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sphere-mechanlsm. ‘On the other hand llgand transfer was |
2+“

'shown to occur -in- the ﬁeductlon of (NH3)5CONCCH2CO2 and

1
Lo brldged outer sphere mechanlsm is thought to be opera—
:'tlve.‘ The results fa# the malononltrlle complex are le57

deflnltlve but are cof51stent w1th competlng 1nner sphere

\

fpo

',‘and brldged outer-sp ere reductlon pathways. - }x &/{’

"‘Ihe former 1s belleved to undergo brldged ou;

»vbyffac1le inr er—sphere electrogbtransfer to yleld oL .

The reactlon of chromlum(II) w1th\@CCH2X x

o3t compleges of NCCHZX X h'Cb,

where the novel complex (NH3)5C0NCCH Cr(OH2)5

romium(II) .

Both IV—l and IV-2 are reduced b%/o

spheref:

: T

fe jreductlon by attack at the uncomplexed nltrlle. The N

L

reactlons[of mercury(II) w1th both IV—l and Iv- 2 were also

"vstudled. For the latter system, the product of reactlon

is (NH3)5C0NCCH Hg (OH, 4 1
Chroml '(II) reductlon of (NH )5CoNCCH-CHCN3

proceeds

. RN
Jo p VLR N
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CHAPTER I

“ﬁ ) -‘v : : K ";. 4

&

INTRODUCTIOV B

R

v The net result of an ox1dat10n—reduct10n reactlon

b

.'between two metal 1on complexes
III 15 5 SRR 7 & SURNLTT: & & 49

L+M L'——-——-»ML+M

1,2, 1 5 a1

l 1s to transfer ‘ah electron from/Ahe reductant, MIIL'

2
I, / s
. nf HlS orlcally, such electron

h-transfer reactlons have bee_

rto the ox1dant M

clas51f1ed 1nto two ma]or ¥1;{

'Cfcategorles; inner- sphere aﬁd outer sphere.}f In the m

'“ffouter—sphere réactlon, electron transfer takes place in
l?an actlvated complex (I l) 1n Wthh both metal 1on complexes1

'7freta1n thelr full complement of coordlnated llgands.j_if

'f:g{§\"mip?"il.ff;JL_}j'”f“'}ffﬁlxs'”l

II—

R

L{;"
L'\f

-[_In the ;nner-sphere reactlon, electron transfer occurs

b'ithrough an actrVated complex (I 2) 1n whlch one or more
5 “_ .

1»?711gands in the flrst coordlnatlon sphere areﬁshared

A:fbetween the two metal ion complexes..



:*Dlstlngulshlng between these two types of reactlons o

is not always a s1mplé matter. FIf the rate of electron
‘L . N o [

'transfer is greéter than the normal rates of llgand
\

”substltutlon for both metal 1ons, then the reactlon must.t
- .

be of the outer sphere type.~ On the other hand, 1f both»f
"reactants undergo substltutlon at rates greater than that
L;of electron transferﬁ then elther mech;;lsm may‘he v
i'operatlve. ~In systems such as these, “the mechanlsm of
"electron transfer can sometlmes be deduced from a comparl—“f‘o

»‘son of the klnetlc results w1th those from establlshed

'1nner— and outer sphere reactlons. A system that most

'ea31ly reveals the electron transfer mechanlsm is the o gv;.'

.ﬂ,reductlon of complexes of the type (NHB)SCOIIIL by

'gchromlum(II) The/ox1dlzed forms of these 1ons (Co II’

I III

jand Cr ) are substltutlonally 1nert whereas the reduced

I_'and-CrtI ) are substltutlonally 1ab11e. As

® . R
111 L’lS‘lsolated-as-the chromlum(III)-'

jforms (Co
such, 1f (H20)5Cr
fgroduct of the reductlon, thls 1s compelllng ev1dence

'that ‘an actlvated complex of the type i

---il]mHjsf)' ﬁs‘cé?;l,14réf¢r11,?(9?iz) g +



<

'L w1th Cr(OH

;:course,/that (HZO) Cr

'and‘Jbrtner et‘al

\has been examlned qualltatlvely bj George and Grlfflth,
‘VHalpern and Orgel,lg as. well as by Burdett

h‘Larson. .

: N

isvformed. It is unllkely that the llgand transfer'

III

product (H20)5Cr L could be formed by reaction of free

2)6 ' ow1ng to the klnetlc 1nertness of the

latter. Altefnatlvely, 1f free L and Cr(OHz)GH are
T L ‘

found as~products'of the reactlon, this suggests that an

‘outer sphere mechanlsm ‘is Qperatlve. This assumes, of o

IIIL does not aquate rapldly relatlve

5 |

'to the electron transfer rate.

Electron transfer‘reactlons have “been thersubject‘

-of numerous ‘theoretical studles. . Outer-sphere-reactions

9

have been*examlned by leby,2 Marcus,3—8'HuSh, Levrch

10, 1l l2 13

“andADogonadze 1 and more receﬁtly by Schmldt

14- 1? The theory of 1nner—sphere

e

electron transfer is somewhat more compllcated but it
7
19 and

20 |

ftransfer have been proposed chemlcal,and resonance—

é

21 o .

-transfer; - In'the chemlcal.mechanism,<the,electron;
'ftransfers fromithe reducin§ agent tohthe.ligandvto:form

a llgand—centred radlcal 1ntermed1ate. -Finally, thet

'-'/electron passes from the llgand to the ox1dlzlng centre.

The formatlon of the radlcalllntermedlate requlres that_ :

"TWO ' llmltlng mechanlsms of 1nner sphere electron

the llgand can be reduced In'COntrast; When'a“resonance- ,'

Ttransfer mechanlsm is operatlve, the electron 1s assumed

t'vto pass dlrectly from a bound state on the reductant to

e



/*involved in the electrongtransfer reaction to'the extent

a

N

another=bn the oxidant. Although no 1ntermed1ate ligand-

‘centred radlcal is formed, the brldglng 'ligand is

VY oe

that it proVides orbitals that mediate the eléctrdn
between the two metal centres. The resonance—transfer
mecthlsm 1s favoured when the 1ncom1ng electron enters

a metal orbltal whlch can effectlvely overlap w1th

_orpltals on the brldglng l;gand Such is the case for

the chromium(II) reducdtion of many'ruthenlum(III) '_" [ -
| 22,23 ' ) ' | '

- complexes. "7 Here'the metai acceptor~orbital»is of

ﬂ(t ) symmetry and can. 1nteract with low—lylng m
orbltals of the complexed llgand - on the other hand

for reactlons suchvas,'

(NH CON<::>r-C‘ + Cr 2+—4—"5NH3‘+7C02+ |
NH, ' L iy

e N@—C OCr(OH )

L
B
S

"a resonance transfer mechanism is unlikely since empty

ligand Orbitals of 0~symmetry Which are.needed to mixv

w1th the o(e ) acceptor orbltals of cobalt(III) lie

' extremely hlgh in energy.24 However, reductlon bla ‘a

chemlcal mechanlsm mlght be expected to be fac1le ow1ng(

to the ease of reductlon of the 1sonlcot1nam1de brldglng

'llgand.



e Whether‘a bridced or non—bridged'activated complex

lS formed between an ox1dant and a reductant depends 'in

,ielarge part on the nature of the potentlal bridging llgand.

"Clearly, a mlnlmum requlrement for a 11gand to serve as’
";a brldge is the presence of at least two unshared electron
. pairs, since. 1t must functlon as a Lew1s base towards

two metal‘catlons. As such the observatlon that Cr(OH ) + |

is the‘chrOmium(IIl) product of the reaction (1.3)

B cO(NH3)63f + cx?t —— o, ’+l'C02+ + cr(QH2)63+' - (1:,3)'

-1s not: surprlslng since only outer- sphere electron transfer'

1s'pos51ble.25 Coordlnated ammonla has no second lone
upair to coordinate chromlum(II) On-the other hand, llgand
26 |

'Jtransfer~productA1s~detected in reactlon (l 4) ..
(NH3)5C0NsCﬂ<izEN3+.+ Cr2+-———¢-5NH3 + c02+. o , '
EEOTEE . , Ny o (1.4)
- PR i
'f (HZO)SCrN€22>EC_N : ,
The‘lone;pair'of electrons on the pyridine nitrogen serves !
to'bind the reductant ”thereby allowing inner-sphere
electron transfer to oco%r. However,ithéﬁpresencefof'a

second lone palr of electrons is not a suffrc1ent condltlon- :

"~ to guarantee that 1nner—sphere reductlon will occur, as

'Gls eV1denced by the reactions (l 5927 ana. (1.6). 28
' © 3+ o " .
NH ) ‘ .
- (NH,) cdo=-‘c S + cr?t —» sNH, + C '2+."+ o—c-/NH'szs )3
M- R N » . _ 3 T Co . BN _‘.Cr(on‘)l6

-

| ’ (1+3)



RS . %y crionyy 3
-_’_.(‘NHB_)SCOO-‘—C + Cr®" —5NH, + Co +o—c\v ,‘,+‘Cr_.(QH2\)6

-vconjugated pathmay\between the two metal centres is an

~E

it o | . ' °NH

2 . 2+ 2+ 2

e

ONH, ' : : NH, AR
(1.6)'

2 . S )

Outer—sphere reductlon occurs desplte the fact that basrc
sites are avallable for reductant blndlng . These systems

dlffer from the others that do proceed by inner- sphere

’relectron transfer in that coordlnatlon of chromlum(II)j'

‘x

at the avallable NH2 functlonal groups yleld activated .

N

A
complexes Wthh do not possess a conjugated bondlng system .

between ox1dant and reductant Observatlons of this type

have caused s\me workers to- suggest 1nd1rectly that a

addltlonal requlrement for 1nner sphere electron

27-29

transfer. !Such a formulatlon requlres a: reassessment

of the hlstorlcally acceptea\geflnltlon of 1nner sphere

electron transferw gThe problem 1\\that the hlstorlcal

\
deflnltlon results in a serles of eieq\\on transfer'

reactlons Wthh are. unclass1f1ed w1th respect to thelr'

mechanlsm. An 1llustratlve example of thls latter claés

is- prOV1ded by the reaction (1.7). 29

o T

o I 24 ’
375770 2~¢2_ ‘ N \\
/ -
S

(H 0) 5CT ',,fo -C |
. o~

4 , o0 e .
e 24 NN S
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,to reactl ns such as (1.7): dlrect electron transfe

_electron transfer 51g#é it more adequately descrlbes the

iQfor attachment of. reductant, ‘a dlstlnct;on can be_made

/!\ -

ibetween adjaCent and remote attack. Forvcomplex I-3,

. -
| —
. . S—

- _—

The reductlon proceeds with llgand transfer to chromlum(III)

" and as such the reaction cannot be of the outer- sphere
o type.‘ However, it does not conform to the inner-sphere.

'deflnltlon just descrlbed since there is no conjugated

llgand system between the two metal centres.& This is an\

example of a reattlon in which the brldglng llgand serves'

"only to- brlng ox1dant and reductant 1nto close prox1m1ty

/
of one another in order to fac1litate direct electron

-transfer between the two metal centres. Although the

ox1dant and reductant are brldged in the actlvated complex,

~ the actual act of electron transfer is essentlally of

the oute'—sphere type. Varlous names have been given

918

llnked electron transfer,Bofand precursor complexatlon

formatlon w1th outer—sphere reductlon.zg_ A more precise

name for thlS type of’ yeactlon is. brldged outer sphere

K

nature of both the aétlvated complex and the electron

~transfer actyltself. On thlS basis, outer- sphere reactlons
.mightxbejbetter regarded as non-brldged—outerrsphere o
_electron:transfer whereas_inner-sphere reactions couid .

 be formulated:asJbridged;inner—sphere electron transfer.

When the brldglng llgand offers more than one site

31



n b

2+

. - )(~—Cr

(NH ) Co—O C @ C -H

I-3

reduction by chromium(II) in principle can occur at either
the coordinated carboxylate group (adjacent attack) or’

‘at -the_aldehyde function (remote attack) The kinetics

-and products suggest that I-3 is reduced by rem?te

A attack.31 -On the other hand, the reduction+of I-4 by

chromium (ITI)

B O 0 T
(NHB)SCo—O—gg—OH =

e » I-2 r _ “\"d _ . 7

is belieyed to occur Qy_adjaCent'attach.Bz- This mechandstic
compliCation can arise mith'many bifunctional bridging |
1lgands. The problem can.be avoided by.using either -

coordlnated pyrldlne or nltrlle brldglng llgands such as

| 7 N\ oy 3t . : e 3L
(N 3)5C0N<;;>»?—X‘s | (NH3)5C0N_C 3 /'v'

e
Ve

o — e . /

‘ [
In both cases, adjacent attack cannotﬂ/;cur because of
' \ , ,

the lack of an unshared electron palr on ‘the coordlnated
atom. ThlS is one of several reasons why a study of the

reactlons of chromlum(II) with. 51mple nltrlle complexes

o3t o ‘.

"of (NH has been undbrtaken.

3)5C°
In order to galn 1nformatlon on the klnetlc patterns

: that mlght dlstlngulsh bridged and non- brldged-outer sphere

PR
&y



electron transfer, the chromium(II) reduction of the

following complexes have been studied:

,(NH3)5CON§CCH33+ (NHB)SCON?CCHZCH2C:N3+
I-5 “ I-6
O . : o
(NH3)SCONzccgzngH23+ (NHB)SCONECCH2C3N3+
| 1-7 I-8
0
. (NH,) .CoNzcCH, &-ocn, 3 (NH.) CoNzCCH., b-on*
3’5 2 3 3) 5sCON=CCH,
-9 ‘ I-10

With the exception of‘the’acetopitrile‘complex I-5, all
" the complexes have ligands which contain remote functional
groups capable of coordinating chromium(II)."ﬁowever,
all the ligands contain at least one saturated methylene'
group, ahd as such, if ligand—trénsfer cﬁ}omium(III)
product is observed for any’of these systéms, a,bfidged—
outer—-sphere mechanism must be operaﬁive. The results
~.0of this study may add substantially to the understanding
of the various faétors that govern bridged—outer~sphére-
reduction. |

Se;eral workers haverinVestigated the reactions of
héldgené&ed‘ofganic ligahds with chromium(II).33—35‘
"Chromium(II)véén fﬁnctiOn’as a‘halogen abstractor in
reactions of the type .
| + | Cr2+ T
,“"T*’RCHZ' »"’Tf““f‘ (HZO)SCrCH

+ ' -

RCH.X + Cr? g2+ (1.8)

2 2

2+
(H20)5Crx

9,



o ) ’ ) B " L ' : 3 N o \"“' . e ‘, . v"v. '

1n wthh organochromlum(III) complexes can be generated.;,N‘

In the present study, the reqctlons of chromlum(II wi

the follow1ng nltrlle llgands have been\studled°ﬁ
Bt tngchzclsnn.r '1~-f”1,;if iNECCHZIV I |

“In. addlthn, the reactlons of chromlum(II) w1th the_fx*»*

ﬁdcobalt(III) complexes of these llgands

dl}Nﬂj)SpoNzc—QHZClbfj (NHB)SCON CCH21

fv;iheve been examlned‘ There ere several weys 1n whlch
‘these complexes\can react Wlth chromlum(II) These o

'd'nltrlle complexes can undergo non—br1dged~outer sphefe“
*5reduct10n.if‘;fd-l;euf";idhnit}“l”“‘;:jf;dt'fwi_,:;"':f%-lf-‘“

‘(N§3)5C°NTCCHZX7»Wf;Cre?’Tff75NH3~+’9°} + N CCH2x +- Cr 2)6

J'Alternatlvely, halogen abstractlon can occur, accordlng
‘nto the reactlon -

(NH ) CON CCH2X3 v ot —= (NH ) CON CcCH

E 2,,
§ 5 ¥ + (H O) SCrX
wfﬁf; 37f‘f"*"i*7 5';'d,7"f'_-§>ﬁ»]j R (1 10)

uh_ﬂThls coordlnated radlcal could undergo several reactlons

-

®. Caw

ﬂﬁhxt COuld react w1th a second equlvalent of chromlum(II) t“'
@'produce the novel complex,ui e ’ g
'“d(whij'c:ﬁscCﬁ'ct(OHfj Bt L T e

:d"(lHQ)TF:
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P

3+-—_> (NH ) 5 CONE CCH2CH2C NCo(NH ) ey
S T R S It R ST D - R
_{'In‘additiOny 1ntramolecular electron tranfer mlght produce

2(NH ) CON CCH2

'd;fcobalt(II) and ox1d o

-lgand accordlng to the f

'reactlon e

(NI—I ) CoN CCH2 3,+. — SNH St co’?*"i,#' ‘NE'.C,_C,H on + _H“;’ Caiizy o
HZO T3 T e T2 T T

;A detalled study of the klnetlcs and products of these

'f“halogen abstractlon reactlons has been undertaken.‘,Theﬂ

*;;esults elucrdate the reactlon pathways, products, and the
xj klnetlc effects of coordlnatlon and changlng the halogen.,ﬂfz
| A detalled klnetlc 1nvest1gatlon also was. undertakenh:ﬁ
§ of the reactlon of chromlum(II) w1th the fumaronltrlle'th
| comp,l_ex I:-:lﬁ_- e it | T
(NH3) 5CoN CCH CHC N3 ) L Ry

1 15 RO e T

ﬂlUnllke the nltrlle complexes so far descrlbed,'complex'

aij 16 can undergo reductlon by a brldged 1nner sphere ~“f

s mechanlsm, 1n Wthh case the llgand transfer product

1*would be expected to bergg'f;:;lf~.v‘ﬂ:h
(H20)\5CIN:CCH=CHC:N SRRSO o

117
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'QQHowever,vlt 1s also known that chromlum(II) can reduce
oleflnic double bonds to yleld either. hydrogenated llgand
ilor organochromlum(III) complexes.3§ 37, Ylnetlc and

vproduct studles have been undertaken on the chromlum(II) bfad

,;reductlon of free and coordlnated fumaronltrlle 1n order

bto establlsh the major reactlon pathways and the effect

a"of coordlnatlon on react1v1ty.
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 CHAPTER IT §¢,'lj70"¢

. EXPERIMENTAL =

»'Reagenth'ud
o All solutlons for klnetlc studles were prepared

fgfw1th delonlzed water redlstllled from alkallne

'5m7permanganate 1n an all glass apparatus. Perchlorlc a01d

rjisolutlons were prepared by dllutlon of 70% perchlorlc

lfacrd (Allled Chemlcal Ltd ) and standardlzed agalnst

'rsodlum hydroxrde.. The sodlum hydrox1de solutlons were ;

"f.prepared by dllutlon of ampoules of concentrated reagent\9"’ o

'g(Flsher Sc1ent1f1c Co ).g Solutlons of llthlum perchlorate

r(Alfa Products, Lts ) were flltered through a 0 22 um

"5;M1111pore fllter (Mllllpore Corp ) and standardlzed by

““‘\tltratlon of the hydrogen ion- released from a column of ,17:"

~,Dowex 50W—X8 catlon—exchange re51n.¥a:
Chromlum(III) perchlorate solutlons were prepared ,’L'

‘f_by reductlon of prlmary standard pota551um dlchromate

: 1(B D H.) Ltd ) w1th hydrogen perox1de in: perchlorlc ac1d.n"ld'f“‘>

:'nafThe pota551um perchlorate prec1p1tate was removed by

-{flltratlon through a 0 22 um Mllllpore fllter.h,ihezf
zperchlorlc a01d content was determlned by treatlng ‘5 mL

’f”allquots of the chromlum(III) stock solutlon w1th 2 0 g

;,dof sodlum oxalate (J T Baker Chemlcal Co ) 1n 50 mL of

':water. The solutlons were heated to 70 80 C for



'j(;standard sodlum hydrox1de.a_For solutlons requlrlng -

.

,_4.-

f30‘mlnutes durlng whlch‘tlme‘hexaaquochromlum(III
.converted to trls(oxalato)chromlum(III) After4coollng y
-lto room - temperature, the solutlons were tltrated
lﬂpotent10metr1¢ally (equlvalence p01nt ca.apgdl 8) w1th
‘tfsmaller ac1d concentratlons, the chromlum(III) stock .. i»::_c
}solutlons were treated w1th known amounts of llthlum gl v
} lycarbonate. . DN B SR
. |Chrom1um(II) solutlons were prepared by reductlon.

xv-of chromlum(III)‘solutlons w1th amalgamated 21nc (B D H.,

.or

‘”ﬂtLtd ) The chromlum(II) content was determlned by

"”;ac1d and dllutlng to the mark.‘ Any 1nsoluble materlal

,;jox1datlon w1th an excess of standardlzed ammonlum ferrlc f”‘

H”sulfate solutlon (B H., Ltd ) The excess 1ron(III)

:was determlned by addltlon of pota551um 1od1de (B D H.,l

@

b'FLtd ) and tltratlng w1th a standard sodlum thlosulfatev{iﬂr':
1;solut10n.: Sodlum thlosulfate solutlons were prepared

'by dllutlon of concentrated reagent (Flsher Sc1ent1f1c>Co }Q
| fv Mercury(II) perchlorate solutlons were prepared by
1wwelghlng a known quantlty of yellow mercurlc ox1de 1nto

fa volumetrlc flask, addlng a sllght excess of perchlorlc'

W

”lwas removed by flltratlon through a 0 22 um Mllllpore"y -
: fllter.,g-pf:/g o B T T

e »"lﬂ”‘ e R
_Preparation’of’CompIexes{_L,vim

.'»'

Trlfluoromethanesulfonlc a01d (Aldrlch Chemlcal Co )

rlvwas used as supplledrand handled by standard syrlngelff‘



=S

L 15,

el

“bteChniques.. Reagent grade acetone (Ter0chem Laboratorles,

‘ thd ) and sulfolane (tetramethylene sulfone or l l leXO- &

‘,‘\

‘thlolane) (Aldrlch Chemlcal Co ) were stored over freshly
'heated (120°C) Dav1son 4A molecular 51eves and were |
Lfdtransferred w1th reasonable care to mlnlmlze exposure tob
fatmospherlc m01sture.“ All other materlals were of o
fljreagent grade and were used as supplled unless otherwlse
bnoted Preparatlons ln acetone or sulfolane were - ‘done.
fxlln Erlenmeyer flasks closed w1th rubber serum stoppers;

' The preparatlon of [(NH3)5COO3SCF ](CF SO
38

NP
has been reported prev1ously by Dlxon et al -andvthe

"ffutlllty of u51ng thlS reagent as. a startlng materlal for

‘ ffthe synthe81s of pentaammlnecobalt(III) complexes has

II l,‘

..ﬂbeen descrlbed Reported here is an alternate preparatlon7,f

‘l:ffof II -1 whlch uses" readlly avallable and 1nexpen51ve

h:f'reagents and makes eff1c1ent use of the trlfluoromethane-ff'

"fsulfon;c_ac1d,3?;':” s o

'*_}l,: Aquopentaammlnecobalt(III) Trlfluoromethanésulfonate,f/”'

oA

To a well-stlrred solutlon of 150 mL of concentrated

“rammonla,vzoo ml- of water and 33 g of ammonlum sulfate was

'1”added 60 g of cobalt(II) sulfate heptahydrate.“ Then 50 ij“~3'

‘lffof 30% hydrogen perox1de was added slowly to the cobalt({I)

'"solutlon whlle warmlng on a steam bath Heatlng was -

'/.



' ﬂacoeff1c1ent at 492 nm

: ac1d to an aqueous slurry of the requlred amount of

y'contlnued for 2 h and then the solutlon ‘was cooled and
_ J

-neutrallzed Wlth 50% sulfurlc acid ' The solutlon was
refrlgerated overnlght and the - red crystalllne product

collected by flltratlon.v The cnPde product was dlssolved

. in, 400 mL of warm- water contalnlng 40 mL of concentrated. a

“ammonla.- The solutlon was flltered and neutrallzed w1th‘
kconcentrated sulfurlt ac1d Neutrallzatlon 1s 1ndlcated
fkby the colour change from reddlsh purple ((NH3)5C00H)

' to reddlsh—orange((NH3)5COOH ) ﬂt After coollng at ice -

7urtemperature for several hours, the red crystalllne

| product was collected by flltratlon, washed w1th 1ce cold -

“,'water and methanol, and alr drled to yleld 40 g of

*product. Thls product has not been characterlzed @ully,

« but sulfate analy51s, ‘as BaSO4, and the molar extlnctlon
40
(V/—/, ‘ . o ‘:

fas [(NH CoOH ](SO4)(HSO ).

3)5 | _
The sulfate salt was converted to the trlfluoro—

methanesulfonate salt by treatment w1th the StOlChlometrlC

'amount of barlum trlfluoromethanesulfonate, The latter .
,was prepared by slowly addlng trlfluoromethanesulfonlc
. v/
'sbarlum.carbonate untll all of the carbonate dlssolved.

'thhe sulfate salt (40 g) was dlssolved 1n 400 mL of warm ff.

'":;water ( 60°) and the barlum trlfluoromethanesulfonate

"g;solutlon added slowlvalth strrrlng-h The,m;xture wasytyf

B T N e RN NP ARL
e T T T e T T

are con51stent w1th the formulatlon e
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fdlgested at 60 7.0° for about 1 h, then cooledﬁto room

temperature. The BaSO

4,was collected by flltratlon on a

0. 22 um Mllllpore filter. The flltrate was evaporated to

dryness on a vacuum line whlle collectlng the wateryln

| ! !

fa large volume trap cooled in llquld nltrogen.' Any excess

&' /

CF3SO3H w1ll be removed at thlS stage, and excess

‘ Ba(CF SO3)2, whlch may be present does not: affect

hsubsequent preparatlons.‘

" 2. Trifludromethanesulfonatopentaamminecobalt (III) Tri- -

fluoromethanesulfonate, [(NH3l5Coo3SCT3l(CF3§Q312;

The aquopentaammlnecobalt(III) trlfluoromethane4

lt.sulfonate complex loses water when heated at lOO llO°
v,’ln vacuo to ylgyd trlfluoromethanesulfonatopentaammlne-
:cobalt(III) trlfluoromethanesulfonate, (II—l) The

jdehydratlon step has been carrled out on 5- lO g samples

' elther 1r a vacuum drylng tube, or in:a tube furnace

p,The dehydratlon seems to requlre 2-3 h, but routlnely
'T'has been done overnlght to ensure completlon ' Thev o

'product has a plnklsh—purple colour, and is reasonably

o

stable toward hydratlon in alr,.although normally 1t has

2\
been stored 1n a des1ccator over calc1um sulfate.

"Anal. Calcd;for,[(NH

COO SCF ](CF SO ) C, 6. 09,

_ }3)5 3 3!
H, 2.56; N, 11.84. Found: Vc, 6. 23, H, 2.55; N, 11.14.
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3;i,Acétonitrile‘cd@pléx,’[(NH3LSCONCCH3]KC10AL3;

Into 12 mL of sulfolane was dlssolved 2.6 g of
[(NH ) CoO3SCF ](CF SO ) ot (I1-1), followed by the addltlon

of 4 g of acetonltrlle. The mlxture was malntalned at

45° for 1. 5 h.durlng Wthh tlme the solutlon changed from

: N
red to brlght orange. The solution was then cooled to.

room temperature, dlluted w1th an equal volume of water

L

"and the . complex 1solated as’ 1ts perchlorate salt by slow
addltlon of perchlorlc»ac1d. The complex was recrystalllzed

‘ tW1ce from dllute perchlorlc ac1d The SOlld obtalned was,

E A

, washed w1th ethanol and dlethyl ether, and air- drled.
“Bnal. caled for [(NH )5C0NCCH T(cl0,),: ¢C, 4. 97; H 3.75;

"N, 17.38.° Found. C, 4.95; H, 3.63; N, 16 82.

: [

4. qxanbacetamidéfcdmplex; [(NHBQSCONCCHéc(o)NHZ](cloAlg; .

‘A 1. 7 g- sample of cyanoacetamlde was dlssolved in.

20 mL of a sulfolane solutlon contalnlng 2 3 drops of

CF3SO3Hf, Then 3 g of II-1 was added and the solutlon was

'stlrred at room temperature overnlght. The resultlng

‘orange solutlon was added slowly to 600 mL of a rapldly

.stlrred solutlon of dlethyl ether and sec—butanol (5: l)

/___...

B The complex was recrystalllzed from dllute perchlorlc

ac1d and then subjected to catlon exchange chromatography

f'at 5° on Dowex 50w—x2 1n the H form The complex was.

eluted w1th 2 M NaCl (pH 4 5, acetlc ac1d/sod1um acetate o



buffer) The band of re51n contalnlng the de51red product

. was separated physically and the product removed from
the resin w1th_6fM HC1. The solutlon was treated with

‘concentrated‘perchloric acad‘and/cooled to O° to obtain

‘the perChlorate salt. The orange complex was recrystal—‘
llzed from dllute perchlorlc ac1d ,washed with ethanol
and ether, ‘and- air- drled

Anal Calcd for [(NH CONCCHZC(O)NH ](c1o C, 6.84;

3)5 4’3:

5. Succinonitrile complex,‘[(NH3L5cONCCHZQEZCN](cloﬁl3;

A 29 sample of succ1non1tr11e was dlssolved in 20

‘mL of sulfolane to Wthh had been added 4 g of II- l.v

After 4 h at room temperature, the orange reactlon mlxture.‘

ﬁwas‘treated w1thu30 mL of water, followed by slow addltlon
;ofTCOncentratedtperchloric'acid. "The v1scous solld was
'vallowed’to Settlebath0°c} flltered and recrystalllzed
-from dllute perchlorlc ac1d The product obtalned was

1on—exchanged on Dowex SOW—XZ resln, and the complex was

) 1solated as descrlbed preV1ously. The orange product was;

-

lrecrystalllzed from dllute perchlorlc a01d washed w1th
“ethanol and etherJ and air- drled . "‘h‘ PO

- Anal Calcd for [ (NH,) .CONCCH,CH CN](ClO ¢, 9.19;

3)5 2 4)3 19; -
H, 3.67; N, 18.76.,fFound.A,b,‘9@l4; '3.53; N, 18.74.

19.



6. Methylcyanoacetate Complex, [(NH3) CoNCCHZCO CH, ](clo )

In.a typical preparation, 4 9 of II- -1, was dlSSOlVed

'»in 20 mL of sulfolane whlch contalned 2 3 drops of CFBSO3H,

Aand then 4 g of methylcyanoacetate was added The reactlon’

05

:was allowed to proceed at room temperature for 6 h.
_ Isolatlon of the product was achieved by dllutlng the

' reactlon mlxture w1th 30 mL of water; followed by the slow
addltlon of perchlorlc a01d w1th stlrrlng. After coollng
-.at 0°, the product was flltered off ‘and recrystalllzed
from-dllute perchlorlc acid. The SOlld obtalned was . .
:charged onto a column of Dowex 50W~X2 re51n and 1solated |
- as descrlbed prevlously; vThe complex was-recrystalllzed .
from‘dilute perchloric acld; washed withiethanOl and .
ether, andvairédried R o | '

Anal Calcd for [(NH CoNCCH CO

| 3)5 2C0,C 4)3*
‘H, 3.72; N, 15.52. Foind: ¢, 8.42; H, 3.55; N, 15. 35.

