[? 7f”

O 268 t 0 025
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Table B0

op NH2802C6H4N02-p AT 25°'c. . ,j

*filﬂfi}";""iéfilf)lri’f5i[L?gl,f"”‘WfVTiQ?fQEL};éécflv' 

Mo M. M o obsd - ocalc® ™

001 e Lm0 o oalz

:JO{AOi:jifff 3;49; ﬂf;gf_igjdf ﬁ i2»6;612‘ i~:fi0;§73ff'f  f
 -'6'ibiffff,'f345dfﬁfff'Q'i;j67? f7jﬁ i;45f;7.7 ETE

¥,o 101‘a:,_ffuf17.0f. ;4fA ﬁr:7d;j ' j ;;1;3§] -f:;;fijéii-zi =~'
kaQq100 _i? ; 8}§9f?:ff  ,j;40{; f- {fi-30a  {E:f:i;31  -f»‘
13_jvo:101'jgj  Leas L0 Lmo 1.31

0. 1005?“”;?f'é#49}'fj“z;loe&23’f757§;xlz§,' "ﬂ;',fita;,nf;'
Soaol.  oazs L ual o ConaL

o .0,0492,~7f:?*é;49;v§*'.571:70‘7?”T;511L55;._’.f-f1,577_*“"‘"

Ion1c strength 1. 0 M (L1C104/HC104) ‘
'f:b Calculated from equatlon 5. 39 with 103-a % 4;2} ¢ﬂ1k2wM?f7  

;fsgé'l and b o 22 0. 10 M.“ 
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B B Table BI1
-f* KINETIC DATA FOR segonn bLOW REACTION Cr(1I) REDUCTION OF

NH2502C6H4N02-p at 25°C. ‘

o a0t 10ty secTh
CwtL, o teran),t Cmagl, oo

‘:;M “7.:'37  }MﬂjJ;?ff n.;M'  f"ijﬂébséf”‘:5. ¢?1§{¢#'f f 

S VEE
LY

"“0‘200 o sa49 T 1770 0 o255 0,261

o 101;; 340 L 11700 01.597 0 - 1.539

0 101‘f;ff ??i?;0;' ;:;1!i;7Oi 5;€'le;BGGTJi Bif°?77°   ;;
>”'~o;101j: ff2f17Qb7f;;3i7 ;,?dff* ';ﬁg,éssf;:;, ;o,j7¢;;‘§ff
| is?inde_V }{"8g@94f” _:313;46u“f5v' 0}4685f ;;.f§{387fff<
'”“36:106 o tisae 0823 o 426} 7Afi daer

. 0. 101,  ffj r$g£§fi;1y'fpif7b;‘ |€fj?0 138ﬂff_!‘gdf1§2ﬁ5{j f:

0 o492 a9 L0 0.643 0647

Ion1c sbrength l 0 M (L1C104/HC104)

by calculated ‘from equatlon 5.46 with 102-d 1.6 0.8 ML

' sec =1 and 103-c 3 0 1 1 sec 1

o