CH, ](c1o C, 8.87;
Preparatlon of thlS complex 1n sulfolane w1th mlld

‘heating (40 45°C) reduced the reactlon tlme to 2 h. The

complex can also be prepared u51ng acetone as solvent

'1nstead of sulfolane, and wlthout the addltlon of CF3SO3H.

4

‘The reactlon tlme at: room tempenature was 10 h ' Af e -

2=

7. Cyanoacetic Acid Complex, [(NH )e 5CONCCH

A 2 5 g sample of the,methylcyanoacetate complex was

A_dlssolved in 70 mL of 3 M HCl and allowed to react at room T

2co H](Clo )3','

20.

_—..—..—.—.—.—_—_—.



temperature for 24 h. The reaction mixture wasAfiltered
and then treated with concentrated perchloric acid. After

~standing at 0° fopy several hours; the orangebsolid‘Was

E i . —_

T ——

collected and»subjected to cation-exchange chromatography
on Dowex 50W—X2 resrn. The'eluent concentration wasb

1ncreased from 0.25 M NaCl to 1. 0 M NacCl (pH 4.8) in

\

\

order to separate the cyanoacetate\compl X,from,the more

easily eluted chloropentaamminecobalt(III) imPUf%EX;,////

and from the more dlfflcult to elute unreacted methyl-'

Al

cyanoacetate complex. Treatment~of the phy51cally

e 1solated cyanoapetate band w1th 6 M HCl removed the complex

f

"from the resrn. Addltlon + of concentrated\perchlorlc-

RN

a01d effected prec1p1tatlon of the de51red complex.'
The product was recrystalllzed from dllute perchlorlc
‘ac1d, washed with ethanol and ether, and alr—drled

Anal. Calcd for- [(NH,,) CONCCH,CO H](C104)3 e, 6.83; -

| 3's 2 |
. H, 3.44; N, 15r93.;1Found. Ci 6.87; Hy 3.40; N, 15.90.

8.' MalononitrllevComplexlﬂ[(NHjLSCONCCHéCN](C104L5L

Into 10 mL of sulfolane was added 2 g of £ eshly
\*h vacuum dlstllled malononltrlle.’ The mlxture wa' allowed
\ to stand over molecular 51eves.for 4-h. "The sieves were
removed by flltratlon and 20 mL of SUlfOlane, 2 .8 g. of
SO, H were: added to the flltrate

3 3
w1th stlrrlng. After standlng for 18 h at room temperature,'

"II- l and 0. 4 g of CF

the brlght orange solutlon was added Slowly to 300 mL of

s

h;» ' . ' ' ' '(‘” = N '>/’/ .
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rapldly stirred. ‘ether. The resulting oil was washed
three times with ether by decantatlon and recrystalllzed
from dllute_perchlorlc acid. The product‘was dissolved
in 0.1 M HBr, fiaterea' and 10 gvof tiBr'added.to the
filtrate. The solutlon was cooled and a plnk 1mpur1ty
was reﬁoved by,flltratlon. ‘The flltrate was heated with
solid'Na'ClO4 and after cooling, yielded a yello;
”prec1p1tate whlch was: collected by filtration. The treat-
ment with HBr, LiBr and NaClO4 was repeated.. The resulfing
product was recrystalllzed from dllute perchlorlc acid,
washed w1th ethenol and ether, and alr—drled. |

Anal. Calcd for: [ (NH;) ;CONCCH,CN] (C10 AR c, 7.08;

H, 3.37; N, 19.28. Found c, 7.22;°H, 3.52; N, 19.25.°
9.~'Ch10roacet0nitrile Complex;‘[(NH3L5CoNCCH2Cl](C104L3;
T — T T —

- A 3. 3 g sample of freshly dlstllled chloroaceto~

:nltrlle was d13501Ved in 40 mL of sulfolane contalnlng
molecular sieves. Aftef standing for 4 h, the sieves -
were removed by flltratlon and 3 g of II- l, 0.5 g of

CFBSQ3H and an addltlonal.zo mL of sulfolane were added.

The sdlution/waeéaIIOWed to stand overnight at.room
temperature. The’reddish—orange solution was added slowly_j

to SOO'ﬁL'ofhrepidly stirred ether. The oily residue
 obtained was washed three times with diethyl ether and

air-dried. 'The‘ptoduct~Was dissolved in 0,0lqM‘HCI;-



vfiltered,and thehbprecipitated by the addition of solid
NaClO4. ‘The orange solid‘was recrystallized twice from-
dilute perchlorié acid, washed with ethanol and ether,
and air-dried.

Angl. Calcd for [ (NH

CONCCH2C1](C104) C, 4.64;

3)5 3
H, 3.31; N, 16.23. Found: C, 4.54; H, 3.34; N, 15.93.

10. Iodoacetonitrile Complex, [(NH3L5C0NCCH211(C104L3;

The iodoacetonitrile ligand was prepared from
chloroacetonitrile using the procedure of Merbach and

Biinzli.41

The cobalt(III) complex was prepared by
dissolvihg 6 g of iodoacetonitrile into 20-mL‘of su%folane
COntaining molecular sieves. The solution was aliowed
to stand for 6 h. The_molecular‘sieveé were filtered .
| off aﬁd 20 mL ofvsulfoléne,_Gbg of II-1 and 5 drops of —
CF3SO3H were added. The solution was allowed to stand

‘at room temperature,-and.after‘20 h, the mixture had
partially reacted to form a reddish-orange solution and
"an orange precipitate.“ The solid was redissolved by
addition of 20 mL of sulfolane and the reactionvwas
allowed to prOcééd overnight at 40°C. The warm solution
was added slowly to.a stirred solution of 500 mL of ether.
The resultihg oil was washéd three times with ether and

. air?dried;' TheJrésidue was dissolved in 80 mL of 0.02 M
HC1 at 40°c, filtered, and péréhloric.acid added dropwise

to affect-preCipitatiqh, The yellow4brange solid was

23.



_recrystalllzed from dllute perchlorlc aC1d washed w1th

: .l
ethanol andjether, and alr—drled.

.Anal. Calcd for [(NH3)5C0NCCH I](clo ) C, 3.94;

in;-z,sl; N, 13 79 - Found: c,.3,83 H, 2:8157N¢‘13§7l}1_;:-}

jeliLjFumaronitrile cémplex%*t(NH3LSCch¢HCHCNl(C10413#

J .

A solutlon contalnlng 4 g of II 1, l l g of fumaro-;:'

lnltrlle and 2 drops of CF3SO3H 1n 20 mL of sulfolane wasgj‘jf;-7h

"fallowed to ‘react at room temperature for 48 h. 5Thef

:‘f resultlng orange solutlon was added to a rapldly stlrred

s, . @

Av’mlxture of - 100 mL of 2 butanol and 500 mL of ether. ,The

U"FSOlld was collected by flltratlon, dlssolved in 30‘mL a e

“jof 0 1 M HCl, and prec1p1tated by addltlon of concentrated B

'd:perchlorlc ac1d. The product was recrystalllzed from’bl

I

fﬂO L M perchlorlc ac1d and then subjected to’ chrOmatography‘vfh“’

”fjon Dowex 50W—X2 resrn 1n the H form j The product was

<-separated from 1mpur1t1es by elutlon w1th 2 M NaCl (pH

”j.4 5) and removed from the re51n in: a batch method w1th

',t6 M HCl.f Concentrated perchlorrc acrd was added to the

O .

ff,HCl solutlon to pre01p1tate the perchlorate salt ThlS

';'was recrystalllzed from dllute perchlorlc acrd, washed

-

' tw1th ethanol and ether, and alr—drled

. Anal. Calcd for [(NH oNCCHCHCN](ClO c, 9.23;

L 3)5 4)3 . ERRPERN
;W_H, 3. 29, 18, 84.. Found 9 21 H, 3. 21 N,”ia 67
Subsequent work revealed that the 1on-exchange step

o may be replaced by several recrystalllzatlons from dllute
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. .'@ ) o

‘”perchlorlc aC1d. The complex can also be prepared u51ng‘o

*’acetone as solvent w1thout the addltlon of CF3SO3H. = oo

"vd‘CharaCterization’of'Complexes'“

R

ﬂlElectronlc Absorptlon Spectra

The wavelength max1ma and extlnctlon cdeff1c1ents fonﬂ;jy'

1‘the complexes synthe51zed are summarlzed 1n Table l._ -'!%%?:L

.:st;Two observatlons should be noted.. Flrstly, the band

k.

hg‘max1ma are at wavelengths more 51m11ar to those of nltrogen—ﬂf'

7ﬁ;bonded (NH3)6 3% than to oxygen bonded (NH3)5CoOH23+ E

‘lsfor all the complexes regardless of whether the llgand

VE'has only nltrlle functlons or has a nltrlle and another

"vfnpotentlal coordlnatlng group., These results suggest that

tjall the complexes are. coordlnated to obalt(III) via the
’ /

-

f,nltrlle nltrogen. Indeed the spectra closely resemble

3

:'ythose of other nltrlle complexes of (NH ). Co reported

'mlprev1ously.42' For the cyanoacetamlde complex, coordlnatlon

<_rthrough the amlde nltrogen would be expected to yleld a:

S e - ) L
_complex w1th max1ma 1n the 478 486 nm reglon.27."42 On -
'hthe other hand coordlnatlon v1a an oxygen atom of

‘T_cyanoacetamlde, cyanoacetate or methylcyanoacetate should

"‘yleld a band max1mum at a wavelength greater than 500
27 28 32 43, 44'

'1] nm. \ In addltlon, wlth respect to the 1atter

v.tysecondly, an absorptlon max1mum 1s observed at 467 468 nm l.l

[EE—

: system, coordlnated ester COmplexes of (NH ) Co3+ appear ,g_i_



- f'qTable‘1

l;Visihle'hhsqutioh‘Spectra'OfrPehtaamminecobalt(III)"“

- Complexes®

L Visible Absorﬁtion;Mak;ma;'t

 AgarnmieM lem™ly

X - f&’b-. o L Sl
: (NH3)5CoOH2 RSN 1 492(47.5),346(44.5)
.-jma3>5c°un33. b 475(5647),339(45.8) ¢
: ﬁf&uﬂ3)5concca33 € "Vf]*468(60;4) 335(52.6)5
n,g(NH3)SCONCCHZC(O)N523+““::':H ot j467(63 3),333(58. 4)ifﬁg"

3+ 't77467(6o 7, 333(54 4y

'fiﬁ(uﬂ )SCGNCCHZCHZCN
IT(NH3)5C0NCCH2C02CH33H %1[islhnfi. ffj;467(64 -3), 333‘58 9

| ;XNH3)5C0NCCH2C02H3 ‘dh*if,tih.ff"i  467(69 5), 333(62 5)1‘“

.3'f€(NH3)5CoNccHZCN3+ 4., ftﬁ}f:x” “s'jﬁelh467(62 9), 334(63 6)

‘li&ff(NH )SCONCCHZC13+ jyif,f i;fl‘;vai'f467(62.4),333§56e8):?ff
h{a(NH3)5CoNCCH213f 3’;fEt:htfﬁ',h;‘v-a}4§g(66 " i

‘(NH3)5C0NCCHCHCN3 T :'467(74 3)

’._aAll spectra recorded in 0 50 M % 104 unless otherwise noted.-
‘»"bDixon, N. E., Jackson, w G., La ster, M J., Lawrance, G A.;

' Sargeson, AL M.’Inorg. Chem. 1981, 20, 470.,"""

'uisicThese values are in reasonable agreement with those reported.'5fv5

"f‘Jordan, R.B., Sargeson,“ M. 3 Taube, H. Inorg. Chem.‘1966, ELZ1°912,:'f‘

“_.dThese values are in fair agreement with those reported- Creaser,_

o g I., MacB. Harrowfield, J.; Keene, F.R,: Sargeson, A. M. J. Am;:Cﬁem;;‘L

Soc. 1981, 103, 3559.2 o
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vto be lablle to substltutlon 44 The‘methylcYanoacetate"

'complex 1solated shows no such rapld decomp081t10n ln g

li-solutlon.'ﬁ

rInfrared SPeCtréis.f'

The nltrlle stretchlng frequencres of the complexes

ﬁ-7stud1ed here are summarlzed 1n Table 2 along w1th the

15

‘)5correspondlng fréquencles for the unc0mplexed llgands.

"fﬁmethylcyanoacetate and cyanoacetlc ac1d

. Coordlnatlon to cobalt(III) has 1ncreased the v(C N) by
l Slmllar behaV1our has been observed in i
'42045 '

'*f}45 so cm

“,'analogous systems - and 15 dlagnostlc of complex

";formatlon v1a the lone palr on the nltrlle nltrogen.QGﬂijﬁ" o
: &

”,Slnce thls 1ncrease lS observed 1n the cyanoacetamlde,jh',h,xj‘

plexes, thlS'

7:const1tutes further ev1dence that the n1tr11e group and

hnot other functlons on the llgand are coordlnated to

”.'v}cobalt (III) For the dlnltrlle substltuted llgands 5

':succ1non1tr11e, malononltrlle and fumaronltrlle,.complexa—

'”.Afln agreement W1th a formulatlon in whlch ohe n1tr11e_.'

.ptlon produces two bands in- the nltrlle stretchlng reglon ']f.f

B group 1s coordlnated to cobalt(III) whlle the other
'*Qremalns uncomplexed 5 The 1ower energy vrbratlons observed”b
‘vfufor these complexes are very srmllar to those of the free -

'3.111gands, and on; thlS ba51s,,were ass1gned to the

xuncoordlnated nltrlle functlons. ‘.»Vr'



Tahie 2

. Nitrile

and Carbonyl Stretching Frequencies for Some

(NH3)5C0 Complexes

tgana

?v(c5N);cn713 v(c—o) cm -1

- Complexed® fnee.iiqand'A Complexeda : Free:Ligand S

NegHy

".liNccnzcm ij_ >
’.;NCCHZCH2CN

‘Wuécﬁzéi‘
‘T‘NCCHZ

' "t'Nccuzc(o)Nn;-
”liNCCHZCOZCHa

iznccnzcoza

P

o fnccncHCNw..“

o 2337. - .o 2283

2300 i 2243

2323 22590

k';2333iafﬁ‘"z'”;n:vééQOPd'ti‘;~e5ii§57ifkaf =:h17505‘1”,il
Do amd T wmmt
~iﬁm341 2272c’1._ne32272a7:4i SR |

i‘fzaze 2260°,ii f7-2254ad,o.”

:;230;,2_240_"‘ ol 22402 0 el

L'“bSpectra
'..cThis is

;ﬁhaligandalii

-

éspeotra obtained using Nujol mulls and KBr disks.‘:o:f
obtained as neat liquid.

assigned ‘to the uncoordinated C’N from comparison to the free



,gfam de
‘”T_ac ds
v‘tenergy shlfts (15 150 cm‘ ) of the carbonyl stretchlng

B -frequen01es. In the present serles, ShlftS to hlgher

.

Also glven 1n Table 2 are the carbonyl stretchlng

<

‘frequenc1es for coordlnated and free cyanoacetamlde,

'*methylcyanoacetate and cyanoacetlc ac1d Coordlnatlon

'to cobalt(III) at elther the oxygen or nltrogen in 51mple"

3'47 or ‘to oxygen in esters4~4 and carboxyllc.r<ff

47,48 has been shown to: result 1n appre01able low :

i'energy are observed. At 1east for methylcyanoacetate f**

'*and cyanoacetlc ac1d the shlfts are small (7 15 cm ;55_‘Qw“,~

—r

fand probably arlse from 1nduct1ve effects brought on by |

- fcoordlnatlon of cobalt(III) to the remote nltrlle functlon._

’*-For cyanoacetamlde, the hlgh energy sh1ft 1s somewhat

-1,

"la€ger (40 cm’ ).f ThlS may reflect a loss of 1nter—

E imolecular hydrogen bondlng between amlde groups upon

.coordlnatlon of the 11gand to cobalt(III)

Flnally,‘all of the complexes studled showed the ? 4

I ;Wcharacterlstlc v1bratlons of coordlnated ammonla for

jpentaammlnecobalt(III) in the 3300, 1630 1350, and 830 3y’1f<:r

,cm”l reglons.égivjf”

NMR Spectra{g‘_;;v

The proton chemlcal sﬂifts for the complexes studled
'T;are glven in Table 3. Spectra of many of these complexes -H‘v
Hﬂ‘could be obtalned only 1f a01d was added to the D'MSO--d6

v.;solventgg Sargeson and coworkerssp

"-'l‘

found that complexes



o el L S 1;, Table 3 -

Proton NMR Data:bf Pentaammiﬁecobalt(IIIf.Complexesa'b s

Complex Ivf,"traﬁs NH3”"'; };éistH3 .‘ ',i ;Aqﬁﬁeré

S

| (NH4) gCoNceHy 3t S 671 .7 6v26 7.46(CHj)
(NH3)CONC(CHy) o3t 6.63 - . 6.23 ' 6.73-7.16(CHy=CH,)¢
| (NH,)CONCCH,C{OINH, 3 6,60 ... 617 - © '5.94(CHy)

. 2.50,2.28(NH,)
~ 6-30(cHy)

(NH3)5C0NCCH2C02H

2 :>6;63~~ _1H   '7iT6;264 1  14‘1; 54?6(cH2)‘ 
‘(NH3)SConccu2c13+ o *”%?6;61:“”2iff g ';"6;15_-1; f{  , 4. 95(cnz)'
"  T‘NH3)5CoNCCH2I3 FJ.?i'ﬂf 6555”\?._.1;'  “;6?’3:;f".vt-'_ 5.81(CH,) i

(NH3)5C0NCCH2CN3+ i ooeu50 0 64120 5.1-5.2(CHp)®

‘aRéédrdéd“in Dﬂéb;ds.jusﬁifﬁg réléti;é“tov#he;fesiau;;ﬂsolveﬁé é;éﬁéhs'; ‘
ati7.48 T. j:?ii“ o s»'o." S R o
-ib1-2 drops sto4 added.; | ‘
Complex multiplet due to non-equivalent -CH2 groups. B
" ;dcomp1ex multiplet due to non-equivalent -CH- groups.'v

. eBroadened resonance due to proton exchange.-
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.

contalnlng an. actlve methylene group readlly deprotonatev
and that the carbanlons generated undergo 1ntramolecular

‘electron transfer accordlng to’ the reactlon

- (viy) CONCCHR2 e 5NH3 ¥ Co2+ + NCC.HR

/,
/

vAddftion of aCid‘Suppresses carbanion‘formation and

subsequeﬁ% decomp051tlon.

All of the spectra exhlblt resonances 1n the 6 l 6. 3 t
~and’ 6 5 6 7 T reglons w1th an 1nten51ty ratlo of 4:1.

'4

'rThese resonances are ass1gned to the c15—-and EEEEE ammine ;
protons, respectlvely Other resonances in the spectra‘
'?:are readlly a551gned by comparlson to the spectra of thth‘
free llgands. It 1s worth notlng that broadenlng of . |

: the methylene resonances in the malononltrlle (ca. 12>Hz)
'fand cyanoacetlc acld complexes (ca. 5 Hz) are observed, |
-suggestlng proton exchange wrth the added a01d is. occurlng.lﬁ'

»_The cyanoacetamlde complex shows two dlStlnCt resonances;

".' at 2 28 and 2.50 T whlch are a551gned to the NH2 protonsv

»of coordlnated cyanoacetamlde.c The analogous resonancesnﬂ
1l1n the free llgand are observed at 2.38 and 2. 69 T.. Twoib
resonances are observed because part1al double bond
“character causes restrlcted rotatron around the c- N bonle
ﬁln the carboxamlde functlon.s;h:l:_'a *figf"” : j;-: Eh‘: Y

The proton NMR spectrum of the»succlnonltrlle complex s

vls shown 1n Flgure l In addltlon to the characterlstlc':

resonances of the c1s- and trans—ammlne protons,van A2 2
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'spectrumsz of the coordlnated llgand‘is ohtained; This
'arise51because the chemical shift‘difference'betweenhthe
two 4CH2- resonances is smallvrelatime to the coupling
:COnstant'between them. However, a detailed analjsis of

the spectrum was not undertaken ow1ng to the complex1ty

s

of the spllttlng pattern and the fact that some of.tﬁe
',resonances are masked by the trans —ammine - protons at
6. 63 Te

Also shéwn in Flgure 1 is the proton NNR spectrum of
the'fumaronltrlle complex ' Here‘an AB spectrumsﬁl is -./
generated for the llgand protons. The coupllng constant //
was found to be/16 5 Hz, whlch is characterlstlc of a :

b'trans arrangement around the double bond 54 Therefore7~

‘the llgand has not 1somerlzed durlng complexatlon to:

Afcobalt(III) : The chemlcal shlfts of ‘the 1nequ1valent

protons were calculated to be 2 70 and 3 00 T.. Uncomplexed
"lfumaronltrlle eXhlbltS a resonance at 3 16 T, and on

thls bas1s, the low fleld resonance in the complex is:
vassrgned to the proton ad]acent to the nltrlle functlon:_

”coordlnated‘to cobalt(III);_v

- Kinetic .Measurements.

All chromlum(II) reductlons were done in. solutlons

-_deoxygenated w1th hlgh-purlty argon and handled u51ng
S

'-»standard syrlnge technlques. The klnetlc data for the-

'relatlvely slow reactlons (tl/2 > 60 s) were collected on



=
s

:a Cary ‘219 spectrophotometer equlpped w1th a water c1rculat~

_1ng temperature control system where water was passed |
| ‘from a thermostated water bath through the: metal cell
holder.. Faster reactlons were studled on an Amlnco-MorrOW

&
. stopped—flow apparatus. modlfled in. that two three—way

% : .

‘Hamllton valves were added to the 1n1et system to. permlt
,anaeroblc adgltlon of reagents to the stopped flow storage
ICOmpartments.: The drlve syrlnges in- the stopped-flow
rapparatus were thermostated ‘with water c1rculated from~
a. Colora constant temperature bath ‘The temperaturefwasv -
"controlled by a\Thermlstemp Model 71 control devlce w1th
'the thermlstor sensor 1n the temperature bath.. The »
;temperature was checked w1th a ﬁorlc Model DS~ 100 T3 dlgltal
_readout thermometer coupled Wlth a copper constantan
,'thermocouple Wthh was perlodlcally 1nsertec 1nto thei
'storage syrlnge compartment. o

/’"Data from stopped flow studles were . analyzed by an - ™
analog cbmparlson technlque. The transmlttance tlme‘_
-v_curves were' stored on: a: Tracor NS~ 570 51gnal averager and
:then.output topa dual trace‘osc1lloscope for'COmparlson
“to a'Syntheticiexponential decay curve.c The.time constaﬁt
for. the synthetlc curve can be changed-hy varylng the L
- re51stance in the c1rcu1t. The system was callbrated bY

recordlng synthetlc curves on an X- Y recorder and calculat‘.

‘1ng the rate constant 1n the usual manner.‘ Values were

i
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within l% of'those expected from'the‘resistance'setting.
~An uncertalnty of 5% is expected in matching experlmental
and synthetlc s1gnals because of 51gnal to n01se levels:'
‘ For the chromlum(II) reductlons of the fumaronitrile
. ’ompiex ofbpentaamminecobalt(III),‘the:initial rapidf-
///ff;action necessitated'monitoring the reaction‘under
\\\giecond;Orderlconditdons (the ratlo of reductant to ox1dant'
-
| was' less than 5: l) " The low chromlum(II) concentratlons
used requlred spec1al precautlons to av01d ox1datlon of
the reductant. Degassing of solutlons,waS'achleved by
h_pa851ng hlgh—purlty argon through two chromlum(II)
scrubbers. To mlnlmlze the dlffu31on of oxygen into the>
vvargon flow, the argon was. passed through tygon tublng thatu
had - prev1ohsly been 1nserted 1nsrde thlck—walled rubber :
"tublng. Also, platlnum syrlnge needles 1nstead of the
"usual stalnless steel needles were employed for both theu~
'dega551ng of solutlons as well as the syrlnglng of .
reagents. -
“The transmlttance—tlme curves for thls reactlon were
recorded on a Tektronlx storage OSClllOSCOpe and were

permanently recorded on’ Polar01d fllm \\The rate constants

1were obtalned from the:eguatlon B
| Qn{_l-“[.(l-'-b/a-) ((VA»(‘DEAOO)/VV(Aé-Aw)‘")]'}" = (b-a)kt + an(b/a)  (2.)

‘where b is the 1n1t1a1 reductant concentratlon, a. is the

‘lnltlal ox1dant concentratlon, Xk 1s the second order rate

i



co.nstant_(M—1 s_l),.and Aé; A_ and A are the absorbancies
atltw= 0, t and =, respectively.ﬁ

.For most of the reactions studied, pseudo-first-order
’conditiOns were employed (the ratio of reductaht to’oxi—
- dant is greater than 10:1). Where monophasic behaviour
was observed the observed rate constant was, determlned
from’the.slope'of a plot of zn(At—Am) versus time. Such
.piots were usualiy/linear to more than>95% of reactioﬁ.‘
In other systems, more’ compllcated klnetlc behaviour was‘

:observed and reaction schemes of the type , t

X, k.

A —2. 35 —2» ¢ o o (2.2)
and _
A ~——» B ——» C — D ' : (2.3)

p
wereArequired'totekpla;n‘the data. There is*no;simple
.4 equatlon from which the rate constants and extlnctlon
 coeff1c1ents of the varlous spec1es can be calculated
directly f;om the data._‘Spch,datafwere handled us;ng
the procedures described.ih Appendix A.

hihé activatioh oarametersowere obtained usingtthe

ttansition%state equation‘.,'

‘o

_zn(k/T)'=;—AH%/RT + AST/R +.zn(kkB/h) SRR . (2.4)

where k is the specific rate constant, kB-is Boltzmann's
) constant,:R,is_the gas_Constant, k is the transmiSSion
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coefficient which is assumed to be equal to 1, h is Planck's

constant, T is the temperature'in °kK, and AH' and AS=rL

~are the enthalpy and entropy of activation, respectively.

* and AS*

values of AH were obtained by non-linear least-
squares fitting of the kinetic data at these temperatures
to equation,&2.4).
Analyses L
| -

v‘Elemental analyses for,C,,H»and N were?performed_ﬁy

"the Mlcroanalytlcal Layﬁ‘atory at the University of

; ”*K

v

Alberta. Chémlstry Dep@ﬁ&ment Special analytlcal S -

procedures are descrlu glow. o e

‘Cobalt:_’
w“
The percent cobalt in a cobalt (III) complex was .

55

determlned by the method of Kitson. A sample contalning

*about 0.02 mmole of cobalt(III) was dissolved inis mL of
0.1 M NaOH and,hydrolyzedcnear 80° for several hours.

‘The solution was.cooled, 2.0 mL of concentrated HCl

<

added and heating cOntinued for 20-30 minutes; &fter
coollng, 2.5 mL.of 50%. aqueous NH4SCN and 25 mL of acetone
were added. The solutlon was ‘brought to 25°, dlluted to
50 mL with water and the absorbance at 622 nm recorded |

_The amount of cobalt present was calculated u51ng.the'

molar extlnctlon coeff1c1ent of 1786 M l cm—l.

[

The determlgftlon of the amount of cobalt(II) in

 an unknown sample was, ascertalned as above, except that-:

2N

v



. ‘the base hydrolysis reaction and. heating were omitted. -

Chromlum
‘»The chromlum concentratlons of solutlons were
3udeterm1ned spectrophotometrlcally after conver51on to'
_chromate.‘ The oxldatlon of chromlum(III) spec1es were'
o carrled out 1n ba51c solutlon (flnal solutlon l 0 M in
'};NaOH) w1th iydrocen perox1de.r Excess hydroéen per ox1de
pwas destroyed by b0111ng the solutlon.r The-chrcmlum
;concentratlon was determlned from the absorbance at

5372 nm where the extlnctlon coefflclent of Cr042 s

'4 815 'x 103x M }:. | ‘_':1‘,;;_'_-_
.,.stoichiometrygand Product Analysis. | -

= - - " . : )
T B . o S L '

“The's’toi'ohiofnetrie's 'of"t"he chrom"i‘um-('I'I)' "'r”ed'uct'ions‘

Tt

bfwere determlnedfby analy21ng for- the chromlum(II) 1eft
‘fafter complete react10n>of the llmltlng ox1dant._ The S
amount of chromlum(II) remalnlng was ascertalned bydlt;vh
”ivreactlon w1th excess 1ron(III) whlch was determlned '&f\'
”e.lodometrlcally vr;”r:.'V.}‘:‘gd;d‘jx:;' |
S The products of reactlon were separated u51ng 10@r
'f‘exchange technlques.‘ Dowex 50W X2, Dowex 50W—X8 and |
_Séphadex SP 025 catlon exchange re51ns were used :fné<~'

_ flrSt two re51ns were pretreated w1th 6 M HClO &édlstliled
‘?,,"water, 2 M NaOH/l% H 02, d;stllled water, %ﬁm HClO4, ,

';dlstllled water,‘SO% aqueous acetone, ethanol and dlstllled

S - DR - NS
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.waterr..The latter re51n was/pretreatedm51m11arly,Jexcept
'j2 M HClO4 and l M NaOH/l% H202 were used
Reactlon mlxturés were charged onto columns malntalned
lat 2° and. the 1n1t1al eluent collected and analyzed for o
‘zjfree llganﬁ, where p0551ble., Elutlon was achleved by
fo"gradually 1ncrea51ng the concentratlon of NaClO4 and
'qHCloa 1n the elutlng solutlon untll separatlon 1nto'o5
Ahdlscrete bands was achleved. The bandsowere‘eluted off -
{ the column and characterlzed spectrophotometrlcally onf:,
,T{a Cary 219 spectrophotometer. fij* g »
cejhfif The molar extlnctlon coefflclents of the. products,r
fﬁwere calculated on the bas1s of the chromlum or cobalt_'hf”lh

jjconcentratlons whlch were determlned as’ descrlbed

'u;prev1ously." s 'p;: '_~i’.; o L

‘ftfnstrﬁmentatidn L

i T T

All v1slble and ultraV1olet spectra were recorded

'hu51ng a Cary 219 spectrophotometer.a Proton magnetlc

Vresonance spectra were obtalned u51ng Varlan A56/60 or

fBruker WH 400 spectrometers.‘;l3c NMR spectra were

ig%_recorded u51ng alﬁruker WH—ZOO spectrometer._’Infrared‘
ﬂ{spectra were recorded 1n KBr pellets and Nujol mulls j{
ron a Nlcolet FT 7000 spectrophotometer. The pH measure-v,;

: L /
'hments wert made on elther a Beckman Expandomatlc or a~"

| Metrohm Herrsau pH meter.-

v B
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 CHAPTER IIT

fb to reflect substltuent effects on non brldged outer-.‘

'v;mlght also 1nfluence the chromlum(II) reductlon reactlons;aff O

)

e

'dchromium(II)'Reductionrof annoacetatejcompleXes

";g9£'(NH3LSC9‘ , ;

‘Introduction EE

R The chromlum(II) reductlons of several nltrlle

R = H, CN cH

”Sls not p0551ble and 51nce there 1s a saturated CH2 between:

"‘vsphere reactlons. However,_brldged—outer sphere reductlon,'
d for all but the acetonltrlle complex is p0551b1e as well.

'pIn addltlon, Sargeson and coworkers50 have shown that

'atvcan lead to 1nternal ox1datlon—reductlon and electroph111c~d7

lcomplexes of the general type (NH
fstudled Slnce adjacent attack at the nltrlle functlon

the nltrlle and R functlons, the results would be expectediﬁ

'the actlve methylene group 1n the ?yanoacegete systems 5d

3)5C0NCCH2 3+, where'u‘yu

2CN, C(O)NH COch3 and COZH have been

)

Zattack on: these llgands.; The actlve methylene group -

,vu~ S




a1,

' Experimental - .
The,syntheses.of'the_pentaamminecobait(III).oomplexesa.h
S sthdied;here;havé_beenjdesoribed_in;Chapter IT. :L
RO - e SR L s | g e
‘. Acid Dissociation Constant;of (NH3LSCONCCH299 ;

2-

| Spectrophotom@@ ,fﬂﬁeasurements were carrled out att“
260 ‘nm at 14, 6,: »ﬁ,~an :35 O C at an 1on1c strength of”‘V'

O 50 M(LlClO —HClO ){ From ll to 15 ac1d1t1es in the n::h

4
range o ooos 0. 495 f

1

were studled at each temperature.

o Observatlons were made 1n a. 5 cm: path 1ength cell at a-

cobalt(III) concentratlon of 7 67 x lO 4 M, and 1n~one_‘ o
3 J;vv( ER P

case,'at 25 0 C and [cobalt(III)] w 2 39 x 10 -The”p,fd

data, which- are llsted 1n Table C l of Appendlx Ci. were pdfgf

x‘~
fltted by non llnear least squares to the theoretlcal

| equatlon derlved in Appendlx ‘B. At 14 6, 25 0, and

35 0°C, the extlnctlon coeff1c1ents (M ; cm ) of the
"ac1d1c and bas1c forms were found to be 35 4 and ‘113. 4,

37 3 and 127 6 and 52 6 and 149 3, respectlvely.

d_ The values are temperature dependent because they

',are on the 51de of a charge transfer band t The ac1d
. dlssoc1atlon constants at 14 6, 25 .0 and 35 0° C are = :
’.(3 42 © o 43) x 10 , (3 58 0. 27) x 107 2y,and (3 53 f;;f"“

34) X 10 2 M respectlvely.ﬁ f fﬁf'-ﬂb;ﬂf' EEi



"fProduct Analysis

After the reductlonsof the cobalt(III) complexes".
g were comolete 'the excess chromlum(II) was alr ox1dlzed
>7;and ‘the solutlon subjected to 1on—exchange chromatography
at 5°C on Dowex 50W—X2 ' The free organlc product was
collected 1n the 1n1t1al eluent and the cobalt(II) and
chromlum(III) spec1es were eluted w1th a solutlon of
1ncreas1ng concentratlon from 0 12 M. NaClO4 1n 0 025 M

.:j

' HClO4 to 0. 50 M NaClOnfln 0 lO M HClO Chromlum—contalnlng -

o 4°
a fractlons were characterlzed as descrlbed preV1ously 1n'
Chapter II.

The free organlc products collected in- the 1n1t1al

.eluent were determlned by a modlflcatlon of the procedure'ff

'bof Lovelady.56 Two mllllllters of aoueous sulfanlllc:‘

aC1d (l 2 %10 -2, M in. 0 36 M HCl) 1n3. ,0 0 mL volumetrlc j-

flask:were(:ooled 1n a refrlgerator,vand 0 20 mL of l ZJM

i3 NaNOé wastadded;a The solutlon was allowed to stand 1nlf :

the refrlgerator;for lO mln,vand then‘;t was treated w1th
l mL of 6 M- NaOHfand an, alrouot of the nltrlle solutlon.hr‘l
The solutlon washdlluted to lO mL at ‘room temperature and
T]T,the bsorbance.was recorded at 490 Ny 2-5vm1n after
addlié the‘nltrlle solutlonl Tests showed that Beer s ;‘:
law was obeyed for up to 2 44 ug ml l-of cyanoacetlc ac1d

and for up to 3 30 ug ml -1 of cyanoacetamlde., Slnce the‘wﬂ

.f colour 1s not very stable, the analyses were always done

1n parallel w1th solutlons of known concentratlon., However,v”*:



BRCER

‘1d'the results were qu;te reproduc1ble from day to day 1f‘h

h'the same procedure was followed strlctly. Since ethyl—‘
57

;scyanoacetate 1s known to hydrolyze rapldly ,1n the ba51c

condltlons of the analy51s, the methyl ester was assumed
" to be 51m11arly reactlve, and cyanoacetlc a01d standards

were used for comparlson 1n the ester analy51s., ThlS \

'wprocedure was found to be unsatlsfactory for the determlna—

"*stlons of acetonltrlle and suc01non1tr11e.,”"

! ST



”dResultsy
Theratesof the chromlum(II)lreductlons of the
» acetonltrlle, su001non1tr11e, cyanoacetamlde and methyle
‘:cyanoacetate complexes of pentaammlnecobalt(III) were ’
Wyfound to \be’ 1ndependent of the hydrogen 1on concentratlon,
nf,androheyeé_the rate»law |
' d[cobalt(TII)]

»;;‘tk[copalﬁ(xrz)][chroﬁiumtxiyjf'(3;1)

_The klnetlc data are glven in Table c- 2 of Appendlx C.yd

.A summary of the rate constants and actlvatlon parameters

”'Jls glven ‘in Table 4. f?'* o d'_,<'“.p : r‘f.

S
o The reactlon products of solutlons whlch were a1r

‘]-ox1dlzed after lO halffllves were determlned by 1on—“

,“exchange chromatography on Dowex 50W-X2 re51n. The results
1fare glven 1n Table 5.° The chromlum(III) product 1n each
rcase was. . 1dent1f1ed as Cr(OHz)6 - on the ba51s of 1ts

tv151blebabsorpt10n spectrum wh1ch has maxima at 407 and

':574 nm ‘with extlnctlon coeff1c1ents of 15 6 and l3 4 M -1 cm
‘respectlvely.sg, Essentlally quantltatlve recovery of free
: G

llgand and Cr(OH was observed for the cyanoacetamlde

2)6

L ‘and methylcyanoacetate systems. The hlgh yleld of

fchromlum(III) 1s due to the prodnctlon of some Cr(OHz)6 3+

: durlng the alr ox1datlon of exoe s chromlum(II) Because

;fof the lack of a satlsfactory mcthod of analy51s for free r

’ i:acetonltrlle and succ1non1tr11e, the amount of free llgand

44.
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- Table‘4 |
Rate‘Constants and Activation Parameters for the Reduction of
Nltrlle Complexes of Pentaamminecobalt(III) bi Chromium(II)
Temperature h ‘7_-L' : ..17"" hloth,fM'je'1.a!b
"échdl h 'f;  NCCHy Nc(cHz)zc&'f,&ccaécoﬁﬂé Nccuécozcn3.-
25;f”fv,“'holé4$(q.é44ld;2,$4(2;52)fl 2,61(5.58) : 2.34(2;34) i
' "350"5;’ ;'f.1;73({l71) A?4.35(4,4§)'_ 4.25(4:37) »bd}67(4,06l;v
ass 3.08(3.08)  7;72(7.67)¢  7.40(7.27) sréé(é,éé)]r'}-
‘Adfkcal @61",5_ t0.3t0.4 9.5t6;4jﬂ_ ‘]9;qto;6»;_“l9.s£o;5
‘1As*éal;¢ai;1dégLT § ‘—33;1¢1.4_'” —34Q1t1l1 "‘;35+6#1;§ f‘i'34‘?£1'3 |

Vsannic strength 0 50 M (ﬁiClO4—HC104).

de

bealues in parentheses are calculated from the least-squares fit to

,the transition-state theory equation,

{

‘cThe temperature is actually 45.9°.

. dErrors quoted are 95% confidence 1imits, and)are about three times'

S larger than one standard deviation. i



"‘. l' .© Table 5 .: 

Product Distribution for the Reduction of Nitrile Complexes :

of (NH3)cCo>" by Chromium(II).

Product

‘Reactant Concentratibh,_M' ' Distribution, @ gb

o L R [ , |
" Ligand, ' Temp, ‘Rx. Time, .[Co(III)] [Cr(II)] [H'] Ligand Cr(OH,)g3* .

NCCH,CH,CN * 25.0 600 7.86 - 1.24 0.100 = .. 98
 NCCH,CONH, * 25.0 ~ .66 ~  9.66 5.85 0.097 95.3t2,5 ' =
5.0 480 . 7.75 3.72 0 0.100 96.5¥2.5 - 111

NCCHoCOpCHy  25.0 . 162 . . 7.54 . 3.72 0.100  106%2.4 . 123

Chromlum(III) product was determined by ion-exchange separation and
oxidatlon to Cr042 .' Free ligand was' determined in the lnitialxeluant
!

from ion-exchange separatlon/by the sulfanilic ac1d tjit.

bbBased on total number of moles of cobalt(III) complex.-w



;r-and the second—order rate constant (k

47.

liberated could not be determined in these systems.  However,

3+ .
was observed

’practically complete'recOVery of Cr (OH,) ¢
for .the succinonitrile compiex._v

he reductlon of the cyanoacetlc ac1d complex is
_¢qua11tat1vely dlfferent from that of the four systems
descrlbed above. The reactlon is- cons1derably faster and
'a major pfoduct 1s a d1p051t1ve chromlum(III) complex
~Thls spec1es ‘was. separated from Cr(OHZ)G*
‘chromatography on Dowex 50W—X2, and was found to have

3+ by.lon—exchange

:absorbance max1ma at 411 and 570 nm w1th extlnctlon

rcoeff1c1ents of 22, 4 and 22.3 M l~cm'l, respectlvely. This"

| spectrum is essentlally the same as that of (H O) CrOZCCH32+ 59‘

\and serves to 1dent1fy the product as
. % S
(1,0) CrOCCHCN2+ .
III-1 |

The klnetlc results for the chromlum(II) reductlon of

3+

(NHB)SCoNCCH COZH are summarlzed in Table C 3 of Appendlx'v‘

gC.k The reactlon is flrst—order*ln ox1dantland reductant,

obs d) 1ncreases w1th B

‘decreas1ng [H ] However, a plot of (k versus [H ]

bsd)
“is not llnear as shown 1n Flgure 2 The dlrectlon of ‘the -

curvature 1s con51stent w1th the rate law

, "*a['H],+b_ L
kK o= e o (3.2)
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ol L1 ‘ "|‘ s R A
00 . 0 -~ 02 . 03 . 04
o | [H"'_]',M

1

S SRS . § -1
_FIGURE 25_ Varlatlon of kobsd '([]) and (k

bsd—_k) (O)

.wxf? mt for the reductlon of (NH 5cONCCH2c02H3
24 .

S by cr®’ at 25°C in 0.50 M Llc1o4—nc1o4.' The value
of k, = 2. 34 x 10-2- w1 s_}rwas taken from the

¢

-lreductlon of the ester complex. The dashed curve'

“:-1s an eye gulde only.
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_ . . N | )
The plot should be linear if a = 0, but the magnitude of

the‘cnrvature'is not,large enough .to allow a realistic -

~evaluation of "a". Nevertheless, the form of the rate

law is consistent'withlthe following reactﬁon 

- o~ 3+ o Ba
(NH ;) CONCCHCO BT 2 &> (NH,) jCONCCH,C
. 24 S L2+ )
”kl Cr R : k2 - Cr’
3+ P 2+
Cr(OH2)6 <+ NCCHZGOZH ; | (HZQ)ScrOZCCHZCN' )
+ co®t woswH, - + co?t 4 osNH,  (3.3)

3 L , . o T3
This ‘scheme predicts that thevligand—transfer»productl
-(H O) CrOZCCHzCN2 arises éolely from‘reduc ion of the

unprotonated cobalt(III) complex and that Cr(OHz)6 3+ and

Jfree cyanoacetlc ac1d are formed from: the protonated

complex. ) o o ‘l A'ij', o V"Aﬂttﬁgrrzl
The predlcted rate law glves the follow1ng second—order

,rate constant

: ) k [H ] + k2 . , . . S o
kK . = B | L (3.4)
.°?S§v K+ (ET] S |

_whlch has a form con51stent w1th the experlmental rate law

(equatlon (3.2)). Unfortunately, the value of kl (=a)*
\equ e a

' cannot be established from the data,~but the reaction

ischeme leads to the expectatlon that kl should be 51m11ar
ya
jto the rate constant for the correspondlng ester or amlde :

complexes.- These complexes have the same charge,:51m11ar
~ N . . , . . . . . . ) .
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structure andlare reduced without ligand—transfer to
chromlum In addition, the ester and amide have very
51mllar rate constants for reduction (Table 4) If kl

is assumed'to be equal to the rate constant for reduction
of the ester, then a plotfof (TPE e
 should be llnear as shoWn in Figure 2. Since the kq

- kl)—l versus [Hfj

correction to k is about 15% at most, it makes nob'

- . obsd
" real difference whether the ester or amidelrate constants
are used. With kq fixed at the{values'fgr the ester, a
least—squares analysis ofnthe‘data.gives<the Values'for:

k, and K, shown in Tahle 6. - |
| vThe;proposed reaction scheme can be~tested by
independently measuring the acid'diSSoclation coﬁs£5nt'
3+

3)5C0NCCH2C02H'*;- This’ was éone spectrophotometrlcal—

ly, as descrlbed in the Experlmental Sectlon. Unfo

vvof (NH

1]

the only 51gn1flcant dlfference in the spectrafof the,

i}

the charge transfer band At the wavelength usef

length. Although these are far from ideal oonﬁjtlons fo
.a spectrophotometrlc analy51s, the data can:b
that observed and caloulated extlnctlon co,
within l%."The resuftsware shownliniTable+

- C. The.values'of K, Obtainea'at the thre;



TABLE 6.

Kinetic Results for the Reduction of N—bondeh Cyanoacetatopenta—

amminecobalt(III) by Chromium(II).2

-

bTeméeratuge 102 x kl,b ko, 102 x K, M
’ W st m—1 57!
.

14.9 1.29 0.903%0.053  3.02%0.20  3.42%0.43

25.0 2.34 2.11%0.10  2.73%0.17 | ’3.5810.275

35.0 4.06 4.00£0.35  2.81%0.32  3.53%0.34°
bu% kcal mol™t © 12.5%1.1 ) |
-As*geai moi‘l_deg‘l e -15.2%3.6.
AH® keal mo1~} € ~G.74%1. 44 -

‘ le ~9.6%4.7

- Ag® cal mol™l deg”

9

e
.

. e
3grrors quoted are 95% confidence:limits.

bValues for the reduction of the methyl ester. complex, held constant

b

‘during the data analysis.

o

cVelues~obtained'from the spectrephotemetr;c'study._

dvalue at 14.6°.

©

@

e

§Values obtaiﬂed by simultaneously fitting all the data at three .

temperatures.

c,d’



”“are glven in’ Table 6."

The agreement tbetween the spectrophotometrlc and

klnetif K, values_kTable 6) 1s con51dered satlsfactory.,

The spectrophotometrlc values are about 20% larger, but S

the values at’ 14 9° and 35 0° agree W1th1n thelr respectlve

:,;confldence llmlts.@ It should be noted that the spectro-r‘7

oo

2

iphotometrlc values are concentratlon constants, and

;comparlson to the klnetlc values 1nvolves the assumptlon

e

,vf”that the ratlo of the act1v1ty coeff1C1ents of the pro‘“/ﬂi”#'f7

ag;L1c1o

. W -~

I;itonated and unprotonated forms remaln constant as the

7med1um is: changed from essentlally 0 5 M- HClQ4 to 0 5 M

B

“The: proposed reactlon theme\wgi also tested by :

”5compar1ng the experlmental product dlstrlbutlon to that

:/predlcted from the rate constants kl and k2 The results

. . Sy

ffObtalned are glven 1n Table 7 and show that the fractlon'

Yo

dlof llgand transfer product lncreases as the ac1d1ty

h'ﬁﬁdecreases._ Slnce 1ndependent experlments have shown that

e

’vv*the exper1menta1 condltlons employed thlS observed product

i ,. Palin P

;:-varlatlen w1th ac1d1ty must represent a‘change 1n the
lproduct dlstrlbutlon from the reductlon reactlon..{The%f‘
‘lated results show that there 1s good agreement‘between‘
'<the predlcted and observed amounts of llgand transfer
;asproduct.v The small dlfferences observed may be due to the ot

juncertalnty in kl or possrbly to some/reductlon of the

'rthe 110and transfer product 1s stable to aquatlon under fbf_'“”v
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 dable 7 -

°Product Distribution from the

i

e s S
 of Pentadmmifiecobalt (IIT)

i

Reaétant Concent:ations( M . Product pistributions,'%ééb
m*] 103x(co(11n)} | 10%xCr(11)] . (Hy0)5Cro,CEH,CN%Y NCCH CO, T

00,400 &.56 . - 1.41.0 0 g2,9(86) . 19.8(14)

04300 0 7.76 b 1086 - ss,1(89) . -
0.300 70780 T 158 85.7(89) o= o

0.050 2,99 . 0.93 . Ci99.2(98) . 8i2(2) .

RTINS e e e Al T CE oy
< Achromium(III) product was determined by ion-exchangde separation and

oxidation to Ctdaz-J'iThe7freezé§a o&bétaﬁé;was det¢rmin¢d§in)tﬁé,
‘initial eluant from ion-exchange geparation by the sulfanilic acid = {

N
N
1

tést; 

L " DPyalues in.ParéﬁtheséSfare"calégl&ted_ffb@:thé kinétic’péraﬁéteréiand’_

"thé proposed reaction scheme. | -

iy




unprotonated complex by a non brldgedwouter sphere path.;

If this outer—sphere path has the same rate constant as.
;;;the ester, then the llgand transfer percentage is lowered
fby about l% at each ac1d1ty I% any case, the results
gjrsupport the proposed reactlon scheme., | - ‘_ |
| Prellmlnary studles on thexchrom*umiII) reductlon/of“"”’
34 e

3)5CoNCCH2CN were also‘vf

undertaken The seml logarlthmlc plots of the absorbance

'the malOnonltrlle complex, (NH

*_5change at 467 nm versus tlme were non—llnear ThlS 1s 'qa-..\’;;

‘“attrlbuted to the presence of some carboxamlde complex

1

| formed by hydroly51s of the coordlnated nltrlle (k

© 1.0 x 107 4; 25°cC, PH 1- 3,»1 o M NaClO ) aCCOrdlng G o

;freactlon (3 5)

o o ’fﬁ'-‘,,ngff. R T T RN o R T RS
> (NHB) SCON_CCHZC_N  +HY0 ——-—> _(‘I\lH‘3) 5CONHCCH,CN™ »1—{ H e

B

(3 5)

'f";The carboxamlde complex may form d%ﬁ ng the preparatlon
S Lo ‘ ,@ﬁt Lo
: _and dega551ngfof reactant solutlons, and small amounts

'”may also. be present in the orlglnal sample.‘ Therefore,-

:hfthe absorbance data were fltted to scheme (3. %)""
_ , S T e T s
(34 e Ry e e R
(NH ) CONCCHZCW ———— Products Lo R
' S _G?Cr ,";'.hu_»~ o

™
+
7Y

-——E:ff> Products V‘V:éf‘af :r(3,6lv‘




dAppendlx A.‘ The klnetlc results are summarlzed 1n Tabled_
:C 4 of Appendlx C.- It is: estlmated that 10 to 20% of the
.carboxamlde would form durlng reagent preparatlon so that
Tdthe reactlon w1th the larger absorbance change was‘"
ass1gned to reductlon of the nltrllelcomplex.b The redudL
d?tlon of the. malononltrlle complex 1s flrst order Ln.

_ O ,
"ox1dant and reductant and the second order rate constant

(k') 1ncreases w1th decrea51ng [H ], obeylng the rate law}fr'td'

hTHerrateulaw istOnSistent;with’the‘follQWing”reactionht'

“{;' (NH ) CoNCCH2C N3+~———a——>(NH3) CoN CCHCN2 + Hfd?'

S s Uproduetsv i (Fayel

:’Thgiproposédfmechanismfyields‘the;rate{lawwi _—

ﬁjgk'.?,k [H ] * k2 a S e
fydijld‘ Ky + [H ]

ftd,However, lt 1s known that the a01d dlssoc1atlon constant

hfor ‘the malononltrlle complex 1s small6 A1n comparlson

AT g RS SO
S to the ac1d concentratlons (0 039 -0. 393 M) of the presenﬁ‘;~.l.

- 55.

';f';{3ﬁ9)';11;



/

(3.10)

'}lfwhlch 1s of the same form as that obtalned experlmentally

G~(equatlon (3 7)) The calculated values of kl-and kZKa

'f_jare (6.29 % 0. 29) x 10 ? M*}jsfl and (. 402 0. 19)1x110'3;sf1;”

,,&25.C 0 50 M LlClO HClO ), respectlvely. Assumlng that
60 ‘

ithhe'pK '6f the complex is 5 7,:‘ the value Of k2 ié-!-t
| Ay | -1 -1 i

erstlmatedatp bé‘(7 01, 0) x 102 ‘s.pg,.’”
.“ihi Desplte the relatlvely large scatter 1n the values
"of k"for the parallel second reactlon, the reductlon
p;of the carboxamlde complex appears to be flrst-order in jg
;ﬂboth ox1dant and reductant and 1ndependent of the ac1d

’,’concentratlon.j The value for-k"was determlned to be s

2
(1. 01+ 0. 15) x 107 Mf} (25°c 0.50 M LlClO4-HClO Vs

e

A prellmlnary product stﬁdy was undertaken.,fA

f:r‘solutlon of: (NH3)5CONCCH2CN3 (4 9 X 10 M) in 0. oso M
‘(’J

HClO was allowed tJ react for 70 mlnutes w1th chromlum(II)

(2 O X lO 2 )' Durlng thls tlme,‘essentlally all of the*dv;

4

1malonon1tr11e complex should undergo reductlon whereas Vfﬁ\f

: vaost of the carboxamlde complex w1ll remaln unreacted.‘p%? A

'ifThe reactlon mlxture was alr ox1dlzed and charged onto a'
o column of Dowex 50W—X2 Although no attempt was made to

'hihquantlfy the results; large amounts of cobalt(II) were :
.”;detected and the sole chromlum(III) product was Cr(OHz)Gst.

.“\’
e
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'fIn addltlon,'a small amount of a yellow1sh plnk mater1a1

was deteoted.] Although the fractlon was contamlnated

with-Cr(OH2)63f, its electronlc spectrum in 0.50 M HClO4 o

”revealed maxlma at 481 and 345 nm, ‘in good agreement w1thv S
| the prev1ously reported spectrum of (NH )5CoNHC(O)CH CN2 - 4
60

“tln 0. Ol'M NaOH. : These observatlons 1nd1cate that the'

;carboxamlde nltrogen 1s not 51gn1f1cant1y protonated 1n

"'0 50 M HC104, due to the electron-w1thdraw1ng —CHZCN ’“‘

L

‘f'substltuent.'_

_?;#5 :
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DiScussion S ST . ' R

A "*u‘

e ,
Thé&%ﬁnetlc parameters for the chromlum(II) reductlons'

;of the pentaammlnecobalt(III) nltrlle comolexes studled here;
as well as ‘some by other workers, are glven in Table 8.‘

For most of these systems, the rate constants are remark—_-
yably constant at. (2.3 i 0.3) x 10 =2 pt s.l-w1th"
”‘correspondlngly 51m11ar actlvatlon parameters., The rateA

'ﬁconstant glven for the benzonltrlle complex w111 also’

”,yuflt thlS pattern 1% the 1on1c strength effect ‘on the rate -

L is the same as that found for the acetonltrlle and’ cyano—

“,acetamlde complexes.' Only the malononltrlle and cYaho-a

.efacetate anlon complexes, Wthh w1ll be dlSCussed separately,

and the acetonltrlle complex dev1ate from thls pattern.

The 1nvar1ant nature of. the rate constants and &

;actlvatlon parameters 1mp1y that a common mechanlsm may

:be operatlve for. these systems.. Indeed product analy51s
7exoer1ments on these systems have shgwn that the products h-eh'/
hyof reactlon are always free llgand and Cr(OH2)63fv'1nd1ca;T,
dh,tlve ogpa non- brldged—outer sphere mechanlsm.' That such”

'f7a mechanlsm is operatlve for the complexes studled here

f“ls not %urprlslng.~ The acetonltrlle complex has no. remote:x

"1Tsubst1tuent for attachment of the reductant and must,ﬁ

'Q“therefore, proceed b

7§%

@B,non—brldge -outer sphere mechanlsm.'fV’

K On the other hand wh&le the cyanoacetamlde, succ1non1tr14

v(‘

L Y
v;and metnylcyanoacetate complexes do have addltlonal
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"Tatle.e
Summaryfof Klnetic Parameters for the Reduction of Nitrile
Complexes of Pentaamminecobalt(III) by Chromium(II)
Nitrile -10.2#(25"),‘3‘ - ' ‘.AH*, N ast,
kiﬁiéaedi. : eM—1 s~ Tt ‘kcal mo1”] "'»cailmolfj degf1,,
N¢cﬂ3e“. t[ . :"ff 4:0.94(2.0)bt 'ﬁu,zio.Ai: f | ,433}1ti,4‘f
Né(cﬁzyécu '_‘e; - _3.52 . o9.5%0.4 1‘ =34.1%1.1
&ccuztonﬁz T 2.61(5.3)¢ ‘9.0t0.6 '  —354.6:“.1.9|
; NCCP'lrzc'och} . 2.3¢ hfg.st‘_o_.s ' ,__}-_34.2#1’.'3’.:.
‘N'ccazc.:o'zf'-_ S '211 . | R 1"2._5i1.1 . -15.2%3.6
'NCCHCN - S 700 - : - o g ..
eeionamooitrilecin' “‘>1 ' 2;£ﬂ.e' ‘ | 8.80.9 S _ ' =3743
'Fura’h'lactylo.r'x.it;'i’lec. 2.0, - 9.s%0.8 | -34%2
vf4—Aoetoxybenzonitri;e? ij_2.1 "vj o 9:ii1.2_' C. . =36%4

"t‘§Va1ues in 0.50 M LiC104~HCIO4 gnless otherwise noted. ‘
-”bMeasured in 0. 10 M HC104-0 .90 M LiClO4 at 25°; value agrees with that

in 1 0 M HClo4 reported by Hua, L.H.~C.; - Balahura, "R J.; Fanchiang, Y.

To} GOuld' E So Inorg- Chem. 1978' 17 36920 .
cPurcell, W.L.; Balahura, R.J. J. Am. Chem. Soc., 1976, _9_9_, 4457,

dIno1.0 M- ‘HClO, Balahura, R. 3.3 Wright, G.B.; Jordan, R.Be, J. Bm.
Chem. Soc., 1973, _9_§, 1137." ' _ ‘
eMeasured in ionic strength 1.0 M (Hclo4—LiC104). o

I



f'functlonal _groups capable of. serv1ng as blndlng s1tes for
jchromlum(II), they do not have an 1nner sphere pathway
y_avallable. The;presence ef a saturated methylene group _
:1n the-llgand destrdys th conjugatlon between reductant
‘.and ox1danththat is neces ary for effectlve medlatlon of
an- -electron by an inner-s Zhere process.
Clearly, the results obtalned for the cyanoacetate
'panlon complex are con51derably dlfferent from those
systems just descrlbed.f The rate constant for reductlon'
o

ils about 100 tlmes larger and the. reactlon has been shown |

to proceed w1th llgand transfer to chromlum(III) These
\

. 60.

observatlons Imply the formatlon of a brldged 1ntermed1ate f

of the type

\ ‘ ] O

/
IIIN cen.c? f

3)5 2 \\\

(NH ,
(OH )

»‘111—2

-

That such an 1ntermed1ate should prov1de a fa01le

]

route for reductlon of the cobalt(III) complex is unusual&”
151nce 1t would seem to reaulre 1nner—sphere electron |
transfer through a saturated llgand However,'thls need
e:not be the case 81nce ‘the geometry of the brldged 1nter-'

‘-medlate can be’ plctured as
H

h-——cLiiN c—é/ B
\ I




‘:Thls representatlon shows that the coordlnatlon §

. spheres of cobalt(III) and chromlum(II) can be brought

in close enough contact to fac111tate irect electron o

'ftransfer between the,metallcentres,by an essentially .
outer—sphere mechanism. This is an xample of electron

»transfer proceedlng by a brldged—ou er-sphere mechanlsm.,.

—

/

Although the pOSSlblllty of such a mechanlsm for
reductlon has been recognlzed for some tlme, the\number
of systems thought to proceed by this route are relatlvely“'
‘hfew._ Unfortunately, for many of these systems, the
results are 1nconc1u51ve. .For example, in thelr study -
. of the lron(II) reductlon of oxygen bonded (nltrllotrl-
acetato)pentaammlnecobalt(III), Cannon and Gardlnerel,
Tiobtalned eV1dence for the fermatlon of a precursor complex

III 3 in which eLectron tFansfer would proceed by a

brldged-outer-sphere‘mechanlsm.»'

f(NH3) cot

iri~4

However, they were unable to- rule out formatlon of a second

1ntermed1ate III 4 1n Wthh 1nner-sphere electron transfer

L,



gv1a the brldlng carboxylate could occur. - Indirect evidence
for a brldged outer sphere mechanlsm was also obtalned

in the chromlum(II) reductlon of u—malonato— and H- dlmethyl—

malonato—dlcobalt(III)-complexes of type III—S.62
.~ NH
o 111" TN 1T
. (NH,4) ,Co . | o Lot (NH,) 4 ~
0
(‘ ’/‘
' III-5 |
’,The reactlon pathway w1th an inverse. hydrogen ion S

, dependency was belleved to arlse from acmd drssoc1atlon

‘of the remote carboxylate, followed by rechtant blndlng
and electron tranSfer Isolatlon of elther.a blnuclear -
_chromlum(III) cobalt(IIx) product or a dlchromlum(III)
species would have been eV1dence for a brldged -outer- sphere
: mechanlsm Unfortunately, only mononuclear chromlum(III)
products were isolated. Presumably, reductlon of the

second cobalt(III) centre 1s faster ‘than the flrst and

any dlchromlum(III) spec1es that may be formed decomposes

W .

".before the products of reactlon are 1solated.

A partlcularly 51gn1flcant example of brldged outer-
ysphere electron transfer was demonstrated in the study of "i.

the chromium(II) reduction of (NH3)5C0NH2CH co ?*

2€0,"  and the

62.



o U 29 . o Y29 _
analogous B-alanine compl%x. . Sykes et al.”” found

' that‘ligand—transfer to chrOmium(III)'occurred for both
complexes and observed a rate constant of 2.5 nt st
for reduction of the glycine anion complex, a value that.

is very similar to that found in the cyanoacetate system
(2.1 M_l‘sfl);.‘However,_cOntrary to their assertions, the
reported'electronic spectrum of the chromium(III) product,

w1th max1ma at 402 and 560 nm, does not. correspond to that

. of (H, 0 <CrO. 3+

CCH NH which has maxima at 411—412 and

2 27773
572 574 nm, 63, 6? The product analysis experlment descrlbed

"

‘by Sykes et al,29 has been repeated, and a product w1th
an extlnctlon coeff1c1ent of 20 6 M1 cm L at both 410
- and, 574 nm was obtained, in good agreement with the

.electronlc spectrum of (H O)5Cr02ccH2NH33+ 63, 64

the dlscrepancy in Sykes' characterlzatlon of the reduc—

Whlle

tlon product has not been accounted for,3the subsequent

'experlments do substantlate Sykes conclusion that‘ligandf

—

transfer to chromlum(III) occurs An the glycine system,

63.

and as such, a brldged outer sphere mechanlsm 1s operatlve. o

"~ The . observatlon that a brldged outer sphere mechanlsm
is operatlve in the glyc1ne and cyanoacetate systems and
'not rn‘thevcloselyprelated cyanoacetamrde, methylcyano—
bacetate'and succinOnitrile complexes_leads to the conclusion
that'complex formation offchromium(l£)_at‘the-availabie‘
binding-sites for the latter'seriesdisinot'as favourable

as in the former. This probably arises from the lower



basrcrty of these remote functlonal groups compared to
carboxylate. ‘The hlgher charge of the complexes in',this
series (3+ as compared to 2+) would also hinder complex
formatlon with chromlum(II) In addition, the-succino—
'nltrlle complex possesses a 1onger chain of atoms whlch
can .adopt a greater number of orlentatlons that are'
‘unfavourable for brldged outer sphere electron transfer..‘
This would result in. a lower probab;llty of reductlon
‘proceedlng by thls mechanlsm.
"While the brldged outer sphere mechanlsm seems to
‘be the 51mplest way to account for the observatlons
- with the cyanoacetate and glyc1ne complexes of penta—
>amm1necoba1t(III), the actlve,methylene_group in the

50,60

former presents an alternative explanation via the

tautomeric equilibrium

H | | . _oH.

: ; : [ ‘
H \S\o 111. . \\\o II
: = § - Cr
III-6 o S III-7

The transﬁer of a proton from the methylene group

to the carboxylate oxygen yields structure III -7 which -
t.

has a conjugated system between the metal centers.

Electron transfer through “the organlc llgand by an 1nner—

e

sphere mechanism: then could occur.; If the ‘reduction’ of

-the cyanoacetate complex did proceed in- this manner, then




)

notvbe observed from»reduction of the cyanoacetamide

v»would leave the- chromlum(II) on the amide nltrogen not

@$x
R

65.
g, - 5
it'could be argued’ghat llgand.transfer'is not observed
for ‘the ester complex because the oxygen atoms in the.
enol form arglnot sufflclently basic to coordlnate to .

chromium(II). Similarly, llgandftransfer product would

bomplex because the expected proton transfer to oxygen65 e

' &k

in conjugation with cobalt(III). However, such tautomerism“

does ‘not account fdrfthe observations with the glycine

,complex% GlyC1ne lacks suff1c1ently actlvatlng organlc

. groups to-cause such tautomerlsm, and even if thev

tautomerlsm dld occur, 1t would not provide a. conjugated

ﬂpathway between the metal centers because of the presence

wof the saturated NH group. In view of the great klnetlc

2

;51mllar1ty of the glyC1ne and cyanoacetate systems, the

>

brldged‘outer sphere mechanlsm 1s the best way to ratlonallze

. l. '/‘J‘,

"W;the results.'f

The actlvatlon parameters for the chromlum(II) reduc-

".>.,'U L‘

tlon of the cyanoacetate anioh- complex are glven in Table

%

v The values of AH ‘and AS#;are 51gn1flcantly«d1fferent7

ﬁpfrom other entrles in the table and may in themselves

a;klllustrate that a different mechanlsm is operatlve for

o

‘v'.thls system. As a result "the 3 kcal mol -1 hlgher AH*

_may 51mp1y reflect the addltlonal requlrement of tw1st1ng

f‘the llgand-chromlum(II) system/to w1th1n the outer—sphere

'1nteractron distance oflcobalt(III). Taube et al.

66 have .-
N
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1

N

A

@

i)

ot

-,suggested that the very negatlve values of AS'r found for

3‘ 2+ charge type reactlons.(ga.,—BO cal mol 1ldegfl)‘_‘

is’ 1argely due to concentratlng the charge in the dlelectrlc

b o
mh

medlum i As a result, the more p051t1ve AS=‘F found for Ehe
/,/ .. ‘

cyanoacetate anlon complex may arlse from 1ts 1ower7$*“

formal charge (2+) as compared to the other nltrlle : j3

SN

complexes ln thlS serles (3+) Indeed, 51nce the source ;Q‘

of thls 1ower formal charge 1s the brldclng group 1tself

fthe observed decrease of ca. 15-20 cal mol - de g l 71{7

WOuld
d 67

not be unexpecte . Unfortunately,:actlvatlbn parameters

have not been determlned for analogous systems employlng

;,{_

66.

h
i)

a brldged-outer-sphere mechanrsm for reductlon.f Untll Jerl-f“

such tlme that thlS 1s done, the. reasonlng presented foerT.”

these values remalns speculatlve. ,‘Vls‘};‘jﬁ ?,_,:j.li“h_;
el An earller report by Jordan et al. 68

of chromlum(II) with the\malononltr

"
1le/complex of ,
. T ‘ S S
(NH3)5 3 1nd1cated that the reactlon was very rapld

(k > 400 M .w)'- The prellmlnary results presented

here dlsagree w1th that report The rate of reductlon'~7

- of thls complex ls several orders of magnltude slower

than prev1ously reported and exhlblts an- 1nverse ac1d
dependence.. The ac1d 1ndependeﬂt term (0 0629 M L'sf;)"»'

/ SR
us about three tlmes larger than for other nltrlle

c0mp1exes (Table 8) that are belleved to undergo non—;7‘v

i
i

brldged outer—sphere reductlon. Thls suggests that the

protonated complex 1s reduced by a brldged outer sphere

‘ - D } S .
'Ww"'A _— J'T'u; L o

"~ on the reaction_""
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.:7.mechanismhthroughjanwintermediate of the type.
: o ‘ . . Vooa o \
(NH ). COIIIN ccnzc =ver™ . S o
| o III-8 S e U R -

‘?:The absence of a: llgand—transfer chromlum(III) product
’:seems to argue agalnst the brldged outer sphere mechanlsm

However, as w1ll be dlscussed 1n greater detall 1n

.,“ &
X \r o

:Chapters IV and V, many nltrlle—bound chromlum#}II& complexes f"';”

Y @ ' ‘v?_:‘
}undergo fac1le aquatlon, and the absence of (H O) @%NCCH2CN3+ o

'f] 1n the products does not necessarlly constltute ev1dence,j'"

i-sl agalnst the brldged outer—sphere mechanlsm.v _

; If a brldged outer sphere mechanlsm is assumed to be B
;foperatlve 1n the present system, then a comparlson to the

'vfcyanoacetate; complex 1s in order.s It is. lnterestlng to
\

”{1note that'th*Vrate constant for reductlon of the@*h“' fa

maldnonltr ,”gﬁr“j;’ fabout 30 tlmas smaller thanﬁ%hat
":ffor the cyanoacetate Eomplex. ThlS lS coﬁhlstent w1th
fdhthe hlgher charge of the former (3+ as compared to 2+)
"tfand the lower ba5101ty of the remote nltrlle functlon as

;,compared to the carboxylate group.; In add”tlon, molecular

v'models show that the 1ntramolecular dlstan e between the
two metal centres 1n III 8 is greater than
'-#_analogous cyanoacetate system.f All of th se factors would

: be expected to reduce the relatlve reductlon rate for the

d:{ The 1nverse ac1d dependent path for reductlon of the& sft_@*#%

o malononltrlle complex can be ratlonallzed by assumlng a f



.

68.

N ‘brldged 1nnervsphere mechanlsm in whlch the unprotonated

(NHB)SCO\I;]CC_HCN 4 Cr | e e [ (NH3) 5CO. 2 NCCHCNCI‘
: S N R S St

“complex 1s reduced by chromlum(II) accordlng to reactlon‘

-

(3 ll)
24 24 oo o pppoa ii]%,’"
';IIIJ\;.T ”ufpﬁ< fJ?p.z;,L_@Hf‘pj,"~" (3;11f1=

SR 5N54+f+'c62+' (H o) CrNCCHZCN3+//

. As noted earlier,'aquatlon oﬁ (H O) CrNCCH CN3 mlght bd/ ‘

2

5:expected to ‘be rapld An lnner sphere mechanlsm is Iw f

74

”f:pos51b1e 1n thlS case 51nce deproto?atlon of the methylene
, i : ,

‘carbon prov1des a. conjugated pathway between the ox1dant

I and the reductant on the remote nltrlle.f The speq1f1c'““

&,

’hcomplex (NH

'-attack of chromlum(II) at the deprotonated methylene

'“rate constant for reductLon of the deprotonated complex'

-

-1 -1

Tdis rather/large (700 M s{,)( although not unusually

*fso when compared to the somewhat analogous cyanamlde"

3)5C0NCNH2 (3 3 X 103 M -1 s.l) 28;;, lt'*ﬂ_;i_/v '

Ehe 1nverse ac1d dependent path could result from

\ .:". :

5 carbon to yleld the organochromlum product III 9.‘

(H O) CrCH(CN)

III 9

‘:‘%However, spe01es III- 9 mlght have been expected to be'n

"Iisuff1c1ent1y stable to be detected 1n the product analy31s

K 33 37

wstudy = No such spec1es was observed.




o

The second reactlon observed durlng the reductlon of‘

the malononltrlle complex has been ttrlbuted to the

reactlon of chromlum(II) w1th the ca oxamlde complex
) 2+

(NH3)5

lmechanlsm of reductlon for thlS complex 51nce~the

‘ approprlate product studles were not undertaken.{ Based

on the results obtalned for other carboxamlde complexes,m-

e

‘; 1t is poss1ble that reductlon proceeds by attack of

©

S chromlum(II) on’ thé carboxamlde oxygen by. a brldged 1nner—

s sphere mechanlsm.‘

#

rate constant fo~

It 1s 1nterest1ng to: note that the' 

;ctlon of‘NNH CoNHC(O)CH CN2

vS—’)"lS s1m11ar to that for the 3 carbox-‘

f‘omplex (1.65 x! 10 27m'1

(l 0 X lO
) for whrch

Wy

CoNHC(O)CH CN’ thtle can be sald about the L

o

69.
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'CHAPTER 1V,

Organochromium (III) Complexes offhcetonitrile.

Q-

Introduction
: | » ?..'b . -
The flrst aquoorganochromlum(III) spec1es contalnlng

coa chromlum—carbon (ol bond was the conplex (H Q) CrCH2 6 szf

70 {e this flrst work

'.'1solated by Anet and Leblanc.

: great number of s1m11ar organochromlum(III) compounds have

33 35 37 71 74

‘prépared and thelr react1v1ty w1th otherj

"l

,Nreagents investlgated.75 79 Although organochromlum(III)

-spec1es have been preg%red 1n a varlety of ways,‘”.so“g‘i3

. vd\ [

'-‘one of the 51mplest procedures 1nvol®es the reactlon of ‘f‘~,

. HJ’—’ .

TN iy
«_alkyl halldes w1th chromlum(II).,

CRGHy 4ot e moycromRt T e

;,The:RGHZ» rad1ca1 generated V1a halogen abstractlon by

g chromlum(II) can react w1th a second equlvalent of chromlum—,f
’:(II) to yleld t%e organochromlum(III) complex. f i'i., o f‘ R
In the present study, the reactlons of chromlum(II)

ffw1th chloro— and 1odo-subst1tuted acetonltrlle have been ;

4
-

'_1nvestlgated In addltlon, the reactlons of chromlum(II)
‘-w1th the (NH3)5C§’ complexes of these llgands have been

studled to determlne what 1nf1uence a coordlnated ox1d121ng@lug

.j“metal centre has on the reactlons of the llgand ﬁ\;]

70 )




Experimental" %ﬁ ,
Thetsyntheses of-the pentaamminecobalt(Iii)'COmpléxes °

of chloroacetonltrlle and 1odoacetonrtr11e have been

descrlbed in. Chapter II. - R S o E

Product'Analysis,l RTEE I gl B

N \'u.

: S S : .
/4~ Products of reaction were‘determa

3
reactlon mlxtures onto columns Of DOW

e

sp cis %%atloir—exchan

‘the 1solated complexes were

N

Eor those systems 1

v

‘ requlred for subsequéht “lnetlc studles' the cobalt and/or;

'vchromlum content of the fractlon was determlned as

i

descrlbed&hn Chapter II._ The a01d concentratlon of the .

B I

fan allquot of the solu—7

vfractlon was determlned by pas
qlon through a column of Dowex §@W XB catlon exchange re51n'
that was in the H form &hd tltratlng the llberated ‘acid
| w1th standard NaOH.; A small correctlon to the acxdlty was_‘lb
‘”%ade”ﬁbr the. known concentratlon of the complex in. solutlon."'
. In order to ascertaln the organlc products of the |
reactlon of NCCHZI with chromlum(II),‘reactlon mlxtures‘

were analyzed by“;BC NMR spectroscopy After the reactlon

f,'had'procedgfd for lp half tlmes, the reactlon mlxtures were ki;

- pS
alr—oxldlzed The resultlng solutlons were d;stllled and

any volatlle organlc products were co dlStllled thh the

FEE I

.



vwater,vleaving behind any ‘chromium(III) products; Distil-
| :latlons were done at both atmospherlc pressures anq;ﬁt 0 3
torr. Solutlons of th dlstlllate in 10% D20 were. prepared
'.Enslng‘(CH3)3COH as an lnternalhstandard, and‘the ;3C_NMRQ

‘spectra were recorded. .

' Kinetic Measurements -

All reactions were:studied'under pSendo—firSt—order

: condltlons and, except for those systems llsted below,

Fr,

‘zg; all exhlblted monophaslc behav1ouﬁ ;
o , . .

‘The reactlon of NCCHZCl with’ chromlum(II) showed

blpha51c klnetlc behav1our throughout the electronlc
oo

4“spectrum The largest absorbance changes 1nlg§e v151ble

;i Ly
reglon were observed near 428 and 609 nm, wa engths
J,
whlch are characterlstlc of (H O) CrCl2+ Bi Compllcatlons

5

arose 1n trylng to f1t the absorbance data at 428 nm-

smnce both (H O) CrCl2 and (H O) CrCHZCN2

"y whiﬁh is
also formed 1n the reactlon, absorb at: thls wavelength

and both react W1th ‘excess chromlum(II) ‘at dlfferent
2y

spec1f1c rates. At 669 nm, only (H O) CrCl2 absorbs :”H
and from 1ndependent studles it was determlned that the.
A'vsecond reactlon observed in- the reductlon of NCCHZCl
corresponded to chrOmlum(II) catalyzed aquatlon of N
(HZO) CrCl for whlch the rate law 1s of the form'c'

—d[(HZO) CrC12 1.k [(HZO) crc1? }[Cr2+]

e bl — (4.2 .



ST
g

‘scheme = -,

4 N 73.

The value of k2 was determlned tosbe (2.29  0.07) X :Lo‘4

-s-l (25°C, 0.50 M L1C104-HC10 ), in good agreement w1th
prev1ous reports,85 S§ con51der1ng the dlfferent reagtlon
condltlons. Absorbance tlme curves for the reactlon of

NCCHZCl .with chromlum(II) were obtalned at 609 nm and

subjected to non—llnear least—squares flttlng to the

kg

L+l

| kl : ' k2 ’ - , , .
A —=» B —=>» Cc . . oo . (4.3)

L

-Wlth k2 held constant at the . value glven above, acceptable

'values for kl were obtalﬂed. GETEN ST o Ty

The reactlon of (NH3)5C0NCCH Cl3 with chromium(Il)

was even more compllcated.‘ Data collected at 609 nm !
were fltted by scheme (4.3) whlle data collected at 417 nm’
were fltted best by the’ scheme: |

kl ko kg

‘A.w.."-,————-—»‘B — -————-»D T 4 _ (4.4)

The equatlons for both schemes are descrlbed in Appendlx

A.s Data was collected for only as long as: requlred to

"obtaln a good flt for the flrst reactlon. No effort was;

P!

made to systematlcally determlne the rate laws for the

subsequent reactions.



’y”Texcess 1ron(IIIO iodometrlcally. “The st01chlometry'of‘

Resuits

NCCH,I + cr?t,

The st01chlometry of the reactlon of chromlum(II)

"with 1odoaceton1tr11e was determlned by ana1y21ng for

the chromlum(II) remaining after ten half-times. ' The

analy51s Was carried out by ox1datlon of the remalnlng:"

'chromlumcI;) w1th excess 1ron(III) and determining the‘

the reaaglon was found to be 2. 09 + 0,01 Cr(II): 1.00

_NCCHZ S _
‘ fon v
ChrOmatographlc separatlon of reactlon mlxtures of

,NCCHzI and chromlum(II) on Dowex 50W—X2 showed that in
addltmon to Cr(OHz) f; two other chromlum(III) complexes

were ﬁormed., The flrst spe01es is a531gned as (H 0) CrI2

- on the ba51s of 1ts elutlon propertles, 1ts electronlc

84

.spectrum,84 and its hydrolytlc 1nstab111ty. Presumably,

';t is. formed by the halogen abstractlon reactlon
\ 2t o 2+ "
NCCHZI + cr T — NCCHZ + (H20)5Cr1 . . (4.5)

The second chromlum(III) spec1es lsolated is a red product
whlch elutes as a dlpOSltlve ion and 1s remarkably 1nert

f{to hydroly51s; No.decomp051tlon 1s observed over a perxod
‘of several weeks at 5°C., The electronlc spectrum of thlS ;

spec1es exhlblts max1ma at 527, 409, 262 and 209 ‘nm w1th

-1 -1

: extlnctlon coefflclents of 40 3, 102, 4430'and‘6460 M ~ocm

74.



75.

respectively. The band maxima are characteristic of an
organochromium(IIIffspecies'and the complex is formulated

as

- Lo 24
(HZO)SCrCHZCN

Iv-1

' Its formation can be attributed to the reaction of a
fsecond-chromium(iI) with the generated acetonitrile’

~radical

‘ NCQHzf f Qr43 ‘———f—»i.(HzQ)SCrCHZ

on?t . (ale)

i

87

Funke:and‘Espenson‘ have reported,the-preparation'

of COmplex'IV—l'using‘a different synthetic prOcedure.7

757
g

-2

¢

‘ However; -the reported extlnctlon coefflclents are ca

~
B

35% lower than found in thlS study In llght;ofathe_very"
'poor ﬁ&eld reported by Funke and ESpenson,87 it is#likely
that thelr sample. was contamlnated w1th Cr (OH )63+.

(;;e relatlve ylelds of (H O) CrCHZCN2 as a functiOn,
.. of llgand concentratlon are shown in Table 9.' it is worth
vnotlng that the same quantlty of the organochromlum(III)

_spec1es 1s obtalned regardless of whether»NCCHZIvor

'-:chromlum(II) is in. excess. Nevertheless, 75% of the

“reactlon ylelds products other than (H 0) CrCHZCN2 ‘ -

i Slnce the only chromlum-contalnlng products of ‘the reactlon
2 2+ 2; and'Cr(OHz)6 ;the f

unaccounted for products must be- strlctly organlc in nature.

"are (HZO) CrCH cN® (H 0) (CrI



. Table 9

76.

Ion-Exchangé Analysis of'(HZO)SCrCHZCN2+'Formed from

the Reaction of NCCH21 with Chromium(II).

«
10Zxncer,1l,  C10%x(er(inl, ', (H,0) gCrcH cNt 2
M M M- v W
& : :\'\ b“l " b
v 3.45° % 4D +9.28 0.100 2540
\; .\ . .
6.90 ./ 9,28 0.100 24.5% .
¢ ‘Q’ \\\ .
/ .
P '/'/ \\
" '5/‘ .
8petermined as chromate. -
<'.‘- R ‘ ' . ‘ '
- Pgaged on total number of ‘moles of NCCH,I.
. N N U‘ ‘ » . R
CBased on half thé number of moles of chromium(II). 2
N
a



*77.
In order to éetermine these organic products, 13¢ nur
spectroscopy'wés eﬁployed; ‘Solutions were prepared as
Idescfibed in the ExperimehtalnSection and thg sole organic
,prOddbt detected was acetonitrilé. - This may imply that
the acetohitrile radical intérmédiaté can also react
Qith excess chromium(II) to ultimately generate free

acetonitrile.

NeeH, - + cr?t ———»  NoCH, + cr(om,) ot (4.7)

2 S 3 2’6 o :

" This would account for the substantial amounts of Cr_(QH2)63+
' observed during the ion—exchahge'procedure.

The kinetips of the reactidﬁ‘of‘iodoacetonitrile g
with chromium(li)fweré:studiéd at 528 nm and the reaction  \
was found to obey the rate law 4 - , o :

24 . S . . SR

d[(H,0) CXCH,CNT] . B

— : = k[NCCH,I][Cr™ ] | .- (4.8)
- dt o . : : o . ,
| W

The rate data are summarized in Table C-5 of Appendix C.
The rate constahts and activation parémeters are given—">_ .

i A L~

. in Table lb.v~ BT o ' ‘ ‘ ' § -

NCCﬁ2C1'+.Cr2+; I

<L
<)

The reactlon of chloroacetonltrlle w1th chromlum(II)

' 1s qua¢1tat1vely dlfferent from that just descrlbed fof#ﬁé

,v'“i
A ;odoaceton1trlle. The reactlon is much slower and exhlblés
, : ! :




7 g L35 K

,,,,,

Table 10"

Kinetic Parameters for the Chromium(II) Reduction of NCCH, 1%

Temp., o k, - » AHfr‘ ) Asfl

°c - _ 'M-1 st ~ kecal mo1” ] cal mol”! deg™!

25.0 . 9.17%p.41 '5.4440.74 -35.8%2.5
35.0 13.3%0.7

2lonic strength 0.50 M (LiC10,-HC104).

b_Errors quoted are 95% 6bnfidehce limits.

(8
"

a3



biphasic;kinetic behauiour. a@ean runs 1nd1cated that -

1

the flrst reactlon produced (H 0) CrCl2 whleh under-

B }' 85

went chromlum(II) catalyzed aquation in the second

. reaction. Employlng the data- flttlng procedure descrlbed
in the Experimental Section, 1t was found that the flrst

v

reactlon followed the rate law

atmoerct®y
- kWeeme e L )

L :
at
The rate data are summarized -in Table C-6° of Appendix C. *
_2,(

-

Thé value of k; was fourd to be (1.07 % 0.07) x 10
mL s7l (25°¢, 0.50 M LlClO4-HClO4) _
Although detalled product studles were hot undertaken Q,QJ
..hfor thls system, 1on—exchange experlments 1dd1cated that \‘ |
o there was exten51ve formatlon of (HZO) CrCl2 and .';;\-
N4Cr(OH ) ,- Although a dlstlnct band correspondlng to !Ch\_ -
(H 0) CrCHZCN2 could not be . 1eflated later fractrans//l .; 9‘ vu.- K
of the (H,0) Crc1?" |

band indicated’ that some Of,thesfiimer | f

was present.\ It was estlnatedst:at 5 10% (Hzo)SCrCH CN2+A‘ « ( 7:"-
. I -

was detected in,this:manner, a value that is inwagrQZEEEE ;

. / T » .
vw1th scan runs of the reduct10n whlch showed that the .
: i /
absorbance in the 410~ 430 nm reglon was hlgher than could ' S

- / : o 'j
V‘be accounted for 1f only (H O) CrCl2 and Cr(OH2)6 werev I

46
i ),1 v

% formed 1n the reactlon: . ”;ﬁf?“



s \" |

e 0) CrCH2CN2 \+,Cr2+, :

N

The reductlon of thls organochromlum(III) spec1es

',was found to be flrst order in both (H O) CrCH2CN2 ana'-”'

chromlum(II) l However, upon varylng the a01d concentra—'
tlon (0 393 to O 050 M), 1t wasjobserved that the second—ﬂ

order rate constant (k d) 1ncreases w1th decrea31ng i“”

o 1{Hf}}f A plot of k obs d vs.-[H ] l 15\11near,‘as shown in JH.‘\

Flgure 3 andvis con51stent w1th a rate 1aw of the*form s
"Kopag = A + e T
d : Fo o ‘ S e S VR

Table C= 7 of Appendlx Kl glyes a summary of the rate data‘r_f.;th'a?
'7vobta1ned:t The 51mplest mechanlsm con51stent w1th the 'fw‘?Afﬁ_.,f

experlmental rate law 1s S

TN
N

& o4 o

" This proposed scheme yields a rate law of the form =
ky IH ]-f,kZKa- ST

If 1t is asSumed that K 1IH*J,fthenjequatibﬁfx4;12)]j?{:'

51mp11f1es to'iilﬂ.' “ﬂ



FIGURE 3.'

.\;

m SRR

Kobsd X ’13()2‘, M1 51

Vi
o

Varlatlon of k bsd w1th [H ]

REAVEEEE

8%

for the reductlon
of (H O) CrCHZCN at 25 C in 0 50 M
L1C104-HC%0



t,_ L1C10 HC104) "pa*‘”;jj,r ‘,w\s

Lo gl

.reasonable agreement w1th*the value 9 8 0 3 M l

Y kK -‘;m

Lo kR e DR TIRE
Kobsad = X1t T AT | - (4:13)-

B £

L :.’

‘-which“has the'same-form as that_obtained'experimentallf'

(equatlon (4 lO)) The-calculated values ofiki.and sz

4 R R
‘were fdund to be (1.73 = 0507) x 1072w ¢ ana ;

(S 62 0 70) x 10\43 7;,vrespect1vely (25 C 0.50 Mvd,,"

4

Scan runs of reactlon mlxtures at varlous a01d1t1es

- )

showed that Cr(OH2)6 ‘ was the sole product of reactlon,~'l."

N ;
and not some more strongly absorblng spe01es.‘

2CN2+'+ ug?t, .

s N L, YC»’{<

The reactlon of mercury(II) w1th (HZO) CrCHZCN2 ';s»”

- re- examlned and compared to the results obtalned by Funke‘lﬂ,

B

and Espenson.87 In agreement w1th that report, absorbance

changesrat 409 nm were found to correspond to the rate."

alaéil

oy

L j'f-dl(ﬁzolschgQCNv:]f_' SRR ' G
TN — _‘_# k[(H O) CrCHZCN ][Hg }] . (4.18)

The rate data are summarlzed 1n Table C 8 of Appendlx C.-

The second-order\rate constant was found to be 8 7 “;45’”;5

NfMpe (25°C, l 00 M LlClO HClO ) Thls value is 1n_?['

4.
-l

'.\

¥



1

! completlon of: reactlon ‘were consistent w1th Cr(OH2)6

ipCr(II) 1 oo (NH )5CONCCH2I

o /4‘

'ascertaln the nature of the mercury(II) product.- However,;f

SR ' N A
(25°C, l 00 M'HC 4) Wthh was reported pfe ebusly by . . Ji

( s7 R e
Funke and Espen en. : . ‘ S wrb o _vw—9g=' -

The v1s1ble spectra of reactant solutlons at the

v

Cas the chromlum(IIf) product No effort was: made to

|
1

by comparlson to analogous systems,79 ‘the product\ls o

\

expected to be HgCHZCN ::" a&'i;;i' f‘ --V“'fv' )f

(NH CONCCHZ 3f 4f¢32+;.'o_f;_1”""’;;')

® .

s
The st01chlometry of the reactlon of chromlum(II)

';w1th the 1odoaceton1tr11e complex of (NH3)5Co -hWas~
'"*determlned 1n a manner analogous to that descrlbed
ugearller for free lodoacetonltrlle llgand._ The results'

vf_obtalned 1nd1cated that the st01chlometry was 2 03 VO 02

3+

v
A

Prellmlnary product studles revealed that two major ' f ‘/ba'

r,:chromlum(III) spe01es were formed Rapld elutlon of

'Vireactlon mlxtures on Dowex 50W—X2 re51n revealed the

vi

”5'productlon of a green, d1p051t1ve spe01es ‘whose electronlc :

.

2+ 84

. spectrum corresponded to that of (H O) C I he_;>
;fsecond product was a hlghly charged red spec1es Wthh dld
?;;not move down the column even when elutlng w1th a solutlon ';

";*of 0.5 M HC104'1n 1. 0 M Nac104

The nature of thlS hlghly—charged spec1es was

'feluc1dated by us1ng Sephadex SP C25 catlon exchange re51n..j,f't



4

‘-would be complete.

‘8.4.',

After allow1ng the reactlon to. proceed to completlon, the

reactlon mlxture was alr oxldlzed the solutlon dlluted

) and then allowed to stand for thlrty mlnutes. Dur;ng

thls tlme, aquatlon of (H20) CrI2 . to Cr(OH2)6
4 :
"84

The solutlon was charged onto thev“

- and<I-

column of resrn and elutlon of the varlous bands achlevedvd

&

\ u31ng 1ncrea51ngly concentrated solutlons of NaClO\Land

RTI

i | o T G
HClO4 _ The results obtalned are summarlzed 1n Table*ii
. RERRRRN

Essentlally quantltatlve recovery of I‘ was observed.

ThlS 1mp11es that the halogen transf r reactlon (4 15)

(NH ), CoNccﬁ’I c’:’r?f —_— (NH3)5C0NCCH2 3+ R
7«;? . T R 2+—._ S (4.15)
. #.(H0)CrT o

1s complete. The observatlon that no’ Coz+.1s formed

durlng the reactlon of the 1odoaceton1trlle complex w1th

chromlum(II)1ndlcatesthat electron transfer\reactlons

/-'*"'* N L - \

1nvolv1ng the’ cobalt(III) center do not occur in elther
the orlglnal complex or any generated 1ntermed1ate.l"’

Therefore, eactlons such as outer sphere reductlon of

3
(NH3)5CONCCH21

‘(NH'3)C¢Nccné‘I.r3+’% cr?? ————-—->C02+ + SNH3 4 Cr(OH )

: + NCCHZI\

\ B N T 15)

and 1ntramolecular electron transfer of. the radlcal'

1ntermed1ate R L
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86.

(NHB)SCQNCCH2j3+_—¥fHE ca®t + 5NH, f[NCCH2+ o (4.17).

. H.O
2* a—34> NCCH on

NCCH 120

{ - -
are not observed. C v

g’}Jwaﬁ
N Small amount Of a yelloy complex, which eluted as

a tr1p051t1ve 1on was, also observedf/mzlthgugh this~

peC1es could not be cleanly separated from Cr(OHz)6 ,
analysls of thlS fractlon showed that 1t contalned cobalt

' to an extent of ca. 5% of that orlglnally present._ On the

-

ba51s of 1ts elutlon behav1our .and colour, this product

1s assumed to be (NH, )SCoNCCH33 ’ although 1t must be .

A,empha51zed that this a551gnment 1s speculatlve. Tts .
S~ _ .

format;on could‘arlse “from’ the-reactlon
nit) concen, -3* +, cr?t —}L—» (NH)

ANH 3/ 5LORLERS T | 35
AL e S Cr(onzyg

. ! s S e : .M‘ . / -

fSuch a react1on could be regarded as -an outer sphere

3+
3 -
+

CoNCCH . :
- (4.18) -

electron.transfer reactlon‘between chromlum(II) and thef
- acetonrtrlle complex 1ntermed1ate._ Such a reactlon would o
uhelp to- explaln the relatlvely hlgh recovery of Cr(OH Lg

fThe latter is- also formed from the aquatlon of (H O) Cr12+

-and from alr -oxidation of excess chromlum(II) g8
The hlghly charged red species was eluted from the
column W1th l oM HClO4 and was found ‘to account for

'essentlally all of the cobalt 1n1t1ally present. .ln

'addltlon, the chromlum content of thls band was determlned

g . -
al - i
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. \ ; . P
- and the, ratic of cobalt to chromium was‘%cund to be

l,OO:l. 1. ‘The electroni spectrum of this specres was
recorded\ and igs shown in Figure 4. The absorptlon max1ma

'are locat d at 477, 417 and 256 nm w1th extlnctlon . o

coeff1c1ents of 103, 102 and 6800 M cm ., respectively.

Also shown in Flgure 4 1s the spectrum of . (H O) CrCHZCN2

- It is 1nter sting . to note tha both complexes have aa'&ﬁa

near 260 nmiand 1n the 410 420 nm reglon. In addltleﬁ; *ﬁe

band-at 477 observed for'th

3+

is suggestlv of a n1tr11e comp ex of (NH )' . These

: . o : L »
o , o air e prr O
,(NH3)5C0N‘_C‘CHZCr(OH2)5 ‘ .

' Iv-2. '
o Complex IV-2 is formed presumably by reactlon of the‘

radlcal 1ntermed1ate w1th a second equlvalent of

|

'chromlum(II) accordlng to the reactlon

(NH } gCON= CCH2 3t + et —

(NH ) CON CCHzCr(OH ) .

»lIt is. worth notlng that complex IV—2 eXhlbltS remarkable
';stablllty.ln solution. No decomp051tlon of the compleX'
is observed in'0.5 M HClO4 after several months .at 5° C.

v /

The klnetlcs of the formatlon of (NH ) CoNCCH Cr(OH )

from the 1odoaceton1tr11e complex and chromlum(II) were

/ . T;

R | | I’,.

cobalt—contaln;ng'specxes

BT

(4.19)
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studied at 477 and 650 nm. - The reaction was found to be
first order in both the cobalt (IIf) complex and chromium(II),

and obeyed the ratefdaw

2+

-Q[IV-zl ' A R
———— = k[ (NH,y ) CONCCH I ][cr ] . (4.20)

. at

- The experlmental rate data are summarlzed in Table C -9 of
\ ‘»w. .

'Appendlx C. The rate constants and actlvatlon parameters

for this reactlon are llsted 1n Table 12

(NH,) (CoNcCH,C1>Y + Cr2+khl

The’ reactlon of the chloroacetonltrlle ccmplex w1th
vchromlum(II) .was also studled to ascertain whether 1t |
behaves the same as the 1odoaceton1tr11e complex._ Productn
'analy51s experlments revealed- that qulte dlfferent resultsj
are. obtalned ' Because the rate of reductlon of this
complex is much slower than that for the 10doaceton1tr11e
complex, reactlon mlxtures wer¥ allowed to proceed for
~only 3—4 half—tlmes.. This' was necessary slnce it was,
| found that (NH3)5CoNdCH2Cr(OH2)5 -, which is a product of
the reactlon, also. reacts with chromlum(II) over longer'
;'reactlonitimes.v In addltlon to the unreacted chloroaceto—

nitrile complex and (HZO) CrCl2 ' whlch results from the-

fhalogen transfer reactlon to chromlum(III), two cobalt— ‘
i .
2+

_contalnlng products were observed, Co and

(NH3)5CONCCH Cr(OHz) -; The reactlon c0nd1tlons and



Table 12

Kinetic Parameters for the Reaction of (Nﬁa)ipoNccﬁzI3+

with Chromium(II)?®

i S L | J
Temp., R ant, - ast,
e | M1 7! | ‘xcal wol~!  cal mol”! deg”!
15.3 , 35.8%1. 1
25.0 . as.2%1.6 - 3.80%0.55 -38.241.9
34.4 . 60.5%0.7
. ~r
‘3ronic strength 0.50 M (LiCl0,-HC10,).
bErrors . quoted are '95% confidence limits. ' 7
4
| ’
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relative distributions of the cobalt products are given

in Table 13. The percentages ‘cited are based on the

3+

assumption that no (NH,) CONCCH4 is formed in the

reaction. In light of tﬁe results previously. discussed
fo; the iodoacetoﬁitriie complex, such an assumption
shouldlyield‘ao error %f}at most a few percent.

The results show that,ﬁunlike the iodoacetonitrile
complex, Co2+ is formed durihg the reduction of

3+

(NHB)SCONCCHZCl In fact, this reaction now constitutes

more than half of the total reaction. This probably
c,o R '

arises from the outer-sphere reduction of the chloro-

acetonitrile complex
(NHB)SCONCCHZClB + et —

2+ ; ' 3+
Co + SNH3 + NCCH201 + Cr(ogz)6

(4.21)

»

. . | | +

This reaction also accounts for,ﬂ:heCr(OHz)G3 . product

of the reaction. Subsequent kinetic studies confirm that
chlorine abstraction is likely to be competitive with

‘outer-sphere reduction. The outer-sphere reaction is

-

not observed with the iodoacetonitrile complex because -
halogen abstractlon is over 500 times faster than with the
,’chloroacetonltrlle complex. : } 1 ' o

Attempts were made to study the kinetics of the

reaction of. chromlum(II) with (‘\IH3)SCoNCCH2Cl3 . HoweVer,
{

51nce thefreactlon 1s SO slow,}dlfflcultles were encountered .

é&«’
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Table 13
Ton~Exchange Analysis of Rnaction‘of (Nna)SCoNCCH2013*
* with Chromium(II).
Reactant Concentrations, M Product Distribution, %P
10%x[co(11)] 102x(cr(1n))  (8'] Co?*  (NH.)4CONCCH,Cr(0Hy) 5>
) o
T o3.29 4.20 0.102 55.1 44.9
3.92 ’ 4.10 0.188 53.4 4 46.6

8pagsed on total number of moles of cobalt(III) complex.
; { ’ ‘
. ]
Peobalt complexes were determined by conversion to Co(SCN)42°,

]
Eal
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”-r;n analy21ng the absorbance changes attrlbuted to thls,t

\

2+*85

~‘freact10n. The reactlon to be monltored 1s competltlve SN
-'w1th the chromlum(II) catalyzed aquatlon of (H O) CrCl
'land w1th the reactlon of chromlum(II) W1th

“dg(NH3)5CoNCCH2Cr(OH2)5 o In addltlon, the reactlon of

7fchrom1um(II) w1th NCCH2C1, Wthh is llberated from outer-d "

fﬂ-sphere reductlon of the complex, 1s also/competltlve

':u;w1th the reactlon to be studled That all these reactlons. R

: A .
»are operatlve explalns the obserVed wavelength dependency

'of the absorbance changes.; Nevertheless, the reactlons g‘é”h

"were monltored at 609 and 417 nm and analyzed by non llnear ;,gf-

¢

':'ﬁleast— quares flttlng of the absorbance data t6 2— and

‘~f(8 9 s 037) x 10

S .3 cOnsecutlve reactlon schemes, respectlvely : These are
'Vdescrlbed 1n greater detall 1n the Experlmental Sectlon

s

iiand Appendlx A.L The results obtalned 1n thls llmlted

‘fﬁf,sbﬁdy are glven 1n Table C 10 of Appehdlx C. The 1n1t1al

9

“;reactlon was found to obey the rate 1awvf:-

d[Iv-zl et g 3" w e e
at S RN o e i

"fThls second—order rate constant was determlned to be

Be 'f (25 c, 0.50 M L1C10 —HClO )

4

’ '*_It must be emphaSLZed however, that thls rate constant

R

ibfis only approx1mate because of the complexltyﬂof the'H

“?system and the 51mpllst1c approach taken to analyze 1t.;v"“



- studles were undertaken to see 1f a- 51m11ar reactlon

94.

(NH ) CONCCH Cr(OH ) *tyoerlt,

g

HEShOWn“in‘Figure;S are the spectra “changes associated‘f

”w1th the reactlon of (NH3)5C0NCCH Cr%OH )5 ’ IV—2 w1th o
'.chromlum(II) The reactlon gave a. mono‘ha51c decrease

igvabsorbancewat.both,4l7 and&477unm,;ant obeyed the rateﬂ

law .-

e = kpmve2lfer?’l L

. tAppendlx C.' The rate constant wag found to be'(2 39 E:

"ﬂ'ao 10) % 10 -3 ’; (25°c, o ‘50 M LlClO4 HC104)x<”
"Because of the very slow rate of thlS reactlon and ;"'”K'VJ

/\ : P

Q)-the nece551ty of hav1ng large ooncentratlons of chromlum(II),

,present to. achleve a reasonably short reactlon tlme, 7 i_'/rj '

Vf“product analy31s experlments Were not undertaken.. However,v‘

7
Ay

the relatlve absorbance changes and the spectrum of the/“

"fi flnal solutlon were con51stent w;th Cr(OHZ) 3+fas the sole B
z.chromlum(III) spec1es formed. Tests on reactlon mlxtures ’ :1
2+ . o o

.,-for Co : were p051t1ve :
N Y ﬁ7f*3fﬁd - )
(NH ) CoNCCH}CKJQHéiﬁsja+-HgZ S ’

:'.." :

Slnce mercury(II) 1s known to react thh 51mp1e S :
‘Eorganochromlum(III) spedles to yleld organomercurlals,?g"

s ol s A “
R - . AN o \
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 'FIGURE 5."

X - 3)5
fchromlum(II) (3 13 X lO : M )' [H ] .SVM;

‘vﬁThe absorbance 1s decreas1ng below the 1sosbest1c‘va -

oy

~ Wavelength, nm

~

Change in V151ble Spectrum durlng reductlon of

CoNCCH Cr(OH ) (l 60 X lO M ) by
2

25°C }Ignlc strength O 50 M (LlClO ), 5 cm cell

'7<p01nt at: 577 nm. The spectral scans were >

-:vstarted at 4 48 .88 ~128. 188 268 368, 508,

7;}7608 and 1158 mlnutes after mlx;ng.v

A

PR

350 400 . 450 500 550 . 600
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~reta1ned Therefore, whlle the organochromlum(III)

'gantact. :

Joccured w1th (NHB)SCONCCHZCr(OHz)5 e Thefabsorbance

.changes a55001ated wlth the reactlon are showniin

:Flgure 6 The absorbance max;mum at 417 ‘nm, attributed

. to the organochromlum(III) entlty is observed to dlsappear

'vwhereas the max1mum at - 477 nm, although 1ts 1nten51ty is

:decreased and shlfts to sllghtly smaller wavelength,
!

fm01ety 1s destroyed, the pentaammanecobalt(III) remalns - o

Pt T e

.v

n,r{9’ A product analy51s study was uﬁdertaken.v A solutloné.

of (NH3)5C0NCCH_2Cr (OH ) 5+ (5 5 x 1&{ M)\lnf 2100 M
N\

1

Y'HClO4 was allowed to react for 3 5 h w1th Hg * (0 021 M)

5. - T

PR and then charged onto a column of Sephadex SP C25 re31n.a

'jplndlcated that the product contalned mercury(II)

96.

) o
A blue band elutlng as a tr1pos1t1ve Spec1es was~observed .

/
and found to be Cr(OHZ)G f on the basls of 1ts Vlsrble

' spectrum A more strongly retalned yellow fractlon was

h also observed and was eluted from the re51n w1th 1.0 M v"

HClO4 The cobalt content of thls fractlon was determlned

and 1ts electronlc spectrum recorded., Max1ma werev o
SRR
,‘erved at 471 and 335 nm w1th extlnctlon coefflclent#
. i

:l‘,ofﬂj {6{&nd?67.6‘ﬁ cmf},'respectlvely.: These absorptlpn

occur in reglons expected for nltrlle complexes og
3+~

"(NH3) . A p051t1ve dlthlzone test for thlS fractlon

79 89

'7[_Based on- these results,_the product 1s formulated as"

.;/
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N
1,
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(NH ) CON CCHzHg(OH )

v | CIV-3 ..

'Product analysrs results 1nd1cate ‘that the ratlo of the

startlng material (NH3)5C0NCCH Cr(OH e * to ‘the

.products Cr(OH2)6

is 1. OO 0. 99 0 96.

. | 4 o
and (NH3)5C0NCCH2H9(QH2)_ formed

In an effort to ‘more fully conflrm the nature of
,fev .

- thlS novel dlmetalllc organomercury(II) complex, a- SOlld

"-sample of the perchlorate salt of thls complex was ':;7

!

prepared and characterlzed by elemental ana1y51s, v151ble

‘spectrophotometry, and 1nfrared and s

_ The results are shown in Table 14._ Two observatlons B

. should be noted in- partlcular.f A nltrlle stretch at
2269~cm l is observed Wthh 1nd1cates that the nltrlle'
v_functlon has not undergone hydroly51s to yleld the f

carboxamlde complex. fTh lH ‘NMR spectrum clearly

rfidemonstrates the presence of cis- and trans ammlnes as

~”well as the methylene group. - In addltlon ‘as shown‘1ﬁ€

199 - %

Flgure 7,‘coup11ng between Hg (I = l/Z)pand‘the-

‘ methylene protons 1s observed ThlsiisrCOncluSive.

'ﬂevldence that mercury is- coordlnated to the methylene
group and serves: to substantlate the formulatlon of the

>_complex as IV—3.

w0y

The klnetlcs of thls reactlon of mercury(II) with

(NH )5CoNCCH Cr(OH ) ; were stud1ed;at-4l7 nm, lrhe .

H- VMR spectroscoples.

98.



Table 14

: : .
Results of Characterization Ofl[(NH3)5CONCCH2H (0H2)]’(C104)4
)

{

{0
{ .
}

1

oa

Elemental Analysis

' Anal. Calcd;:;LCo, 7.361 é; S.oo; ﬁ,‘éfég{ln,.1o;50§
" Found: , Co, 7.3154C, 3{24;'ﬁ, 2.40; N, 10.66.
I.a'}frafeda g o -

| V(CZN) 2269(s)

Electronic Spectrum®

oA (e MM om ) |

'42{(75;6)1:' s
335(67.6) e
  1h'NMRé‘. [
"_ggjmfs}saér
‘ﬁiéﬂﬂ;ﬁﬁ3;f6fi?'?
g j?CHzi,f7.4§ T s
| J(‘9?ﬁge‘n),.312;nzd

99.

aSpgéﬁrum,obta;néd’in KBtvdi;k.j‘  :

pﬁéco?déd-in §é5d MfHC;Q4}  o

.‘cReéafaed in ;§éSd%d6;"éhifgsfare'réla#iyéVto the rgsiduél'SOIQent
protons aﬁ»f.48“1. TR e e o | @

- 95 py0, 3(1%%g-"n) 15 361 Hz.
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, , BN 4
.reaction was found‘to‘bejfirstéorder in both mercury(II)

and complex IV-2. However, the second-order rate constant

(kobsdfﬁinCreases with decreaéing [H+], obeying the rate

law : -
‘ . b )
Fopsa = a f tH+] o . (4.24)°

Thelekperimental<rate’data are giﬁén in Table C-12 of
- Appendix C. A mechanism consistent with.this rate law '

is

S s . 54+ 4 a - : - A+, L+
(NH3)5CoNCCH2C;(OH2)5\vJ;:::: (NH3)CoNCCH2Cr(OH2)4(QH) + H ;

R PR P
’(Nﬂxlﬁsgﬁfzfzgg(OHz) + Cr (0m,) g™

The~predictéd rate law gives the SeCQnd%qrder‘raﬁe constant

_(4;25).

BN , o .
Kopsa = ‘kl.[‘]-a“] - ki»Ka. LS (aa2e)
Ky + HT] e

If Kaa<<_[Hf],:then_the'rate law $implifies to’f

ikZKa

JEi N

Kobsa = ¥1 * - (4.27) .

%

’which;has?the'éame form as that obtained experimentally

" (equation (4.24)). Theiﬁaiﬁes‘for k, and sza'are'



2 -1 -1

(3.49 + 0.19) x 10°° M~ s™~ and (5.8 * 1.8) x 10

‘ ¢(25°C, 1.00 M LiClO4—HC£m4),,respectively.
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-Discussion: ' : ‘ ‘ e

'A summary‘ofdthe kinetic reSults obtained.in this
study is glven in Table 15. |
" The klnetlc results for the reactlon of chloro-
acetonltrlle and 1odoaceton1tr11e with chromlum(II) 1nd1cate
'that the actlvated complex contalns One_mole_oﬁ chromlum—'
'.(II) for each mole of llgand., However, stOichiometry
experlments 1nd1cate that these llgands are two electron
'oxadants 51nce two equlvalents of" chromlum(II) ‘are ox1dlzed
fd; each llgand consumed ThlS suggests that one of the

, two reactants must proceed through an unstable ox1dat10n

state. A p0551ble reactlon scheme: 1nvol$es the lnltlal S

.two electron reductlon of the llgand. . o ﬁ‘f’\'
i 11 B IV
NCCH,X + Cr™" — Cr’" + X~ + NCCH3
e v etV (Cr(III))2 o (4.28)
' 88 90
An 1ntermed1ate chrom;um(IV) specmes , would be

generated whlch would subsequently react w1th a second

A
"afchromlum(II) to yleld blnuclear chromlum(III) products,

- 3l

i

as shown in equatlon (4. 28) However,'ln the-Rresent

system, only small amounts of the blnuclear product are =
'observed and. these can be ea51ly accounted for by- the '
a1r-ox1dat;on of excess‘chrom;um(II).. Therefore,,lt
NSeems'reasonahle'to'conCIudedthatﬂan initial two electron’

redox process does not:occur,in these systems.
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Table 15

Summa:y of Kinetic Parameters for Formation and Reactions

of Some Organochromium(III) Complexes

\v

Reaqtiona‘ g ' L k(25°), dﬂf, ast,
' ' ' M-j g kcal mol_1cal mol-1deg_1
- NCcH,I + cx?t ' L 9.17 '5.44%0,74 . -35.8%2.5
, NecHcL + cx?t 1.07x10"2
‘ . 2y 2 5'6;‘10_4
(Hy0) gCrcH on2t + cr2* CN73x1074 + 22—
| 2 | ‘ 1)
((NHjy)gCoNCCH,13% + cr?t 45.2 © ' 3.80%0.55 ~38.2%1.9
(NHJ) cCoNECH,C13Y + cr?* —~ 8.9x1072
3)5CONCCH, S |
(NH4) gCONCCH,Cr (OH,y ) g + cr?  2.39x1073
- 2+ 2#b - : i
(H,0) 5CrCH,aN2" + Ho® ) e
' o ‘ : o . .,'l:‘, ' . 4 4
(NH; ) sCONCCH,Cr (Ol ) s>+ + Hg?* b'3.4%t1b’2+ S:8x10 _ - »

Lo R
@ 3 .

.2Ionic strength 0.50 M (L1C104-HC104)5uniess otherwise[ndted.

Pronic strength. 1.00 M (LiC10,-HC10,4).
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A more likely mechanism involves a multi-step sequence
of one equivalent oxidation-reduction reactions. Such a
scheme has'been. frequently suggested for the reduction

of other alkyl halides>3+80,91-93

and involves the initial
transfer of the halogen from the alkyl group7to

chromium (ITI) according tobthe reaction

NCCH,X + ct“-—»uccnz- + (HZO)SCrx2~+ . (4.29)

-

Such a'reaction scheme is verified by the isolation of
the halopentaaquochromlum(III) products and the observatlon
that no reductlon of free acetonitrile occurs in the
'presence of chromlum(II). That\halogen transfer is
invoived in the initial step of the reaction is inferred
also by comparing the relative rates of reaction of the
'\chioroacetonitrile and iodoacetonitrfle ligands. Iodo-
acetonitrile is reduced ca. 850 times faster than
Chloroacetonitriie, coneistent‘With the lower bondlenergy
for C-I bonds compared to C—Cl bonds.94 - This suggests
-that the reactlon is governed prlnc1pally by qérbon to
: halogen hgnd breaklng. A 51mllar kinhetic dlfference was -

;observed in the reactlon .of haloacetlc ac1d derlvatlves

34 34

;'w1th chromlum(II) In. addition, Sevc1k and Jakubcova

found that the" reactlons of chromlum(II) w1th monohalo-
- genated derlvatlves of acetlc ac1d,,HO CCH2$ have AS¢
values essentlally unaffected by the nature of X, (AS

=39 cal mol™t degv ) but AH* decreases from 10.2 to
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5.4 kcal mol”l on going from X Cl to I. This suggests
considerable C-X bond breaking in the activated complex.
It is noteworthy that the activation parametérs for the
reaction of chromium(II) with H02CCH2I34 are esﬁentially
identical to those for the iodoacetonitrile ligand.

The acetonitrile radical generated by halogen~tran§}er
to chromium(IX) subsequently reacts with a second
chromium(IIX). However, considerably less than quantita-

tive recovery of the organochromium(III) species is-

obtained by this reaction.

NCCHZ' + Cr2+ ——— (HZO)SCICHZCN2+ ‘ (4.30)

In the reaction with ICH,CN, 25% of the ligand is recovered

2+
as (H20)5CrCH2CN

, whereas for ClCH2CN, less than 10%

" of the organochromium(III) complex is detected. This

seems to sugéest that there is no common intermediate

for these systems since equal yields of the organochromium—
(iII) spécies would be expected, independent of the

nature of ‘the halogen. However, owing to the much slower

reactions of the chloroacetonit%ile system, chromium(II)

catélyzéd aquation of (HZO)SCrCH2CN2+ becomes a problem.
‘Independénf'éxperimentstindicated that the decomposition

. of the organdchr&mium(III) compléx

- H,0"
(H20)5CrCH2CN2+ + cr?t 3

Y

B (4.31)

3+ 2+ -
(8)0) gCr>" + cr®” + NCCHy
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is> 1ndeed competltlve w1th 1ts formatlon from NCCH2C1,/'

but not from 1odoaceton1tr11e.: ThlS explalns the_‘“

-

51gn1f1cantly l&wer yleld obtalned for the chloroaceto—

. vﬁ‘
o nltrlle system. f 17"f,_;111_.:‘ v*f:wf ‘ 5“[f:"‘>f.
Slmllar arguments' cannot be used to account forh

the small yleld of (H O) CrCH2CN2; obtalned from the g,’

~--=reductlon of 1odoaceton1tr11e 51nce subsequent reactlons

are not competltlv w1th 1ts formatlon._ As such the

25% of the organochromlum(III) complex 1nd1cates that

[

: other pathways of reductlon are avallable to the

acetonltrlle radlcal A p0351b1e reactlon scheme 1s the

|

R "'%‘""- follow.lng -~ S | ., : : _j. , RN

e L /a( (HZO)SCI‘CH2CN SR
'5-NCC32' + Cr2+-_2a»Cr(OH ) 3+’f NCCH., ™ -

(432

im0y crncen, "Vt s (:0) .crncch s

34
NCCH3 B Cr(OH2)6 f

Pathway-a 1s.the radlcal couplrng reactron of chromlum(II)
w1th the acetonltrlle radlcal,‘and has been descrlbed v“

hmgd’.;prev1ously ; Both pathways b and < 1ead to the formatlon -
e of acetonltrlle and Cr(OHz) a; both of whlch were observed

1n product analy51s experlments. Reactlon b corresponds

to reductlon of the acetonltrlle radlcal by a non brldged—

S T T T T e SR ST LT B

S R T O A ,,.\,- ‘
AU L I - L B
. . . .



'OutEr sphere‘ﬂeghanlsm, yleldlng the acetonltrlle anlon

~Wthh would//ubsequently react w1th a01d to yleld free

[z :

- acetonltrlle., Alternatlvely, reactlon c suggests that

"*:chromlum(II) can coordlnate at the nltrlle functlon and

e

subsequently reduce the coordlnated radlcal dThef.'

‘chromlum(III) bound acetoﬂatrlle anlon mlght then be'

:]expected to protonate rapldly,ﬂyleldlng the chromlum(III)

B ;acetonltrlle complex IV—4*i Chromlum(III) nltrlle 1nter—"f7_;?*fff>

umedlates have been observed prev1ously, but are subject--"'d

EN

'”to elther rapld aquat:.ong--5 or further reductlon 1n whlch
_ 6-

the nltrlle—chromlum bond is destroyed On thls ba51s;rtd"
decompos1tlon of IV—4 to the observed products would bef'
expected..77“t N | | . |
Dlstrngulshlng between pathways ‘b and c 1s not
‘hztr1V1al However, the observatlon that almost quantlta—itiy
tlve recoveryvof (NH3)5C0NCCH Cr(OH2)5 f IV 2, 1sﬂ,fy':
'observed for the reactlon of chromlum(II) Wlth .
(NH3)5C0NCCH2I3 suggests that pathway (o2 may be the

domlnant one., If the (NH3)5 3~ m01ety Ais’ con51dered as

a blochlng group ‘on’ the nltrlle functlon, then the essent1a11y3'“
"-c-complete recovery-of IV-2 1n the cobalt(III) system 1s not ‘
::surpr1s1ng 1f the only alternatlve reactlon pathway for ,dﬂ-ih
reductlon is: attack at the nltrlle group. On the other
S hand, for the free acetonltrlle radlcal, the nltrrle
i \ functlon is not blocked,_and a large percentage of the-d'
"'reductlon.can occur by prlor coordlnatlon at the nltrlle

I



group. If 51mple outer sphere reductlon (pathway b)

yaccounted for the low yleld of (H O) CrCHZCN2 in the;r

. reductlon of NCCH2 then a 51m11ar1y low yleld mlght‘

"l'have been ant1c1pated 1n the cobalt(III) analogue._fhé“

IS

Low ylelds of organochromlum(III) complexes have
‘been\observed in other systems.v In a. serles of papers,
f,fSevc1k and coworkers34 96 97 noted that the ylelds of

"fthe organochromlum(III) products (H O) Cr R2 obta1ned~

“‘lffrom halogenated derlvatlves of acetlc ac1d decreased

trfln the follow1ng manner R = HOZCCH —; 99%, HO CCHCl—

Fo "<40%, HO ccc1 '<20%. It was suggested
26CCL," .

2. 27

97 that these L[hf

'”‘f.low ylelds arose*from the rearrangement of carbon—"

iqcentered radlcals such as HOOCCCl2 to the more stable .
:onygen centered radlcal OOCCHCl2 : The latter spec1es

hcould react Wlth chromlum(II) accordlng to the reactlon

'-c;z_?“?.. + ooccH'ciz_'-_'.—"'-:_ﬁ;‘—,g—'_,-‘" '(-;izo)5cr,doc¢'név1-22f e *-(;4;'.;33_)«‘ |

t?ThlS would account for the low ylelds of organochromlum(III)f;“

*spec1es 1n such systems. However, ESR results 1nd1cate o

'rfthat whlle the odd electron is 1ncrea51ngly delocallzed

lfover the radlcal 1n thlS serles, 1t 1s Stlll prlmarlly _ _

'wgassoc1ated w1th the methylene carbon.lj As a result,v;j.gw

“]radical rearrangement does not seem to be an acceptable;>i77
'Mjexplanatlon for these observat;ons.
Alternatlvely, the varlatlon 1n yleld w1th halogengp

; substltutlon mlght be due 51mply to the varlatlon 1n

109.°



“;acidity ofhthe'radicals; The followingvreaction'schemev.

: CQuld-accountrfor the observations;

“' _‘| : B ,; fh K. - R | ' .ffl'¥‘
hO C(Rle) ; 7;;::;522::--_;.7O—C-C(leR2) +.H,».

=O@<,:

S TRy ,-¥2¥ A Qi
,"Hofq—g(Rl(RZXicrxpﬂg)5p-;. f_ﬂ‘ (HZO)SijQfCTq(Rl,BZ)__.'p.

vt fast
(H30) gCr=0=C~CH(Ry /Ry)

'J?lﬁ32';3379?291n11-'?;if j:?;ﬁ_vn%‘:;;..’H',;“?.¢{ﬂ4:34?; e

‘,ffThén);the{product;ratloﬁispgivenlby-théhex§résgiohffjufn'"

[(H 0) CrC(R R ok HT T T
_ 27 Ll A I o TN ) PRSI
T 2+ = et e (4035)

[(H o) CrOZCH(R Rj}a 1 l.ﬁ‘,k Ko T e

i 2 a

efuThe value of K for the radlcal would be expected to be i

dfjs1m11ar to that of the parent a01d99 and should 1ncrease SV

>7j4w1th 1ncreas1ng halogen substltutlon. Then, for experl—ﬂ‘ri'

.

'”:ffments at constant [H ], the amount of organochromlum(III)

"‘5as observed by Sevc1k et al.

35;product should decrease w1th 1ncrea51ng halogen subtltutlon,‘

34 96 210 Of course, varlad B

—*ftlons 1n kl and k2 also foect the product dlstrlbutlon.»

Q .

'idThe [H 1 de'end nce. of the products could dlfferentlate.~"

the two suggestlons,_but thls was not studled by Sevc1k

"9et al.34 96 97
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The reactlon of (H50) CrCH2CN2 'with'Cr?iewaSMfoﬁnd</_

-to exhlblt both an ac1d lndependent and an inverse ac1d

o dependent term 1n the rate law Slmllar klnetlc behav1our o

has been observed in a varlety of other Cr2.—CrX2

'systems,ss 100 103‘some of whlch are llsted in Table 16

: The 1nverse a01d term 1n these systems lS belleved to'

‘arlse from an 1nner—sphere electron transfer process BRRTS

o through an actlvated complex of the type ;vihh-v.f‘.g,'

.,’»_ a't';; ‘.;% 7,[ ,f‘ﬁ', l,[
CI'II H"CI’III—X ] .' .

Ce

5

’:,,On the other hand, a w1de varlety of mechanlsms have

"_been proposed to account for the aC1d 1ndependent term“
adtobserved in these systems._ It.should be noted that the_
1{magn1tude of the ac1d lndependent rate constant (k ;

'.iTable 16) shows very llttle varlatlon w1th the nature of

‘MX': Thls suggests that the hetero—llgand 1s not directly

*rtlnvolved in. the ac1d 1ndependent path and an outer—sphere '

RTINS

1mechanlsm 1s the s1mplest explanatlon.

‘ | Clearly, the results obtalned for the reductlon of

: l(H O) CrCH2CN2 dev1ate from the pattern just descrlbed

:.uAlthough the form of the rate law 1s 81mllar to that
3observed 1n the other systems, the ac1d 1ndependent term
:1s‘several orders of magnltude larger than 1n the other

tjsystems, and the 1nverse ac1d term 1s larger than would

\‘?;be expected on the ba51s of non—brldglng llgand effects.ev



" Table 16

T112.

Kinetic Parame;ers'for‘the Chromium(II) Catalyzed'Aquationv

a

Cbmélexesf_

'"6f_Variou§’&H20)5CrX2+

105xx,,2

C10dxky, ¢

Reference =

CHZCN“

S

1730

Cose
o 4.42

52,4

v,

0.34

100
101
102
'86‘;j_”

85

. .This work

-

aTem,perature is 25°C unless otherwise noted..

"cValues reported are for the inverse acid dependent path.

o

bValues reported are for the acid 1ndependent path.‘ ‘

dTemperat;pre is actually 40°Cr

h‘“é

/‘

RS
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I

S
It has been suggested104 that for cobalt(III) and chromlum—

(TII) complexes, the 1ncom1ng electron is accepted 1nto
|
the d 2 orbltal, and this electron transfer w1ll take

place more readlly the lower “the energy. of the d 2 orbltal
z

\

2+ 'systems, the drbltal energy can be lowered

. : M

elther {a)- by X~ belng a weak fleld llgand or (b) by

For (H O) Crx

5

movement of the llgands away from the metal atom in the

.dz2 dlreCthH.lOs However, nelther explanatlon readily

accounts for the enhanced react1v1ty when X = —CHZCN.
Flrstly,'the v151ble spectrum 1nd1cates that —CH2CN is
-the strongest fleld-llgand -1n thls serles ‘and- as such

) would be expected to . react the slowest 1f condltlon

(a) were operatlve./ Furthermore, 1f condltlon (b) were ,
: N X // R ' o
1n effect and 1f 1t is. assumed, as others have done,lq6 RS

that the ‘ease w1th whlch Cr-x bonds can be stretched
'1s related to the ease w1th wh1ch X in CrX2+ can be',
replaced by HZO’ then 1t can be seen that for X —_-CHZCN,'

‘the Cr-C bond is' not ea51ly stretched 51nce ‘no aquatlon

of (HZO) CrCHZCNz.le observed for several weeks.

' Indeed the observed rapld exchange of the trans H20 in

'organochromlum(III) systemsl_07 10? can be taken to 1mply ~ic

‘a very strong Cr C bond- Wthh would not ea51ly be f
. '/
dlsplaced along the d 2 dlrectlon. On thlS baSlS,:

(HZO) CrCH2CN2 would not be expected to be unusually

i reactlve towards reductlon by chromlum(II) However, w1th

‘.
, N “ ¥ ta i

C ‘-



N

: respéct to condition (b), it could also be argued that
B the energy of the acceptor orbltal on chromlum(III)

-could be lowered by stretchlng ‘of the trans Cr—OH2 bond

which, as noted above, is readlly dlsplaced ~In prlnclple,

',thls would prov1de a means by Wthh fa01le electron
transfer could occur., However, such a formulatlon is not

,cons1stent W1th the observatlon that analogous organo—

2+ 107 _ .

*‘ chrom1um(III)Vcomplexes, such as- (H O) CrCH Cl are

2

12’unreact1ve towards chromlum(II)

/

A scheme con51stent w1th the results 1nvolves a

Hbrldged—outer sphere mechanlsm analogous to that already

: vdescrlbed for the cyanoacetate complex of pentaammlne—

cobalt(III) (ChapterfIII)‘ _The-proposed,scheme.ls the

follow1ng.‘
B (HO) CrCH CN‘Z."-*-' .._Iia_.h (HO) (H.,0) "CrCH CI.\VII+ +H+
Sr2ri eI e AHQP) pRE MR B

B 5 | T | I
K1 Cr-rlt» R 1

AR g |
L0y corT o encr 11 4 ==8—» (HO) (1,0) ;er T icn. CNCrII]3+
[HZ0) Cx S 0) (H30) 4Cr " CHy

2"

cr?t +CH

FES N € 5 1t
3
5 . L

A RIS PR &
',9H3CF y Cf‘°H2’6~

CNCr (OH,) ¢

CH3CNCr(OH2)

s oo | 114.;_“4
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"The scheme suggests that a serles of pre equlllbrla

are rapldly establlshed 1nvolv1ng deprotonatlon of a

bound OH2 on thewchromlum(IIl) molety and complexatlon

“of chromium(iI);on_the nitrile. ‘Reduction,yields the
”chromium(III)»acetonitrile‘anion’which would be'expected
"to-protonate;and aquate rapidly‘in comparison to;the" ‘ ‘
4 1nlt1a1 electron transfer reaction. (

The derlved rate law for thls mechanlsm rsh

= (ky[H i +vk2Ka')»K1[Cr ]

ke _ 1 S a3
ST ko Ry Ier T ¢ K |

If [H'] >> K, + Kl[Cr 1([H] + K ), then .the rate law

simplifies tof,"‘

k‘='(kl“+. F2%a 5 K, [c 1 - (4.38)

[H*]

whlch is - of the same form as found experlmentally (equat&on

(4 10)) However[ the form of the rate law is such that

| h_the inverse a01d dependent term may arlse from elther the

KaKl_

Scheme (4 36) readlly accounts for the enhanced

'S

or the K K1 equlllbrla, or a comblnatlon of both

~react1v1ty of thlS system. The brldged 1ntermed1ate S
_prov1des close approach of the two metal centres, thereby
fa0111tat1ng dlrect electron transfer between them.
:Perhaps more 1mportantly, there is the poss1b111ty of

-hydrogen-bondlng between the’ water molecules coordlnated
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' ) . . . . . .v!l
to both metal centres. Molecular models’inditate,that

here is always one cis water molecule on the chrOmium(III) :

4 - L&

‘which 1s w1th1n the hydrogen—bondlng dlstance of a c1s
h water molecule on the chromlum(II).,_Thls 1nteractlon
e
might be expected to fac111tate the ac1d dlSSOClatlon of

“

bound water within the brldged 1ntermed1ate.

I/ W H ma I _ H o H
— Cr—o~"‘ H\o : —ci—ov!l o7 v
R S T T P
C—- C—%J——-Cr—— o me—— C—C=N— Cr— + H
H H _ L (4.39)

v:_The enhanced reactdvity of the inverse acid’dependentil_
path 1n the rate law could be attrlbuted to such
hydrogen—bondlng 1nteract10ns., Thls should lower the
henergy barrler to electron transfer by coupllng the bond
ydlslocatlons at both metal centres Thls fa0111tates
'the matchlng of the energles of reductant and ox1dant,li0
'y.a requlrement ‘that must be met before: dlrect electron |
‘ transfer by a brldged outer sphere mechanlsm can occur.
inn addltlon, 1nteract10ns such as those shown 1n scheme :'
(4 39) would be expected to 1ncrease K as compared to
the ac1d dlssoc1atlon constant that mlght be ant1c1pated .
had hydrogen bondlng not been p0351bie., Thls would also

'contrlbute to the magnltude of the 1nverse ac1d dependent:'

path.u e 5 r‘- .', T

-9
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The bridéed-outer—sphere mechanism is‘consistent

with the results for ‘other organochromlum(III) complexes _
as well. For example, (H, 0) CrCH2C02H2 is reduced with =~ 7

a second order rate constant of 6.8 x 10 -3 M'l‘s—l (20° C’l_"vu

N

0.50 M HClO4) and is belleved to’ yleld (H O) CrOZCCH32+ as

product.lll

Unfortunately, novattempt was made to .
establish the acid dependency of thlS reactlon. Nevere
theless, the results would se m to suggest that chromlum—

\

‘Q(II) blnds ‘at the remote.carboxylate group and reducesf
the carbon—bonded (H2O)SCr§f moiety by a bridged—outer—
.'spnere mechanisn. :Innerfsphere reductlon is,unlikely
,,'owing to thelPresencelof:alsaturated.methYlenevgroup in

j‘the ligand. Similar behaViour has been observed

-for the reactlon of chromlum(II) w1th (H 0) CrCH(Cl)Co H2+ 26 -
and complex IV-5_.\112 o o : B e

(H, 0) CrQ-CCHCH c/ R co o L
'(HO) Cr—d’ D S
- IV—5 '

w

However, unlike'the earlier'example; reduction of complex
IV—S by attack of chromlum(II) on -the bound carboxylate

'may proceed by an. 1nner-sphere mechanlsm. A
A\ .

L On the other hand, complexes,such as:(Hzo)SCrsz
‘R é —CHZCl 07 and -CC131%3 are,apparenfly unreactive

A

towards chromlum(II) i These-compleiesudiffer from
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(H O) CrCHZCN2 and the acetlc ac1d derlvatlves descrlbed

——

,‘above in that they lack functional groups sultabletfor
\7 e 7_7__/_/,“_/
e coordlnatlon of a chromlum(II) " As such, they cannot
.o

—‘\\\\unéerge—bfidged“outer—sphere reductlon and this may

/ “ account for thelr lack. of react1v1ty towards chromium(II) .
‘The lack of 51mple outer sphere react1v1ty may result
from the strong llgand fleld characterlstlcs of these
.carbon-bonded spec1es.‘ ThlS makes the acceptor orbltals
on the metal of such hlgh energy that electron transfer_
:by a non-brldged—outer sphere\mechanlsm becomes unfavour—
able. 'However, it must be noted that these conclu51ons

L ,are based on a limited number of systems .Additional

AN
.

hstudles on other organochromlum(III) complexes are requlred
N

- to. substantlate this proposal L § -
. . / ‘

The results of the study of the reactlons of
chromlum(II) w1th ‘the chloroaCetonltrlle and 1odoaceto- N
;nltrlle complexes of (NH3)SCO3 1nd1cate that these B : ,:\\K

systems show both srmllarltles and dlfferences to the

results of the free llgands. St01ch10metry experlments ”'"““‘\\¥;\\;

71nd1cate that reductlon of (NH3)5C0NCCH2 3_ parallels ‘_ | !> o
N _that of the free llgand in that two moles of hromlum(II)
\ are consumed per mole of cobalt(III) éomplex._ In addition, .
V the rate law eXhlbltS a flrst—order dependencyvon the
lconcentratlons of both chromlum(II) and the cobalt(III)
’complex. ‘Since dlmerlc chromlum(III) products are not

)

observedy!a mechanlsm 1nvolv1ng chromlum(IV) is not_
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operative, and the reaction must proceed as follows:

\

. oy 3% L 2% ‘
‘ . e
(NH,) CONCCH,I"" + Cr
Yrry : 3+, 2+ ,
o (NH,) ;CONCCH, + (H20)5CrI ‘ . (4.40)
S - \
Indeed, (H,0) CrI’"

was observed spectrophotometrically

and complete recovery of free I from aquatlon of
' (Hzo) CrI2 was obtained. Product analy51s results for

the chloroacetonltrlle complex are less deflnltlve because

I

of" the competlng outer—sphere reductlon of the complex.

» Nevertheless, the results suggest that halogen transfer
\ff\\é\tp chromlum(II) c0nst1tutes a major portlon of the reaction.
o It'ls 1nterest1ng to note that the‘react1v1t1es of
. these complexes w1th chromlum(II) are apprec1ably 1arger
-than for the respectlve free llgands.- Thls suggests

addltlonal weakenlng of the C-X bonds upon complexatlon

b to (NH3)5 3+. ThlS weakenlng is also exhlblted “in- the

s

values of AH  for the 1odoaceton1tr11e systems where a |

decrease of 1.6 kcal mol -1 is noted on complexatlon. on

“the other hand, the entropy of . actlvatlon is unaffected

‘by coordlnatlon to (NH3)5C03 . The five-fold lncrease

in the rate;donstant on complexation of iodoacetonitrile
] :
’ would predlct a halogen abstractlon rate constant of

ca. 5 x 10 2 Mﬁla -1 ~for the chloroaCetonltrlle complex.

. The differenCevfrom the observed value,of»8.9 xﬂlorz -1 s—l

is consistent with a compétitive ocuter-sphere reaction

ST
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pathWéy as suggested previously.

| The observation that almost quantitative recovery of
the organochromium(III) product (NHB)SCoNCCHZCr(OH2)55+
is found in the reaction of the iodoacetonitriie complex
with éhromium(II) differs dramatically from that observed
in the free ligand reaction. This suggests that the

reaction

it

3+, 2+
(Nﬁ3)5CONCCH2 + Cr —“—*'(NH3)5CONCCH

5+
2Cr(OH2)5

(4.41)

is 'highly favoured over a process of simple outer-sphere

reduction
P L 3+, 2+ -2+ 3+
(NH3)5¢0NCCH2 + Cr ——>~$NH3)5C0N¢CH2 } + Cr(OHZ)G
s H+
(NH4) ;CONCCH, (4.42)

v‘which produces,iess than 5 pefcent of‘thedacetoéitrile,
'complex. Asiaescribed earlier; thi$ suggests a special
role for théfuncoordinated nitrile group in the reduction
of the free iigand radical.

The esséﬁtia}iy quantitative recovefy of the dimetallic
-organochgomium(lfl)—cobalt(IiI) complex was-unexpected.
It was anticipated that the radical génératea by halogen
abstraétion would undergoAintraholeCular electron irahsfer

according to the reaction
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MNH3)5G0NCCH23+*~——¢~5;NH3 + co?t 4 NCCH2+ ——

That 1t does not do so- 1s partlcularly surpr151ng 51nce'

’;"ESR studles on free NCCH2 1nd1cate that con51derable"

'1h1,unpa1red spln den31ty resldes on the nltrlle nltrogen.;;é llsj'

f,'If the coordlnated radlcal 1s s1m11ar, then it seems
N surprlslng that it does not reduce the strongly ox1dlzlng

'fu;cobalt(III) centre Indeed preferentlal reductlon of

Y.

‘f,f‘cobalt(III) has been observed for the follow1ng radlcals

R

’:CH0H3+ 116 (NH ) COO c’

fmorépsepafaté }than in the present system.@'Intramolecular

*':electron transfer has also been observed ln the reactlon

Coo"'ZCH2+ 118

'::wof MnO4 w1th>.Nﬁ3)5

'ff;presumed-lntermedlate lS

v_In thlS case,vthe

"“(NH ) Co-o c'"

Iv- 8.

\

'foiMOre recently, Srlnlvasan and’kGould120 ”V‘e;reported other't';f

1Eexamples:of{1'duced 1ntramolecular electronf_ranSfe;;ﬁf* A




On‘the bas1s of.some resulfs by Cohen and Meyersteln,sif
5i”an upper llmlt for the rate constant for 1ntramolecu1ar l
‘;etransfer in (NH3)SCoNCCH2 can be calculated., It was i
‘found that the rate constants for the formatlon of
;chromlum(III) alkyls by reactlon of chromlum(II) w1th -*y: <v/
3;var10us carbon—centred radlcals are 1n the range S g

o 0 35 -3 5 X 10%1? -Ds l 8;” Assumlng that the coordlnated

-h7radlcal would react’ 1n ‘an analogous manner, and after

4'syaccount1ng Tor the dlfferent reagent concentratlons and

’7uaconstant for 1ntramolecular electron transfer must be

‘7~the dlfferent charge on the reactlng radlcal, the rate
‘;smaller than 3 5 x lO3 -1'51nce no cobalt(II) was detected..fygr

;”dThls value ‘is apprec1ably smaller than that found for,j@f

A

ivﬁ, the radlcals IV—G,llsulv 7117 and IV 8121 where values
greater than 106 to lO7 sf% were estlmated., ThlS 1llustratesff

3 3

1how re51stant the radlcal (NH ) CoNCCH2 1sﬁ%0 1ntra—.*v'~'“

":vmolecular electron transfer and suogests the ex1stence of

xf'r-thelr half-wave potentlals.az

; a. 51gn1f1cant actlvatlon barrler for thls process._ﬂ g -
ThlS barrler to electron transfer may be thermo—””

‘z;dynamlc in. nature. Cohen and Meyerste1n122 123 have shown -

f_that radlcals such as CO2 fand CHZOH readlly reduce
: 3 3
g(NHB)GCO - and (NH3)6

H and CH(C02H)2 do not react w1th elther ox1dant

i whereas radlcals such as ;

CH2C02

'The fOrmer radlcals are_hlghly reduc1ng‘as ev1denced by o

124 ‘This results in large

;‘part from the thermodynamlc stablllty of thelr respectlve

RS

. o -
C e . N R
. SR
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oXidized_products, . e ;,v“>5»  J>3{'t

GOy T oyt e i
| (4.44)
‘CH,OH  ——> HyC=O + H' .7 S
. On the other hand, oxidation of the carboxylate radicals

f;yield.hﬁStabie{cathenium*iohsxbs"

A

"lIn thls respect,_ CHZCN should resemble the carboxylate

'”hfradlcals s1nce the electron—w1thdraw1ng capablllty of the -

’VH}8 2 eV

*_hnltrlle\group should destablllze the carbonlum 1on formed
'aby the_react;on‘

’Indeed the 1onlzat10n potentlal of NCCH24 haSﬂbeen /ﬁf'

125 whereas that for'-CHZOH 1s only

"greported to be lO 87 eV
‘ThlS dlfference of 61 kcal mol g clearly

126

L suggests that NCCH

. should be re51 mf t to ox1datlon, aﬁdi_r

2

-f:as such, prov1des an explanatlon for the absence of 1ntra—

R

'"H_molecular electron transfer to cobalt(III) 1n.7"“’”‘ '

3)5CONCCH2 97«1” o
8 As oted earller' (NH3)5 2)5 '.;Vf2£lf-f,u:'fj
. exhlblts remarkable hydrolytlc Stablllty.' Slmplégiv Lo

&

CONCCHzCr(OH



ff7as (NH

"?kﬁfls 2 hours (25°C PH 1 3'”.f;>1‘0 M NaClO )

lorganochromlum(III) complexes show a: large varlatlon 1n

fthelr decomp051t10n rates.72 181, 82 127 130 For complexes’

2+ " 129

(of the type (H,0) CrCHZX (lx"= c1‘;~ '1), typlcal o

half tlmes for aquatlon range from 12 to 20 days (25 C,

17[ l O M HClO4) - As such, 1t is. not surprlslng that the

KJ,morganochromlum(III) m01ety 1n complex IV 2 is stable to

sfaquatlon.-:However,llt is surprlslng that the n1tr11e ;.dk
'fgroup coordlnated tocobalt(III)ln complex IV 2 does not"'
-4;hydrolyze to yleld the correspondlng carboxamlde complex
i’Most coordlnated nltrlles undergo hydroly51s over a perlod

47, 60

'hjof several hours or a few days.A Indeed complex,ff

'@; IV—Z mlght be expected to be as susceptlble to hydroly51s'

3
3)5
60.'

- the chromlum(III) should act as a good electron—w1 hdraw-:

~1

1ng substltuent, and the lncreased charge of complex'"

'*ﬁZIV 2 would also be expected to actlvate the nltrlle toNEPu‘

»f“hydroly51s. In addltlon molecular models of thlS complex

Y'Tdsuggest that c1s H20 molecules coordlnated to the

o

v;chromlum(III) are orlented w1th respect to the nltrlle ol

'-,Agroup such that 1ntramolecular attack of coomdlnated H2
sl could occur. Slmllarly, hydroly51s of a coordlnated H2
71;'could lead to 1ntramolecular attack of coordlnated OH

'hron the nltrlle./ Thls lack of react1v1ty remalns surprlslng,

“'A i ;

'but there 1s no - doubt that the nltrlle functlon remalns'g.lflf

';x.lntact from the characterlzatlon of the mercury(II)

124.

CoNCCHZCN for Wthh the half tlme for hydroly51s .fli
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“derlvatlve. o | |
The reactlon of chromlum(II) w1th (NH3)5C0NCCH20r(OH2)55f; :
<\IV 2, results 1n the reductlon of both the cobalt(III) '

' and chromlum(III) centres B Slnce only 51mp1e monopha51c.

o behavtour was.observed 'reductlon of: the flrst metal centre

\

_,must be rate llmltlng However, the klnetlc results‘dodj

not lndlcate whlch metal 1s reduced flrst. Th;sncan"
fonly be 1nferred from klnetlc comparlsons.;f'%iéff‘

t:th An outer sphere reductlon mechanlsm ls.con51stent
;';wlth“the relatlvely slow rate of reductlon (k 2 39 x
7;10 =3 Mfi'w ) and W1th the absence of functlonal groups

opsultable for reductant blndlng. Certalnly, dePrOtonatlon 1._;;

‘of ‘a coordlnated H20 would prov1de an 1nner sphere path—

'V)ifway for the 1n1t1al reductlon of the chromlum(III) centre,‘ B

"beut the requlred 1nverse ac1d dependence was not detected

'hrklnetlcally : Rather, 51nce cobalt(III)“ls a much stronger=htl'
l;ox1dant than chromlum(III),llt seems llkely that the :

-cobalt(III) centre could be reduced flrst by an outer-h‘f:

'ﬂ‘sphere mechanlsm, accordlng to the reactlon

(NH3)5CONCCH Cr(OH ). +'+-¢r?*‘ — = (4.47)

L ff1.2+_“’-' L 3% 24
- 5NH3 *-?9{"*‘CF(OH2)6_, + (H o) CrCH2CN e
. R I L PR

IV l

v”"»ﬁIt should be noted that the rate of reductlon of complex

‘jIV—2 1s about ten tlmes slower than other nltrlle complexes S



of (NH3)5 3 * which undergo'outeresphere.reduction'

(Chapter III, Table 8) Thls rate d;fference mlght be '

o expected however, ow1ng to the hlgher charge of complex"

IV— (5+ as compared to 3+) Wthh would 1nh1b1t approach‘

| of chromlum(II) In any event, scheme (4 47) suggests

A?,f‘the 1n1t1al formatlon of complegﬁiv—l whose react1v1ty

towards chromlum(II) has’already been descrlbed.v It was

-

'3 shown that the reductlon of IV 1 is suff1c1ent1y rapld

(k > 1 73 X 10 ?’M_l ) to escape detectlon in. the d

.

res nt S stem. Thls 1s conSLStent w1th the monopha51c"'
P Q '

absorbance changes observed 1n the reductlon of complex'

IV“2~ o
'If the order of reductlon of the metal centres "

have been assrgned correctly,,one must account for the

126.

fact that the reductlon of (H O)SCrCH CN2 1s s0 fa01le,w_'ff

5+
5 7

the chromlum(III) centre 1s 1nh1b1ted t6 such an extent

whereas ln (NH3)5C0NCCH2Cr(OH2) the reductlon of

that the cobalt(III) centre 1s preferentlally reduced..
As descrlbed earller,_reductlon of (H2
proceeds by a brldged—outer sphere mechanrsm w1th attack

of reductant at the nltrlle group :,In complex IV 2, the

.1v,.n1tr11e group 1s blocked by coordlnatlon to cobalt(III)

O) CrCHZCN2 probably'[a»

and complexatlon of chromlum(II) 1s no 1onger p0551b1e. h:*,e,”x

Therefore, normal outer sphere reductlon of the most

easrly reduced metal namely cobalt(III), occurs.



Y

‘The reactlon of mercury(II) Wlth organochromlum(III)
complexesflls belleved to proceed by an S 2 mechanlsm,

that 1s, by a blmolecular electrophlllc substltutlon

‘»reactlon ‘of mercury(II) at . the‘h carbon coordlnated to

chromlum(III) 131” |
s R ) '%I 4+ =
(H,0) Cr-CH,R?" + Hg®*—» | (1,0) .cE-C” ™I —
L RTIs T Y . I 27057 .
Lo A T o
Cr(OHz) ¥ HgCHzR o e (4.48)
The ev1dence for such a mechanlsm is apbstantlal.jgvahe

/

‘observed flrst order dependence upon [Hg ] ellmlnates a’

unlmolecular S l mechanlsm fOI\Wthh the heteroly31s i:'

vicreactlon.

B T 7 PR L U TR S S ST
's(H20)59r7CH23g = CF(¢32)5.- o ?ng , “ (4.49)

S would be rate llmltlng. The rates of reactlon are dramat—‘d"

o

”_1cally decreased as electronegatlve substltuents are added
‘x_to the a—carbon atom.f Thls is 1n keeplng w1th an electro—mf

_fphlllc process where formal carbanlon transfer from

2+

gchromlum to mercury occurs._ Clearly, (H 0) CrCH2CN dTH

'.(NH3)5C0NCCH2Cr(OH2)5 follow thlS pattern as- the

,-rfollow1ng serles 1nd1cates. (H O) CrCHZCH3 ( k R
B 1 4x 105 T ‘?) 79 (H,0) c:cnzon (2.3 % 102 Mtljs‘lj,?7;
1,-_1.~37 - :
(3, 5 crci,en?t (9.8 M FsTh, L~(NH3)5CONCCH2Cr(OH2)5 L
»_(3.3.5‘x‘1012 Wl 5Ly, ‘and (HZO) crer, (<107 'M’lisf}).79a~

%

127,
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'The rate decrease on proceedlng from (H O) CrCH2CN2 to
. complex V-2 1s expected on the ba51s of the electron—

3+ R :

3)5 t In, .

»addltlon, the 1ncreased charge of the latter spe01es would

1w1thdraw1ng capablllty of coordlnated (NH

fbe«expected~to decrease the rate of reactlon,wlth\
'mercury(II). ‘ﬁoweVer,'an'inverse acid'dependent>termnind‘
the rate law is observed,<suggesting.thatathe reaction |
f_of mercury(II) w1th (NH3) CoNCCH Cr(OHZ)5 '(is'more',

. compllcated than that observed W1th other organochromlum-:%
“f(111) complexes’ A deflnltlve ass1gnment of the mechanlsm’i
explalnlng thls ac1d dependency is dlfflcult 51nce there

'.are several functlonal groups on the complex Wthh could

'be the source for the a01d dependency.‘ However, a

\
¢

'con51deratlon of the varlous p0551b111t1es allows ‘some
" of them to be con51dered unllkely. o

-

The presence of the electron—w1thdraw1ng nltrlle

3 vand (H O) Cr3'jm01et1es on the

fgroup and the (NH3)
;'methylene group mlght enhance the ac1d1ty of the methylene
:group.‘ Rever51ble deprotonatlon of the methylene group
.dand mercury(II) attack on the carbanlon could produce
'-the inverse ac1d klnetlc term However, 1H NMR studles

: ;1n DZO 1nd1cate that exchange of the methylene protons,'

‘;-1n (NH3)5C0NCCH Hg(OH ) - 1s much slower than the reactlon L
,of the chromlum(III) derlvatlve Wlth mercury(II) Slnce | |

;_the ac1d1ty of the methylene protons mlght be expected

,lto be 51mllar 1n both the chromlum and mercury derlvatlves,-

RN



129’

the ohserved_slow exchange rate‘of the.methylene.ﬁrotons'
is_ihdohsisteht with.the.Proposed‘SCheme;I- |

The 1nverse ac1d dependency ‘'would also be con51stent-b
with deprotonatlon of a cis HZO molecule coord&nated to.
"chromlam(III) fol;owed-by coordlnatlon of mercury(II) on -
~the OH  group. ‘.T'he : :?Lnter—med.i'ate (IV-10) could reaét' -
‘according to the’schehe . | |

7H

~ om, .
L Bt H o _
o , L ‘,rﬁ | C 'l o4+ 34
“(NH,) .CoNCC{ ~ OH -——»(NH ) 5CoNC-C * '+ Cr(OH,) . .
3'577 v N\ - 276
H /,Cfi— § CH9(OHy)

The orlentatlon of coordlnated mercury(II) 1n IV-10 is

”:,fsuch that 51mu1taneous Hg C bond formatlon and Cr C bond—'

”breaklng w1th1n the 1ntermed1ate could occur. Such a.

'scheme seems unllkely, however,;because of the low afflhlty
jof mercury(II) for oxygen donorsxl32 |

| Another explanatlon for the observed ac1d dependehcy
ialso 1nvolves deprotonatlon of a coordlnated H20 molecule

'on chromlum(III) i The mercury(II) may react by the normal

_'SEZVmeChanlsm W1th,the aquo or. hydroxy,complex.

. ; K- o
5+ a
‘ ’(NH ) CoNCCH Cr (OH2)5 :-_:_.-_’ (NH ) CONCCH Cr (OH

TS
2)4(OH? + H

B PUr R T ST
(NH,) (CONCCH,Hg (i) ™" + Cr(OH,) g™ (4.51)
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Deprotonatlon of a water. molecule could serve three 'f
purpOSes. Firstly; the reduced charge of tw deprotonated

complex would facilitate approach of the d19051t1Ve

mercury(II) 1on Secondly, if the deprotonated OH groupf
|

is trans to the organlc llgand the trans- lablllzlng o

=effect of OH would weaken the Cxr-C bond ‘and lncrease
"1ts react1v1ty toward mercury(II) Flnally, Cr(OH2)4(OH)

would favour electrophlllc attack at coordlnated carbon

¥

because it would be 1ess electron—w1thdranng than

,v;;Cr(OH ' Such a. scheme is supported by the analogous

Nt
o 2+ 133

\”reaction Of'(H O)vCrCl . with mercury(II), where an /
S L :
inverse ac1d dependency is also observed. “Alternatively,

the mercury(II) catalyzed aquatlon of (NH3)5CrClz+ 134_

2+ 135,136

and (NH3) CoCl do not exhlblt inverse’ ac1d

dependenc1es. Thls strongly suggests that the ac1d :

dependency observed for the (H O) CrCl2 -H gz+'reactlon;7'

and bylmpllcatlonfor the . (NHB)SCONCCH Cr(OH2)5 ngf

reactlon, arlses from deprotonatlon of a HZO molecule
coordlnated to the chromlum(III) It also suggests that

the ac1d dependency does not arlse from the equlllbrlum ,
: . i : S
R W H O o e . B B

S Hg?+*' 2 ~\‘H95ﬁ + H O ‘ D : ‘,(4.52)’

\
| . k N
5 ’ : : e

- LTy, .
v51nce 1t 1s dlfflcult to explaln how HgOH could dlscrlmlnate

2+ 2+

’ between (NH3)5CrC1 and (NH ) CoCl , where no ac1d

dependency 1s observed, and the complexes (H O) CrCl ~and
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(NH CoNCCH Cr(0H2)55+

3)5

found

, where an acid dependency. is

The absence of an 1nverse ac1d dependence in the

mercury(II) displacement reactlon‘of (HZO)SCrCHZCNZI as

well as other'simple'organqchronium(III) compleXes_can
be'eXplained'on the basis that - the H,0 moleculesV

coordlnated to chromlum(III) in these complexes are -

apprec1ably less a01é1c than those in: (NH3)5CONCCH2Cr(OH ) +

Certalnly, -the lower charge (2+ -as compared to 5+) would |

tend to decrease the extent of deorotonatlon ' The absence‘

’ 2+

of an inverse ac1d term for the’ (H 0) CrCH2 complexes

can be accounted for 1f the ac1d dlssoc1atlon constant
(K ) decreases by only a factor of ten, and if the ratlo

‘of k. to k2 1s the same as for (NH ) CoNCCH2Cr(OH )

1

For the general rate law

‘ : k2Ka
k = ks +.
obsd 1 [H+l

(4.53) .

and from,the values k; = 3.49 x 10 B and

:\sz = 5.8 x 10 4'sf¥ for complex IV—2, 1t can be seen

that a ten-fold decrease in K ‘would make the- 1nverse

:ac1d path 1n51on1f1cant in comparlson to the 1ndependent

'ac1d path over the usual ac1d range studled

i



'CHAPTER V . ‘ T

Chromlum(II) Reduction of the Fumaronltrlle

Complex of Pentaammlnecobalt(III)

Introduction
. OxidatiOn—reductionAreactions‘in,which‘the'electron,

F'transfer occurs through a brldglng llgand that is
"reduc1ble“ are believed to proceed through a chemlcal

:mechanlsm 1n whlch llgand reductlon is assumed to be-

21,137,138

) rate—determlnlng.‘ A number of systems thought

to proceed 1n thls manner have been prev1ously

24, 26 32 48,139-143

reported In addltlon, many potential

brldglng llgands are. themselves reactive’ toward external

— . 1

reductants.when uncomplexed 24, 36 37 143 148 Slnce

,fumaronltrlle is known to be “reduCible“ l49 detalled

kinetic studles were undertaken to ascertaln the react1v1ty
; [
‘of free fumaronltrlle as-well_,as'-lfts‘(NH?)‘)SC-o%+ complex

- toward chromium(II).

* 132



Experimentald

fThe sYnthesisbof‘the fﬂmaronitrile’complex of

3+ has been descr@bed in Chapter IT. Samples of

(H3) 5Co
fumaronitrile ligand for kinetic and'product analysis
studies were twice sublimed under reduced pressure before

‘use.

. Product Analyses
_Ion—exchange of reacticn qixtures on Dowex S0W-X2

 and Sephadex SP—CZS'cation-exchange resins was_done‘as'

5

‘described'in'Chapter II.
The nature of the organlc reductlon products for‘

the reactlon of chromlum(II) w1th free fumaronltrlle

- was determlned by 13C NMR. Fumaronltrlle was allowed:

to react w1th aC1d1c solutlons of chromlum(II) for several
“.hour54Unt11 the reagtlon,was']udgedvtq be complete.. Any
excess chromium(II) was:air—oxidiied and the-resulting
solutions were,treated withvé MiNaOH‘to precipitate = -
chromlum(III) s cnrcminm(III) hydrcxide. The miXture

was centrlfuged and the supernatant was collected and
reac1d1f1ed w1th perchlorlc acad. Then t- buténol was
,added as an 1nternal standard and the 13C NM spectra
recorded in 10% D20°- The sole organlc produ t detected
i:ﬁnas,snccinonitrile; as determined by comparison to thevf
nispectrnh of'an‘anthentic‘sample; | .

133.
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As a further check on the identity of the orgahic /

product, reaction mixtures‘bf fumaronitrile and |
: ; RN
. chromium(II) were extracted ten times with CH2C12. The |

organic phase was collected, dried over Mgso4, and
evaporéted to dryness under vacuum. A white prodhct was
obtained in 85% yield,_based on fumaronitrile, and was

characterized by.l

H NMR and ‘infrared spectroscopies.
The ‘spectral results were in excellent agreement with

~ samples of succinonitrile.

By ~

Quenching Studies .
) ) K

; ri1e and chromium(II) -

Reaction mixtures. of

*

. o
were allowed to react for various lengths of time,|air-
oxidized and éﬁ%&ged onto ion-exchange columns. The
unreacted fumaronitrilefwas“collected in the initial-

‘.eluant and the amount of unreacted ligand was determined

. N - _ |
pectrophotometrically (6218 = 1.84 x lO4 M 1 cm l). If
the rate law has the form C s |

'-d [NCCH=CHCN]

= .k[NCCH=CHCN][Cr2+12 o (5.1)
S dt . - :
" and assuming the'stoiéhiometry is
2Cr2+'+ NCCH=CHCN —— Products . ' o (5.2)

¢

then the general equation (5.3) may be derived.ISQ.

').v  ﬁ'
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{1L] [Cr ww5Q*7*“f"""“‘

ffTL] and [L]f'are the*“

of fumaronltrlle, _t 1s

J”

o




f;RésUlts»f

:were»present.' The absorbance tlme curves obtalned at

-1_260 nm were treated as descrlbed 1n Chapter II.f The'

'rrate law

to be (l 9.

vnb‘HClO ) ' W j_1¥t;” ;»‘

fsolutlon was lmmedsately a1r—ox1dlzed and subjected to

o (3¢ e
) CONCCH=CHCN3+ + ce?t

W
3

The chromlum(II) reductlon of the fumaronltrlle o

' jcomplex of (NH3)5Cb : was so rapld that 1t was necessary
‘~to establlsh the rate law prlmarlly under secopd order

' f{jcondltlons 1n whlch only small excesses of chromlum(II)

A%

LR

:rresults obta;ned under both second—order and pseudo flrst—f

v,order condltlons revealed that the reactlon obeyed the f-f';

et

R

7L ) sCoNce eI T 2t

' “ vj,;ﬁ‘j;*7":7 ;*'“'3 (5 4)

d?The>rate data are summarlzed 1n Table C l3 of APPendlx

- ""i N o

7,C<and the second—order,rate constant (k) was determlned

;(25?C,;0w50wMleClQ4f}f

-l

'gﬂthe products of the. reductlon. A solutlon of 3

CONCCHCHCN3 (l 95 x 10 73

(NH d 1n’o'lo M HClO was

3)5 Dy
-3

'?‘1on-exchaﬁge chromatography on Dowex 50W—x2 re51n at 5°C.:;f

PR . . . D AT

L N o sfﬂ@'iiyi‘

dﬂproduct analy51s study was undertaken to determlnehan'

136.

k[(NH ) CONCCH“CHCN ][Cr«:]jV

ilfallowed to react w1th cnromlum(II) (2 15 x lO ):nghe7a2"“4




:r‘137;.'

dJThe 1n1t1al eluant was collected and analyzed for free

‘fumaronltrlle Wthh has a characterlstlc absorptlon n

band ‘at 218 nm (e 1. 84 x 1o4 1fcn7;y,‘ Two bands:

ere'observed on the column w1th elutlon propertles and

:electronlc spectra characterlstlc of C02+ and Cr(OHz)6 ',e‘

/zespectlvely.. The relatlve ylelds of fumaronltrlle, Cozf

34

1;g:- and Cr(OHz)Gs:
| :

respectlvely.¢s_mf

were found to be 98%, 101% and 102%, .

N
...«\j. A

‘:'accordlng to scheme (5 5)

f_(NH ) CONCCHCHCN3 véf?*fj;f]ff;'j?i§f< |

2+

5NH3 + CO

+ <>6 e

“fl Over a perlod of iny a few vf'

i ‘Qof thlS band decreased and the~>

vs-suggestlve of nltrogen coordlnatlon

;T?cOmpare% to_the'spectrum of (H‘O) CrNH33+ 101 and is.




B T T T R K 1: RO

kAqUéfion'éf (HZQLKCrNCCH=CHCN3*-

-

The decemp051t10n of.complex V—lvwas 1nvest1gated
further at 395 nm and the data ls complled in Table C 14‘
of Appendlx C. The reactlon was found to be 1ndependentiuf1‘

"of the chromlum(II) concentrataon (0 87 x 10 ?dtor'v_xﬁb

'>%;58rx 10_ aM).and‘obeyed' 7

+,)-[V'-

. Kopsa ~ B G R

A PlOt Of k obs a. VS [H ] }.15 shown 1n Flgure 8._:éhef4‘f-'

~’f klnetlc behav1our and the product analy51s results are “If e

1stent Wlth the reactlon scheme

O) CrN CCH’CHC N ) :“‘f’ j(HO)(H20)4CrN$CCﬁ=CHC§N' + Hoo

}NsccH%cﬁCEN;+;¢r(¢Hzf23*»?~" B )

fFrom a consrderatlon of the normal acldlty of water-‘,:,’:
'coordlnated 1n aquochromlum(III) complexes and the range
‘of [H ] studled (0 025 to O 442 M),.lt 1s reasonable to L:.:
:-Tassume that [H ] >> K so that scheme (5 7) predlcts that
i

IQOde 1 J[H'J R B T I P O p _

‘vThlS is- the form found experlmentally and a non—llnear

jleast— quares analy51s of the data ylelds
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b 3 Wlth [H ] fdr.thé;aéuaﬁién'[:.f: p7
i = L

Of (H O) CrNCCH—CHCN

v f FIGURE 8. Varlatlon of k
t 252cvinfo;50;M;fi.ﬁ

L1C104—HC104 2
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Cx 1

R | 2
S04 w s, (25°c, 0- 50 M L1C104-HC10 ).
| When large excesses of chromlum(II) are present durlng
3+

:‘,lthe reductlon of (NHB)SCONCCHCHCN qulte dlfferent

, behav10ur 1s observed Instead of a’. decrease 1n =

:diabsorbance throughoﬁj\the v151ble spectrum,‘a large

Tslncrease 1n absorbance lS observed‘WIth max1ma 1n the

-o»'

fj4lo and 520 nm reglons.”‘L The 1ntensrt1es of these max1ma

then decrease slowly. In addltlon, 1on exchange experl—

Gy 0 i

7.’ments on reactlon mlxtures revealed several chromlum"\

'complexes of dlfferent charge and a decrease 1n the

’ : g
amount of fumaronltrlle recovered. .

>

In order to better understand the behav1our w1th

1)

";excess chromlum(II), the reactlon of free fumaronltrlle

‘*and chromlum(II) was studled.- It should be noted at’ =
the outset that free fumaronltrlle reacts several orders
’of magnltude more slowly w1th chromlum(II) than does the -

'7reduct10n product of the cobalt(III) complex.gi

-NCCH=chN‘+ ci?ﬁjr.

The reactlon between chromlum(II) and uncomplexed

':fumaronltrlle exh1b1t§ blpha31c klnetlc behav10ur.L’Al‘§‘

wtlrepresentatlve absorbance tlme trace 1s shown in. Flgure
“gk9.g St01ch10metry experlments were undertaken to ascertaln

brat whlch stage chromlum(II) was consumed.» The st01chlometry

‘~g5results in” Table 17 lndlcate that two moles of chromlum(II)

wd@' ,gi o
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b :

Absorbav;rice. |

o L “1".'1 14)1 1-7-1“"11]"'1_- S R SR I
0 .04 .08 . 1222 62 102 142 182
ST Tlmex10“3s,g EEE

~ FIGURE 9. A plot. of absorbance change versus time" for the{vf*

'reactlon of NCCH CHCN (l 85 X lO 3

M ) w1th
'chromlum(II) (3 23 x 10 %)M ) at 520 nm, [H ] =
O 075 M; 25°C Ionlc strength O 50 M. (L1ClO ),

5 cm cell
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are consumed for each mole of fumaronltrrle durlng the
'.reactlon resultlng in the 1n1t1al rlse in absorbance.
_Subsequent reactlons assdclated with the absorbance
rdecrease do not consume any addltlonal chromlum(II)
r_Simllar results were obtalned when fumaronltrlle was in -
Texcess, thereby suggestlng that radlcal coupllng of theA'
,llgand 1s not . a 51gn1f1cant problem, even when there is
a def1c1ency of reductant

Several 13C NMR experlments were undertaken to‘
ascertaln the nature of the organLc reductlon products

Reactlon‘mlxtures of-fumaronltrlle andfchromlum(II) were

treated as descrlbed 1n the Experlmental Sectlon. Theb
13

143.

sole organlc product detected by C NMR was succ1non1tr11e,‘

. as determlned_by“comparlson*to the spectrum—of an authentlc.

"sample In other experlments,'also descrlbed in the

Experlmental Sectlon, the SOlld organlc product (85%) was;

l

_1solated and characterlzed by H NMR and 1nfrared

‘ spectroscoples._ The fpectral results were 1n excellent
agreement w1th samples of suc01non1tr11e‘

‘Prellmlnary product studles were undertaken to -

\

B ascertaln the nature of the hlghly coloured complexes

B formed durlng the 1n1t1al phase of the reductlon.; Elutlon

™

~_yof reactlon mlxtures charged onto columns of Dowex 50W—X2

+

,ylelded flrst a red band (Band 1) whlch moved down the |
, column w1th 0. 5 .M: HC104, followed by a blue band (Band 2)

X wh;ch-elutedrw1th l,O;M‘HC104;‘ Several other complexes



-remained on the'column and could not be eluted'even'with

‘solutions of‘l'M‘HC104 in 2 M NaClO4.',As alresult, ’
,product'analysis experiments were repeated'using

l'Sephadex SP-C25 cation- exchange re51n. ‘The following

'elutlon pattern was observed . a red band (Band l) was

'eluted w1th 0. 2 M HClO4, a blue band (Band 2) was eluted

~ with 0.2 M HClo4 in 0.2 M NaClO4, a second red band (Band

&

3).was-eluted‘w1th 0.2 M HC104;1n 0.5 M NaClO a plnklsh—.

red band (Band 4) and ‘a small purple band (Band 5) would:

‘not elute from the column ‘even: with 1.0'M HClO4 in 3 M°
'NaClO4 However, dn standlng for 2 days ‘at room tempera—l
'ture,_Band 4 decomposes to products Wthh are ea511y P
:eluted w1th l M HClO4 *Slmllar decompos1t10n of~Band 5

l‘does not occur. It can only be removed from the re51n

lhby conver51on to chromate using alkaline perox1de.p

The 1solated complexes were studled in greater

“detall to obtaln addltlonal 1nformatlon about thelr

"structure. The ea51ly eluted red species (Band 1) was

characterlzed and found to have max1ma at 519,_411, and

268 nm- w1th extlnctlon coeff1c1ents of 81 1, 117 and
':4090-M‘lv f;, respectlvely, based on’ 1ts chromlum(III)

’icontent;” The anelength max1ma and elutlon propertles

"of thlS complex are. 51m11ar to those for (H O) CrCH2CN2

:whlch has already been descrlbed in- Chapter IV.'_On this

' ba51s, the complex is formulated as

i

144.
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(1,0) -CrcuczN 2t | Lo
22757 § |

| CH2CEN
V-2
_ ’

Scan runs of a representatlve sample of complex V—f

'1n 0 50 M HC1O revealed that no decompos1tlon occurs

4

over a period of several weeks at room temperature in the
presence of 02.' "This organochromlum(III)ocomplex reacts
with mercury(II) very slowly. <A 3.3 xAlO_2”M solution of
lcomplex V-2 in 0. 50 M HClO4 is observed to react with .
1h0 10 M ng, w1th a rate constant of 3.2 x 10 =5 gL, |
However, complex V-2 1s readlly reduced by chromlum(II),
‘as the scan run of Flgure 10 1llustrates, and the klnetlcs
' f thlS reaction were studied. The data are. glven 1n
yTable C- 15 of Appendlx C and conform to: the rate law
A - k[v-2] [crz_v“,“]”_ T s

at o ) , VO T
with k = (1.19 % 0.03) x 1072 7t g‘l (25°¢, ‘o'»so.-M :

- LiC1l0; —HClO ).' The sole chromlum(III) product of the

3+

4

ireactlon was Cr(OH2)6 as 1nd1cated by 1ts electronlcv

'spectrum after 1solat10n by ion- exchange on Dowex 50W—X2._'
The blue band (Band 2) was found to be Cr(OHz)6 3+

_on the ba51s of its ion- exchange propertles and electronlc

'spectrum.‘
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FIGURE 10. Change in visible spectrum during reduction of

(H,0) CrCH (CN) CH,eN?F (2,10 % 107 ) with

chromium(II) (4.97 x 107 m); ('] = 0.20 M;
'25°c; Tonic strength Q.sokm.(Lic1Q4);‘2 99 cell.
The absorbance is decregsiﬁg with ﬁiﬁe; The
spectral scans were s?a:tea at 1, 9, 17, 25, 33,
41,”49;_57, 65, 73, 89 éﬁd 217 minutes aftér
miXing. o k -
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The ieh—exchange ptoperties of the‘red'compleﬁ"
(Band 3) are typical of a 4+ or 5+ charged spec1es,
suggestlng that it is a dlchromlum(III) complex. The
electronic spectrum of this‘complex'revealed maxima at
- 515, 4oaaand 267 nm. ASsuming two chromium's afe
.coordlnated to the organic m01ety, molarfextlnctlon
coeff1c1ents of the complex are calculated to be 116,
137 and 4080 M 1.cm—l,.respectlvely. It is worth notlng
that the 1nten51t1es of the various max1ma are elther '
anchanged or only sllghtly hlgher than those observed
.for'complex v-2. If the cemplex formed was
‘(HéOYSCrCﬁCEN” 4+

”

(HZO)SQFCHGENh '

v-3. #

54

(H20)5C:?HCEN-‘ | | f (H 0) CICHC NCI(OH2)5
CCH,CENCE(OHy) g CHZC =N
V—4 - . ‘ - o A V_S
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Repetitive scan runs of solutions of complex V;4
indicated that‘it underwent facile decomposition. Showhr
in Figure 11 are.the spectra~of complex V-4 end that of
the hydrolyzedrmfxture. -Isosbestic points were observed

at 558,\455 and 405 nm. It is interesting to note that
alphoﬁghwthe intensiry of the 515 nm band decreases as a
result of the,hydrolysis reaetion, the sbectrum of the )
producf mixture, with maxima‘at'SZB and 4;1{nm, is still
indicative‘of an orgehochromium(III) species. Kinetic
.studies,imohiﬁoréd et 510 nm,.revealed thet the reaction
rate was ugaffected/py/tﬁé/prese?ce of"o2 and was
independent of the'acid concentfation'(o 025 to 0.330 M).
The klnetlc data’, glven in Table C -16 of Appendlx C, are‘
‘conslstent w1th a first- order rate law with a rate
‘constant of (3.60 * 0.09) x 10 "4 571 (25°c, 0.50 M

: LiC&O —HC104) Product analy51s expérlments on thlS

4
- reactlon revealed that 1.00 mole of complex V-4 produces

6%.

.and electronic spectrum are«identiciiﬂwith'compléfo;Z,

99 t 0.01 mole of a redﬁcomplex,,whqse elut}on propertles

2)63+‘ On this basis, the

decomposition reaction can be formulated as

©’7 _and 1.01 * 0.01 mole of Cr(OH

(£,0) .CcrcHc=N =t —» (H 0) ;CrCHCE =x°* + cr(om,) 3t
295 o | i '2)6

CH2C NCI' (on) 5 CH2C N v o

V-4 » o ve2 . (5.10)
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FIGURE 11 ' V451ble spectra of (H O)ESrCH(CN)CH CNCr(OH )
‘"—‘———“"'. 3 v

(l 49 x 10 M ) before ( ) and after
(—4——-) aquatlon, [H ] = O 50 M 25°C '35ch“e7'”

:el1Q  Isosbestlc p01nt§ are observed at 558,--7”’

433 and. 408 nms . S ‘/"“
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R The react1v1ty of compleqdv—4 to chromlum(II) was‘h "

ZValso 1nvest1gated. The reactlon was.. mon;"‘

8 ~hm whlch 1s an’ 1sosbest1c p01nt for the cdﬁh

'vV—4 to V—2. Logarlthmlc plots of the absorbance change:v3'

"versus tlme were non llnear as would be expected for a-

‘o

,‘p,ireactlon sequence of the tyPe »,,;_ .

o (H O) CrCHC N o —W (H O) CrCHC N
) CH C NCr(OH ) T - CHZC N

'Aueﬁ‘”ffv,kaz fﬂifd ST /,i .w‘wuu“;“’ e 3+ﬁilie’ hf» e
s orwrn o N57F 2CH C N 4+ Cr(OHZ) g_gv-(Slll)tkn"

2% qijhf;;j-

+ ' v .

-,‘é}2+,.v

'Qf)A representatlve plot is sh#wn 1n Flgure 12 ’Thet_'

0 absorbance tlme data was fftted by non llnear least squareS1:. o

‘to a two step consecutlve eactlon scheme whexe k2 was’

‘vheld c0nstant at the valu 1. 19 X 10 —l;s—;»obtalned
- ;from the earller study of/the reductlon of complex V-2. R

;“ﬁe The values of kl generat d -are glven in Table C l7 of

‘:evalue of 4.6 x 10

v'Appendlx C,kkl 1s 1ndepe dent of chromlum(II) and has a:,/l

4 -‘ Also shown 1n Table C 17 for

o PR K v
‘ comparlson purposes are values of kl obtalned when k2 1s?‘

iflxed to the sllghtly hlgher value of 1. 25 bl 10 =2 Mf%‘st;:va

J

~In thls case, k1 seems to exhlblt a: small dependence onf_

| the chromlum(IL) concentratlon Wthh may be glven by'“‘

“ii.)7%33.5f§;10'%f+?1§8;x;ibf_ﬂff‘71" L (5.12)
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'versus/tlme for the reactlon of

‘;1_1 ;‘4.,0 ks .6.0.,‘ ,'
Tlme X 10 3 s

Sem1 logarlthmlc plot of absorbance Change i

CICH (CN) CH CNCr(OH2)5 (6 40 x 10 M*isfi;”'

(H o)
ithth ﬁhromlum(II) (6 06 x lO 2 M ) at. 408 nm,'fil..-

‘ 0 142 M. Ionlc strength 0.50 M (L1C10 ), x;--f

\5 ‘cm cell




a
It is 1nterest1ng to note that the chromlum(II)llndependent'
term 1s 1dent1cal w1th that observed for the uncatalyzed
’ ‘aquatlon of complex V-4lv'In any event, the results show .'e\\;;v
that chromlum(II) cataly51s 1s.a mlnor contrlbutor to the'4
’;fxaquatlon of complex V-4' | - S
‘df The plnk complex (Band 4) formed ln the reactlon
-of chromlum(Il;%w1th fumaronltrlle could not be charactereﬂ
1zed since 1t could not be eluted from the Sephadex i
%3 column llHowever, the decomp051tlon products formed after.
' {allow1n§ t&e column to stand at room temperature for two:
days could be collected by elutlon w1th l M HClO4 yThehfav
refultlng solutlon was re- ion-~ exchanged on: Dowex 50W—X2.€h
Elutlon w1th O 5 M HClO4 effected separatlon of a red
-y complex from a- more strongly adsorbed blue complex.»;
Chromate analys1s 1nd1cated that equlvalent amountslof:l.
2 chromlum were present 1n both products and that the b;ﬁeﬂj..,fri
: complex was Cr(OH2)6 f;f The red spe01es had max1ma.atld: |
519, 411 and 269 ‘nm w1th extlnctlon coeff1c1ents of 97;2}”
128, and-3870 M-'l cm-l,-respectlvely, based on the s

v(-

”'";“°chrom1um(III) content.f Although the posrtlon of the band

vv"

T max1ma are very 51m11ar to thosa for complex V—2 as’ shown

':ln Flgure l3, the extlnctaon coeff1c1ents are 51gn1f1cantly

dlfferent, partlcularly at 519 nm his hydroly51s

, product 1s tentatlvely ass1gned as elther V~6 or V- 7 ]f‘j,

Ll e
[t
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'formed in- the reductlon of free fumaronltrlle by j

. chromlum(II).; It should be noted that

;2+,f-“'” : _sj\}- S 24

o |
":(HzO)SCrCHC+NH2"“> : ‘ (H O) CITHC N
"CH,CEN - CH,C- NH2
o ll
V-6 -5,7“' v

where one of the nltrlle groups has been hydrolyzed to

give the correspondlng carboxamlde. However, the nature

of the plnk complex (Band 4), from Wthh Cr(OH2)6 - and, o

e1ther V—6 or V-7 are formed 1s Stlll uncertaln 51ncebw

the charge of a complex such as V—8./.'j]v"
(H O) Cr?HC NHZCI(OH )

CH2C N

V-8

q' .

or some other closely related complex, such as: the

| oxygen bonded carboxamlde, does not seem con31stent W1th

"the elutlon propertles of thlS strongly retalned complex.

The nature of the small amount of purple complexlg y

(Band 5) formed 1n the reductlon of fumaronltrlle 1s also

' uncertaln. Unllke Band 4 no decomp051t10n of thls
~complex to elutable products 1s observed.‘ As a result,

"-even 1nd1rect characterlzatlon of Band 5 1s not p0551ble.

)

Detalled product studles were undertaken to ascerta1n"

the relatlve yleéas of the varlous chromlum(III) complexes

s ‘;.

O
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complex V—4 1s suff1c1ently ‘unstable to aquatlon that

durlng the tlme equlred to isolate thls complex by 1on—
ey
exchange, substan@lal amounts of v-4 are lost to aquatlon.

N ¢However,‘as shown by equatlon (5 10), complex V 4 is

quantlt;tlvely converted to complex V—2 and Cr(OHz)6 +,

so ‘that lf the reactlon mlxture is allowed to stand for
vsuff1c1ent perlods to allow complete aquatlon of V 4,

then the amount of V—2 1solated is an aé;urate measure—
ment of the total amount of V-4 and V—2 produced orlglnally.
by the reductlon reactlon.\ Therefore, the follow1ng
procedure Was employed : Solutlons of fumaronltrlle 1n

ac1dlc medla were treated w1th chromlum(II) and allowed

to react for one or two half tlmes. Longer reactlon tlmes

‘:‘were not fea51ble s1nce, as descrlbed earller, the

varlous products formed are: subject to. chromlum(II)
catalyzed decomp051tlon. Excess chromlum(II) was destroyed
by oxidatlon w1th elther [(NH3)5C0N3](C104)2 or oxygen;
and the resultlng solutlons were cooled qulcgly@to l°C
‘and charged onto columns of Sephadex 'Sp- C25 The 1n1t1al B
eluent was collected and analyzed for unreacted fumaro-i ,': yf»ll
‘n1trlle.r The amount of fumaronltrlle recovered prov1des |
a means by whlch the ylelds of the chromlum(III) products;
| can be determlned All comp%fxes up to and 1nclud1ng : :

the dlchromlum complex V—4 werg eluted as soon as p0551blee'

from the column Wlth o 1 M Hglo4 in 0. oM Nac104.y This

g‘g ,v
¥ ,4')* o !
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. fraction was stored’at room temperature for 5 hours, '

during which‘time complex V-4 completely aquateS‘tor'

-'Cr(OHZ)6 _and complex v-2. ‘The resulting”solution was

re—lon exchanged on Dowex 50W—X2 and separated 1nto the
varlous bands by elutlon w1th perchlorlc ac1d solutlons

of - 1ncreas1ng concentratlon. Each band was collected

L

'and analyzed for chromlum The remalnlng complexes on

the Sephadex column were allowed to stand for 2 days at

froom temperature after whlch the hydrolyzed products were
acollected w1th 1 M HClO4 Treatment of the small purple

- band (Band 5) at the top - of the column w1th alkallne

el Ny

.;perox1de afforded an estlmate of 1ts relatlve yleld._lThe“‘

results of thls study are shown 1n Table 18. Values

tabulated as. "% as Chromlum“ were determlned by comparlng

wthe amount of chromlum(III) in- the varlous bands to the

o

total amount of chromlum(III) products expected assumlng

: btwo equlvalents oflchromlum(II) are consumed for eachi

-mole oleCCH¥CHCN reduced"‘as was foundvinjthe:stoichiometry .
;experlments. The results clearly show that essentlally :

' complete recovery of chromlum 1n the varlous products
kls“obtalned.. Thls is further ev1dence in support of the

, st01ch10metry results. In addltlon, the results reveal

3+

-that most of the chromlum(III) is found as Cr(OHZ)G .

'QHowever,‘a large percentage of the latter arises’ from

L=

‘.aquatlon of complex V—47 Therefore, 1t 1s more 1nforma—

tlve to examlne the product dlstrlbutlon as a functlon of
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the llgand present in the varlous complexes 1solated

_Values reported as "% as ngand“ were calculated on the

-bas1s of the known chromlum(III) content of the various

Abands and by assumlng that the ratlo of Cr ngand for_»_

complex Vf2 is 1.1, whereas for Bands 4 and 5, a ratio

'of 2;lvis assumed. The ev1dence‘forisuch an a531gnment'

'1for complex V-2 has'already been descrlbed ' Therehis

some ev1dence to. substantlate the 2 l ratlo for Band 4

51nce it is known to decompose to equlvalent amounts of:

,,Cr(OH and complex V—6.v However, there is no;

2)6
'llndependent ev1dence for Band 5 and as such, the 2: l

ratio of chromlum llgand is 51mply assumed In any,event,
lthe reshlts suggest that most of the reduced llgand is K
found in complex V-2, W1th much smaller amounts attributed
to the complexes comprlslng Bands 4 and 5. r

| WO specific rESults should be noted.a It appears
that there is a modest 1ncrease (7. 2%) in the yleld of
'complex V—2 as the ac1d1ty is varled from 0 319 to

0. 050 ™ HClO at the expense of the othér products formed

4’

In addltlon, less than 85% of the llgand can}be accounted

"

for as organochromlum(III) complexes.
Addltlonal experlments were undertaken»Lo determine
'whether all or only SOme of the complex V—2‘observed in
the prev10us study arlses from aquatlon of c mplex V—ée
Solutlons at dlfferent ac1d1t1es but 1dent1cil in all-

'other respects‘were-allowed‘to»react~w1th chéomlum(II)-for

-
!
S
|



about one half-time. The solutionS'were then air-oxidiied,

quickly cooled in an ice—bathband then immediately ion-
"exchanged on'Dowexv50WfX2 at 2°c. The'initial eluant

was collected and analyzed for unreacted fumaronitrile.
"The red complex V-2 was collected‘withinbone hour and its
chromium contentidetermined.‘ Thevresults are given in |
Table 19. Also shoWn‘in‘TableIIQ are‘the.yields of
complex V-2 obtained‘in the previous study. ‘By comparing
the two sets of results it is clear that most of complex
v-2 1solated in the prev1ous experlment results from
'aquatlon of complex'V 4, whlch is the pr1n01pal product
formed. 1n the 1n1t1al reductlon reactlon. The 8 5% yleld
. of complex V—2 observed at the hlgher ac1d1ty is eas1ly
accounted for by the aquatlon of complex V 4 durlng the

, tlme'requlred for lsolatlon.» Therefore,~1t 1s suggested
that at the hlgher ac1d1ty, no complex A 2 1s formed
dlrectly by the reductlonvreactlon. However, at the

‘ lower acidity, 6 7% more of complex V-2 is observed.-
'bslnce from preV1ous studles it is known that tﬁe rate of
vdecomp051tlon of complex V—4 is unaffected by the acid
concentratlon,'thls increase must arlse from the initial
'reductlon reactlon 1tself It is also 1nterest1ng to |
»lnote that thlS 1ncrease in the amount of complex V-2 is
ln good agreement wlth the‘7;2% 1ncrease in complex V—2‘
observed in thefearlier studylon proceeding from high

to low acid concentrations.

159.
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TPable 19

\

. | . B C
‘Percentage (H20)§§rCH(CN)CHZCN2+ Formed in Reduction .

of NCCH=CHCN by Chromium(II)

102; '4302x: ; o , Rx. NCCH=CHCN
(NCcr=cHON],  [cr2*1, m*, . Time,’ consumed, V-2,
M o m oM s S Wi e
3.12  6.84 © 0.400 200 ) 64.9  \§.5(63.2)
¥ 3.12. 6.84 :0.067": 200 ) 64.4" 15.2(75;4; .

aDet'ermined_by anaiyzing initial\éluant for:unrgécted fumaronitrile.
‘ bValues rébresent the percentagé of reduced 1igand'isolatedvas‘complex

:  cValues in'parenthesis are takeh»from Tabievls.



Shown 1n Table 20 is the product dlstrlbUthn of
the initial reduction reaction after correctlng for the ‘ . »
aquation of complex V—4 to complex V-2 and Cr(OH2)6 +. !
The entrles in the table are obtalned by comparing the
results shown in Tables 18 and 19 and on- the ba51s of
the above dlscuSSLOn In addltlon, it has been assumed
'that the dlfferent chromlum(II) concentratlons (0. 0380 '
and O. 068 M) of the two studies affect Only the .rate
and'not the productfdlstrlbutlons. Also, the hlgh and
low acid ranges examlned 1n the two studles were not

1dent1cal (0 400 versus 0. 319 M, and 0. 067 versus 0. 050 M)

- However, 1t is unlikely that these - small dlfferences will

"_appreC1ably effect the comparison. The results suggest

that the yield of the pr1nc1pal product v-4 is unaffected

uby the acid conCentratioh. It is also interesting to
34

" -note that there is substantlal formatlon of Cr(OH2)6 .

" even after correctlng for the amount formed by aquatlon
of COmplex v-4. In,addition, it_may be noteWOrthy that
on proceeding from high'to.low acid conCentrations, there

is a decrease in the yleld of Cr(OHZ)G * formed as' a

- result of the reductlon of fumaronltrlle that is propor-

-

t10nal to theilncrease in the yleld of complex v-2. .
_;Flnally,ilf it is assumed that the ylelds of Cr(OHz)6
" shown in Table 20 correspond to the amounts of succ1no-

nltrlle formed ln the-reactlon, then all of the reduced ‘ . -

~
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‘ 0. .
h - : , T ﬂ le 20 o W
Product.Distribution.ofwlnitial Reaétion of NCCH=CHCN with Chromidm(II)

Product Diétribution; %2

3+ 4

v-2P . v-4® cr(on,)g*t ¢ Band Band  Total .

A8

4¢€ 5€
[

- High Acid

(0.400 to ¢

. |

0.319 M) 0 s 68.2 (21.1) 10.1 - 2.7 '102.1 «

Low Acid ' ol

(0.067 to

b.050 My© 6.7 - 68.7  (13.6)  8.1. 1.1 - 98.2 "
0050 1 i 13.€ } | .

aP?odﬁééidi%ﬁtibutgons;aQe baééd on amount of ligand contained in the
: - SN I ' ‘ C ‘

¢

’

‘ R
various fractions.

) bBased pn‘tﬁg éséiénmeﬁ;]that cqﬁplex V=2 has'chromiumaligand\;atio‘of'.
R R iy o ; v

\ I S A L : : . - _ .
QBased_onj;hglassgmption that these. complexes have chromi?myligand ratio

< of 211 R

e A A . | . R
d?erceqtaééﬂéf'Cf(dH2)63+ remaining after accounxi for aquation of .

A

Ucomplék;v-éy'.véiuéé‘repoxﬁed are actually one-halfrﬁbe yield of

C:(OHz)saffsinpe stqichiometry'results.require,that‘Z molésJof

e chro@ium(ll;) are\formeavfor each‘mole of-fugaronitrile‘reduce@.

2 . '



7l” the consecutlve reactlon schemes

N
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llgand is. accounted for. L f'-fiu ‘ L L ;‘th‘ﬁ ;,, i ?1~"
The blpha51c klnetlc traces obtalned at 520 nm for

the reductlon of free fumaronltrlle by chromlum(II) wereulg

1

fltted by a non—llnear least—squares procedure employlng'

g -

/

o L - kot oo k2‘l Co LR | : ER 3 z‘ i
| ».l’:. e s T;(;hw."_". R L P
: e j" X N .\'H ) :
- Zgn the latter scheme, ké?‘was held constant at the value

o
4

'3 6 X lO 4 -1 whlch was the rate constant obtalned for
”fthe aquatlon of complex V—4J It should be noted 'however,ifj'

d”that substltutlonf of thls Value of k2 w1th the slldhtly

,_“1arger values calculated for the aquatlon of cggplex v_4g“,
: d'ln the presence of chromlum(II) Aequatlon 5 12 had llttle
A

or no effect on thk values obtalned for kl 1n scheme

‘o

“« B
(5 14) : The values obtalned for kl and kl tare=11Sted

k)

1n Table C—18 of Appendlx C.f Regardless of whethera

scheme (5 13) or. (5 14).1s used the flrst reactlon (kl
_:\\ S
or k ') eXhlbltS a flrst order dependence on- the fumaro—

nltrlle concentratlon and also appears te have an 1nverse
1h;ac1d dependency HoweVer, the schemes dlffer 1n thelr’
vpﬁﬁdependency of the chnomlum(II) concentratlon. Shown 1n "
;:&:Flgure 14 are plots of kl/[Cr ] and k '/[Cr ] versus'W
2+]'”at 0 100 M and 0 050 M HCth' ‘The results obtalned

R e \ . ) . PR

s
R T R AR ,' Sy -} *:" ) ) . ) : -" RN N v S
; R R .j,-_ i s Rt O S R I T
. . “ : i L ERS
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T

QCD ,”4r‘”i\, l‘“i‘,’{n T 'fﬁ‘ T'IJ'
b '0."=1_09M}[H+]' g 0.050 M [HY]

160 -

g
O
T

A

(kg /162 orky'/[024]) X 102, M~Ts~1
’ ‘ |

‘} FIGUREf14;” Varlatlon of kl/[Cr v] (C)) and k /[Cr (d)f.

'A :Wlth [Cr ] for the reductlon of NCCH CHCN at

~

©25°C in ;9-'..5.0.&% L10104'HC1°4 at 520 nm.

N

N




from scheme'(S 13) suggest that the reductlon is. strlctly “l‘g

Tfsecond order with respect to [Cr ] whereas the data, ~”dﬁ3”ﬂ »h:/%tlfh

.

B when flt to scheme (5 14) reveal an apprec1able 1ntercept,

‘whlch suggests parallel flrst—'and second order chromlum—%/f
'1,(11) dependent pathways._ On thls ba51s, scheme (S 13)
suggests a rate law of the form }hf'.fligftf_17 e

b+ 1

SR “H';if*W1' Tt 1 -
.where a-=.2;5 iv0,7 M gvs and b (8 8 0 3) x 10

12se c, o 50 M L1C104—HC10 ) Alternat1Vely,nscheme (5 14) T

'hlexamlned, (5 14) seems somewhat more preferable‘Sane 1t

‘Ltakes 1nto account th%'aquatlon of complele—4 to complex

'VV—2 -whlch scheme gS lé\ does not.. However, we have not
”been able to dev1se a reasonable mechanlsm con51stent

:’fw1th elther rate 1aw 51nce both schemes suggest that the 4

'vreductlon lS accelerated at 1ow 01d concentratlons.fa-v

s POREN (

i ThlS 1s ‘a- feature that 1s dlfflcult to accommodate ;nwa

;5,&smechanlsm 1n whlch the reactants have no ac1d base propertles ~ff\;,h

PR




'“Q?ﬁtlons;' It should be noted, however, that the value for‘d

:?Vhd.,f“a | i°l§é;‘

o e
v

'i‘.

”themselves and 1n Wthh protons are actually consumed 1n L

%?the reductlon._ Indeed, some addltlonal studles suggest ;

-_tthat the reductlon_ of fumaronltrlle 1s actually

r_lndependent of the ac1d concantratlon¥lfjlf’

e Lol .
Product studles were undertaken 1n whlch mlxtures of

3

V:fumaronltrlle and chromlum(II) were a116wed to react for

fvarlous lengths of tlme.5 Reactlon mlxtures were then
'f}alr oxldlzed and charged onto lon exchange columns.a Thetdﬂhf

h{unreacted fumaronrtrlle was collected 1n the 1n1t1al

._‘v L g
s '>v,

”'eluant and the amount of t?e llgand consuméd was determlned.

_ ;_e results clearly show that%fhe calculated iiilﬁglf;j,"i
';'thlrd order rate constant (k : 3 5 0 4 M 2 i;y?;sf7yf”:

T-andependent of both the ac1d and chrOmlum(II)nconcentra—fi'

j .

1)¢k 1s probably_too large 51nce reactlon mlxtures were ww5€"'

)

'frquenched W1th 02 Wthh does not OdelZe chromlum(II)

. '111nstantaneously, as was assumed in dorng the calculatlons.a' '

'Vfﬁdurlng the reduftron of fumaronltrlle, an 1ntermed1ate

The dlscrepancy between the rath,;aws determlned

5ﬂhspectrophotometrlcally at 520 nm and by the quenchlng

Vﬁfexperlments 1sfbest ratlonallzed by the assumptlon that
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Table 21

Rate Data for Reduction of' NCCH-CHCN by Chromium(II) ‘at 25°C

102x

102x

[NccH=CHCN],  [cr?*),

e . NCCH=CHCN

w1, Rx;_Time;a'.consumed;b‘ Tk, S

Mo s s ”" Mf?~s-12.m

©0.319 150

©N0.400

o200

150

‘460

& 460 59.40 ‘32

0t

- 200 64.

200 . 64.6

0.067 200 64.4

0.344 510 .  56.2

0.195 510 - 55.9

" 510 +55.1

 "aVa1ues repotted:cdrréspdhdfto the time ihteryai Betﬁgeﬁ;injgbtioh'of

1 chromium(II) and subsequent air-oxidation.:f_

!

bDetermined by checking initial eluant for unreacted fumaronitrile.

T

3 .

. .,‘, - \- . N . \' RN : )
e cCalculated using equation (5 3). - URCNETE I

-~

338 A

167,

e,
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F

":spec1es 1s formed Wthh affects the spectrophotometrlc

v

determlnatlon. Indeed,-scan runs . 1n the 330 to 485 nm

. o
region suggest the formatlon of just such a spec1es. As
-_shown in- Flgure 15, the absorpance throughout the reglon

Cis - observed to 1ncrease 1n1tially ‘ However, over longer

vreactlon tlmes, the absorbance below 375 nm ‘is observed

.

tlon w1th decreas1ng ac1d concentratlons.’

As a further Check on thls system,'the reductlon

.reactlon was monltored at 750 nm. At thls wavelength,

(:,v."‘

”none of the organochromlum(III) complexes eXhlblt any
o H? ’ .
absorbance andQ%ny absorbance change observed should

,‘result solely from the loss of chromlum(II) whlch does

vabsorb at thlS uavelength (e;= 4 5 M -1 cnf;);. Indeed,v

5o - "‘Q_;ﬁ oo

the ant1c1pated absorbance decrease was observed and

';logarlthmlc plots of absorbance change versus tlme were
St

;llnear to aboﬁt four half tlmes._ The klnetlc data are

'summarlzed 1n Tabf%lc 19 of Appendlx C. The results

ireveal that the rate of loss of chromlum(II) 1s 1ndependent

-

R
[4

)



- FIGURE 15.

wF

08

g.
. O

Absbrbance

04

02

325 350 375. 400 425 450 . 475
' Wavelength, hm

169.

- Absorbance changes in the 33O_t01485fnm'region '

during reduction Of NCCH=CHCN (1.45 x 1073

by chromium(II) (2.97 x 1072

'M ) in 1.36 M HCI1O

Spectral- scans wére,aﬁ 2lminute‘inte;vaLsQ‘vThe

W

47,

25°C;1IQnic'strength 1;50 M'KLiClo4);l5'cm,cellg

‘solid‘linesﬂ(é———;)~;epreséht scans.for'whiqh ﬁhem

absorbance: is increasing at all wavelerngths.

" pashed liﬁes‘(--;‘-) rep;eééht scahsvat whiéh

375 am.

‘the .absorbance is deéfeaSing'at‘aneléqgthsfbélqw -
_ i ’ . ’ . L. : ? St : E e K

375 nm but;still'ihqréésing‘inrintenSity above

P .

ER
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§

'of the ac1d concentratlon and is second—order with respect

- to the chromlum(II) concentratlon obeylng the rate law

‘«

C s

. = k(nccu=cHen] [cr?t)? : (5

—dfCr2+

dt
N | o S

where k has the value 2. 8_ :of§'Mf2 s'l‘(25°c 0.50 M
.¢L1C104-HC10 ) The 51mp1e third-order sbehaviour observed
‘at thlséwavelength ‘serves to corroborate the earller -
‘suggestlon that an absorbing 1ntermed1ate affects the
rate law determlnatlon at 520 nm. SR

Although the proposed absorblng 1ntermed1ate has
affected the absorbance data at 520 nm w1th respect to
~ the flrst phase of the reactlon between chromlum(II) ‘and -
vfumaronltrlle, it is p0551ble that elther scheme (5 '13)
or (5 14) may adequately descrlbe the last phase of the
f_reactlon._‘Thls is thought to cRIres .ond to the
: chromlum(II) catalyzed aquatlon of =he organochromium(III)‘
‘prod@cts formed . The values obtalned for k3 ‘and k3 re
tabulated 1n Table C 20. It 15»worth not;ng_that the
second—order~rateyconstant E3 (M;l\s;l) obtained from schemea
,(5 13) rncreases W1th decreaslng chromlum(II) concentra— o
“btlons., On’ the other hand values for k3 (M—;:s_ll |
Qobtalned u51ng scheme (5 14) are relatlvely constant w1th )

'varylng reductant concentratlonS' although the magnltude

- of k3 1ncreases moderately w1th decrea51ng ac1d concentra—

' tions. ThlS is probably a re51dual effect of the

S
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absorbing inter ediate; Inrany event, the average value

of k' (ca. 0.011 M_l' 1) agreés quite closely w1th ‘the

;_value 6f 0.0119 ML 71 obtained earlier for the
chrémiun(II) catalyzed aduation of'coﬁplex-v—2 (Table
C415) © Therefore, on the bas1s of the product studies
‘already described ‘and’ the klnetlc studles presented here,

- the principal reactlon scheme for the reactlon between

fumaronltrlle and chromlum(II) can be formulated as

o P : X *5\1.

NCCH=CHCN.F+—i§If>: (1 O)CrCHCN | 2
c _ el . .

[Cx™ >

| | >
CHZCNCr(OH ) 2/

(u oj 5CrCHCN. 2t Cr(OH )' 3+
' CHZCN ‘7
) cré;’+'NCéﬁ2CHQCN*fcerHzfés}. - - '.(5;18)
- 3+ ) 2+ ;-4J¥ B o r;“} | "

(1,0) (CriNCCH=CHCN’" + Cr

Slgnlflcantly dlfferent results are obtalned when

cKromlum(II) 1s allowed to react w1th complex V—l,v
3

3
X whlch 1s the 1n1t1al product formed

3+

(H O) CrNCCH—CHCV
by reactlon of chromlum(II) wrth (NH3)5C0NCCH=CHCN
In. the product studles, the reactlon was aIIOWed to proceed

ffor ten half tlmes and ‘then ‘excess chromlum(II) was N S
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et g

oxidized with either.oz‘or [(NH3)5CoN ](Cloé)z' Both

:ox1dants were employed in separate 1on exchangé experiments

14+

‘since their reduction products, [(H O)4Cr(OH)] and

e v
2O)SQ§N32+ respectlvely, have’ con51derably dlfferent

elution’ propertles that allow the successful 1solatlon of

("

all the products formed by reductlon of comple& v-1.

Reaction. mlxtures were charged onto columns of Sephadex
) I

SP C25 cation-exchange resin “and the 1n1t1al eluant was
collected and analyzed for any unreduced fumaronltrlle
llgand By comblnlng the results obtalned from the two
dlfferent‘px1dants, the follOW1ng observatloms were made.
‘A red fractlon (Band 1 ) was eluted from th column

ol

AW1th 0.2 M HClO4 ‘ Thls fractlon was found tz consist'

of a small amount of a chromlum—contalnlng s ecres as

'well as large amounts of C02+, the 1atter £ rmed from the

’reductlon ‘0of the cobalt(III) complex. Comphete character-

1zatlon of the chromlum(III) complex by eledtronlc R

_ absorption was not poss1ble due to 1ts low yleld and

+
exten51ve contamlnatlon w1th Co2 . However, the complex

5

appears to have max1ma in the 520, 410 and 270 nm reglons.

" This, coupled w1th its elutlon propertles, allows the

3

omplex to be tentatlvely formulated as complex V—2,

(H 0) CrCH(CN)CHZCN2~, Wthh is also a product from the”

ereductlon of free- fumaronltrlle.;~ K

A blue band (Band 2') was eluted from the column
W1th 0.2 M HClO4 in 0.2 M NaClO4.,_Character;zatlon_ofV'

-

o7 i ‘
¥ i o



this fraction‘revealed that it:was Cr(OH2)63+. More,
strongly retained on the column was a small, yellow=red
fractlon (Band 3 ) whlch was removed from the column
using 0.2 M HC1O, in 0.5 M NaClO4. Analysxs on'
representatlve samples of this fractlon revealed that it
‘ contalned both a cobalt (III) complex and a chromium-
contalnlng spe01es;' Thevcobalt(III) complex.ls presumably
34 .

3)5CoNH2C(O)CH CHCN which, from independent‘studies;
PR

is known to be formed by h%9r01y51s of the cobalt (III)

(NH

complex of fumaronltrlle‘\\\galn, because of thls
C . ~_

'contamlnatlon and the low yleld of the chromlum complex,
" the complex ‘was not characterlzed by its electro
spectrum. tNevertheless,\J its ‘elutlon propertles * '

identical with those observed for compfex V-4 which is

173.

151 .

' also formed in the reduction of free fumaronitrile, and is. .=

assigned.as‘such..

| ;A purple'band‘(Band'4'l-was eluted from the column
with 0.2 M HCl04 in 0.8 M Nac104 | Its elution-propertleﬁl
are 51mllar to that of comﬁlex V-4 and is probably of
51m11ar charge. The electronlc spectrum of thls complex
.revealed maxima at 532”‘408 and 263 nm and assumlng that
it 1s a dlchromlum(III) species, the molar extlnctlon ,

L

1respect1vely Such a spectrum~1s con51stent with an

organochromium (III) spe01es, and 1t is suggested that the

coefflclents are calculated to be 116 123 and 4782 M .cm_,l

r

AliH
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- complex can be formulated as

(0) o . . ‘ D
" 5+ ‘
(HZO)SquHCNH2cr(OH2)5

CHZCN,

V-8

where the'coofdinated nitrile_has been hydrolyzed to the
correspondlng carboxamide. As illustrated, complex V-8
is ass1gned as the nltrogen-coordlnated 1somer, although
1t ‘is p0551ble that llnkage isomerization to the oxygen;
bonded carboxamlde,has_occured.;

A strongly retained_redLPufple fraCtionA(Band 5')
. was eluted from the~Sephadex column with l M HC104 in
2 M'NaClO4. The strong blndlng to the resin suggests |

o

that 1t is hlghly charged and is probably a trlchromlum(III)
spec1es.' Its electronlc spectrum is shown in Figure 16 "'\

!

vahd‘exhibits maxima at 529, 405 and 260 nm with molar,

¢
—

extinction coefﬁicients of 155, 145 and 6540 M1 oemt, R
| T : | | : | . , Ty
respectively. This complex may be formulated as either
v-9 or v-10. ., \ S | ‘
. . o
8+ H 8+
(H20) CrCHCNCr(OHZ)5 (H 0) CrCHCNH Cr(OH2)5
CH2CNCr(OH ) \ : _f ’ CHZCNCr(OH )
| v49 1 o - v-lo. o
: . . \\_\ ‘ T B o " \,:%; : )
v Lot ;
~ In structure V 10, the nltrlle group adjacenq to the . ;% g@ﬁg

organochromlum(III) m01ety has been hydrolyzed As for'

i
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 amide complex is possible.

i

compiex v-8, isomerization»tolﬁhe”Qxygén~bbnded carbox:‘
, ) B ‘ T TN

'
These p0581b;11t1es may be dlstlngulshed on the
‘Aba51s of other lnformatlon. Certalnlyu of the

two speeles shown, V-9 would be the more likeiy initial
product of the reaction between V—l and chromlum(II)
However, 1mmed1ately follow1ng the initial reductlon
reactlon, a second- rapld reactlon was observed at 355 and

‘750 nm: 'The'rate of thls reactlon was found to be in-

.dependent of ‘Both the acid and chromlum(II) concentratlons.'

-

The rate data for thlS reactlon are summarlzed in Table

C-21 of Appendlx C,‘ The flrst—order rate\constant was -

-1

found ‘to be o.1b3,£'o.01o s \(z5,g, 0.50 M Liclo

4
" and it may correspond to the_hydro1951s qa.V—9, according
“to the reaction o S P } S i

©

: s Q. k,' 'O AR -Z ‘
‘ (H.OL“CrCHCéNCr(OH ) ———-—-(H 0) CrCHCNH Cr(OH Vs T
o 2 5 - 2 2 P
| HZO S | 7 @’
| cnzc NCr(OH ) E CHZC NCr(OH )
v ¥ y-l0 J (5.19)

;-Therefore,.the complex 1solated by lon exchange %A;SE\\H :

trography 1s belleved to be V-~ 10 or’ its oxygen ~bonded .
A g ‘// o _

v 176.

~HC10 ) S

‘| 1somer. ’, Lo o ‘ ey
In aqueous ac1d thls proposed trlmetalllc spec1es .

B R

]

3 « x‘y S “
is observed 5" undergo spectral changes. In-the ultra-

;\v1olet reglon, the shoulder at 235 nm dlsappears and ah

ﬁb.'



‘nlsosbestlc poxnt is malntalned at 308,1 “aIn the v151ble

';reglon, the absorbance decreases in the 530 nm reglon ;;'fn-zk‘f@

’_whereas a small 1ncrease 1s observed near 410 nm, as

"'%f[shown 1n Flgure l7.3 The max1mum at 529 nm shlfts 1n1t1ally

)-4

‘[to 532 nm after four hours, durlng rhlch tlme 1sosbest1c

'ibehav1our lS found éE‘ZZZ and 406 nm. ThlS low energy

'ft~,"‘sband subsequently shlfts slowly to 522 nm w1th an 1sosbest1c

't,p01nt at 498 nm These spectral Lhanges suggest two f’d"v'
““ajconsecutlve reactlons.. The 1n1t1al changes 1n the v151ble_fAfg,&f;_3
7;_spectrum are con51stent thh the formatlon of V—8 whlch,d»

'i~lf"s*at»1east for the present serles of organochromlum(III)

r'complexes,als unlque 1n the p051tlon of 1ts low—energy

‘\_1

ﬂgjgfabsorptlon band (k a;:—«532 nm)

IR T Sk
i (H 0) CrCHCNHZCr(OH ) ,_,—l..(HZO) CrCHCNH Cr(OH )
' *s\\ - CH CNCr(OH ) SRR O CH2CN ,ﬁs,; o

Loy v

N e S L “f,‘}Zn'TﬁffV;vf‘?F(Qﬂzlﬁ._ f”}'h,:9(?729)‘
The second phase of the reactlon probably corresponds to
the aquatlon reactlon

S

___.-(H 0) Cr?HCNH22+ +.cring)63+»*

(H 0) Cr%HCNH2Cr(OH s 5+\
H,CN-- Alf.hf~‘;f'.”'j?fs] _CHyCN.

CH

sl ?[.'=1}ﬂ« vee o l(s.2n

e A
. K
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M, [Hc104]’— 0. 10 E and [NaClO 1=

7 v _
f‘lV—lO] ’% x 10

u'fO lO M, non-lln r least—squares analy51s of the absorbance

‘:V:changes yleld kl # 2.0IxelO é“sfl and k2 3 6 X 10 ?:Sfl

V-

”;°at\25 c.
| | Product‘analys;s experlments on, Dowex 50w;x2 of\
:ihydrolyzed mlxtures of complex V-lO corroborate the’l\;fﬁa
*lo_reactlons descrlbeddahove.f Elutlon w1th 0 5 M. HClO4 .
fseparatedra red complex from a more strongly adlorbed . ih.
:f{.dblue Spec1es whlch was’ eluted w1th l“b M HC104.' Chromate
'jifanaly51s revealed that the ratlo of the’ chromlum content .
" of complex v—1o + red band : blue band was 3. oo 0.96 % 0,04£
'}Eh2.05 r 0 03'_ The blue complex was determlned to be fﬁ' |
dtcr(OHZ) from 1ts spectral propertles.' The red fractlon

' 7fthas maxlma at 518, 411 and 269 nm: w1th extlnctlon
B P i

‘ff_lxcoeff1c1ents of 96 7, 125 and 3800 M - cm l,’respectlvely.ku

NfThese spectral results are esséntlally 1dentlcal w1th
?:those reported prev1ously for complex V—6 Wthh 1s formed M
liby hydroly51s of Band 4 obtalned in the reductlon of free
&"fumaronltrlle.i Therefore, the chromlum content, elutlon f(
J.propertles, and spectra of the flnal products substantlate Hl
v:equatlons (5 20) and (5 21) d | ‘

: T The last product found in the reductlon of complex
hlV—l 1s a purple spec1es (Band 6 ) Wthh does not elutg
i'ﬂ:from the column w1th even 1, M HClO4 in a M NaClO4 Tn i

S
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addltlon, thls complex does ‘hot decompose to elutable
¥

181.

products.l It\could only be removed from ‘the re51n after'

Lo

conver51on to chromate usxng alkallne peroxlde.

Llsted in Table 22 are the dlstrlbutlons of the
}

‘products formed by the chromlum(II) reductlon of

3+

(NH3)5CONCCH CHCN at both 0 388 M and 0. 05 M HClO4

| Values reported as "% as Chromlum" were obtalned by

‘

assumlng that reductlon of the cobalt(III) centre ylelded
3

'one equlvalent of chromlum(III) in ‘the form of complex

.‘V-l, Wthh has already beéh demonstraced and that the'

A

fradtlon ,of CRQplex V—l that undergoes addltlonal'
reductlonﬁ(as compared to aquatlon) consumes two addltlonal
equlvalents of chromlum(II) The results suggest that

there is quantltatlve recovery of chromlum 1n the var10us~‘

_ bands%. Values reported as "% as ngand"_are based on .

}the amount of fumaronltrlle consumed the amount of
chromlum found in: the varlous bands, and the assumptlon-

that the products have the emplrlcal formulae descrlbed{*'

p;above and as llsted in. Table, 22. Clearly, complex V- 10'
_-1s the pr1nc1pal product of the reductlon.; Indeed the
yleld of V-lO may be larger than shown s1nce it is llkely

:that the small amounts of complex V—8 1solated arlse

from aquatlon of complex V—lO durlng the 1on—exchange

;'procedure. In addltlon, only marglnal dlfferences in the
N product dlstrlbutlons are observed at the two ac1d

‘,vconcentratlons.f It 1s also 1nterest1ng to note that 1fp»
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the ratlo of the

- 183,

chromlum llgand content of Band 6"is
»

“'elther 2:1° or 3 1, then essentlally gom ete recovery of

i's observed. Thls dlffers fromﬂ%ﬁ&;

'fumaronltrlle where,less than 85% of té@ 11gand is found
/

1}

‘coordlnated to chromlum(II ). Also, the y1e1d of

- /
in/ the

\Cr(OHZ)G

'jaccounted fo by
'jfonmed.
The res lts

of the«reduc|1on

"chromlum(II){are
oy

1llustrated the

partx%l aquati P?i
| S~ : ? \\\

RSN
preseﬁ% studys&s smaller and is readlly

£ the various products s

™ B
P~ . ‘ s
' “‘ \:}\ \] s 4* /

of thé klnetlc\xnvéstlgatlons at 520 nm’

of (H ?) CrNCCH—CHEN oy V- -1, by

shown.fraphlcalky 1n Flgure 18. As

pseud flrst—order rate constant (k bsd)

vlncreases w1th decrea,lng acid concentratlons and is-

'~not a 51mple one:

srpce both flrst— and second—order terms

»,seem to be present. In llght of the results obtalned for

'the reductlon of

uncomplexed fumaronltrlle,.lt is uncertaln

thether the compllcated rate law is a true reflectlon of ;

'the mechanlsm of

7

reductlon of complex V- 1, or whether, as

'“ffor free'fumaronltrlle; 1t arises from the formatlon of

?an absorblng 1ntermed1ate.v Unfortunately, the-reactlon_

(

is too rapld to carry out quenchlng experlments to

'aascertaln the extent of reductlon of. complex V 1l as a:

c_functlon of ac1d and chromlum(II) concentratlons ‘Such

i

: N . L
AN . .. R ('. . ;
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FIGURE 18. Variation Of.kobsa with-[Hf]flvfor the reduction

ofj(Hzc)sbrNCCH=CHCN3+ by ¢hromium(ilf'in;0;50 M

C A Lic104_—H¢1o4' at 25°C; (O) 4.8 x 10"3 M [cr?*y;

. (a) 9.5 x' 1073 M [cr®*1; (O) 1.46 x 10 2 M
o tcr?*]; (v) 1.94 x 1072 M [er?*1; (O) 2,96 x
1072 m rer?ty. SN -
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experiments would have.readily discerned between the two
possibil ties. L . ‘j

l

/ . If he compllcated rate data for the rfactlon, glven
in Table C— 22 of Appendlx C, are con51dere

to arlse
from the formatlon of an absorblng 1nterme 1ate, then‘
devl51hg a rate law consxstent w1th the d ta is hardly‘
”justiéied“ Indeed- althOUgh in qualltatﬁve agreeneht with
the resultS\at 520 nm, the results obtained at 410 and 750’hm
| are suff1c1ently dlfferent as to suggest that the klnetlc
. ﬂdata;15{wavelengt§vdependent, at least at high chromlum(II)
and acld concentrations.' I;.fact at ‘the latter wavelength,
an absorbanqe ‘increase is observed 1nstead of the expected .
absorbance decrease.“ In addltlon,_at hlgh chromlum(II).coni
centratlons, logarithmic plotsiof absorbance changelversus o
tiﬁe deviated-from linearity‘for‘up to‘the'fi;st'Zsiyof-the'
) reactlon partlcularly at 410 nm. In anv7event. the resultsv
R at 520 nm seem to be the most rellable and w1ll be used in-

‘,formulatlng the rate law for thlS reactlon.

Also shown 1n Table L~ 22 of. Appendlx C are the values

of k obsd for thls reactlon Wthh have been corrected
. Bt
(kgggg ) for the aquatlon of complex V-l, whlch has

\ . .
already been descrlbed (equatlon (5. 7)) -It should be

©

noted that this correctlon is only 51gn1ficant,at.lower'

‘\chromium(II)'concentrations_wherefreduction and aquation‘f7

——

_of complex V-1 become competitive. The rate data at
o TR . S . T .
+ 520, nm are consistent with a rate law of the form T~
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oy (a/tE'1 + bl T |
kobsd = ’ . ] F . P ’ , ‘ (5.22) .
: 1 ¥ c[H ][Cr™ ]

//

Noh llnear leasﬁhsquares analys1s of the data to thls

scheme ylelds the values a = (1.7 t 0.5) x 10 } s

b= (2.01 £ 0.12) x 10° M 2'3'1, and ¢ = (5.5  1.5) x 10°

M2 (25°C, 0.50 M L1C104-HC104) The calculated and

observed rate constants are in good agreement, as is

\

shown in Table C-22 of Appendlx C. Other emplrlcal rate
1aws were fltted ‘to the data\but none showed as good

agreement between calculated and experlmental values of
corr : . '
Kobsa® : : ‘
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Discussion

A summary of the kinetic parameters for the various

reactions studied in this chapter are given in Table 23.

3f by_chromium(IIS

is certainly a very facile process (k = 1.9 x 10° 7t s_l)

The reduction of (NH;)'5CONCCH=CHCN

and this suggests an inner-sphere mechanism of reduction
of the type-

. 7 ' k .,\
’ .',(NH3)5CONCCH=CHCN3+ + cr?t —ssnH, + co?t +

| | (5.23)
.. (1,0) CrNCCH=CHON®T ' :

A , v+l
Outer—sphere reductions of simple nitrile complexes of

(NH3)5CO3 proceed wlthimuch¥smaller‘rate constants (k <

-1 -1,142
-8

. 0.02 - 0.04,M )T 1T as noted in Chapter ITI. 1In

?addition, the detection of an intermediate which absorbs

/ near 395 nm is convincing evidence supporting.the proposed

. rreactiou scheme.. Flnally; the‘looo—fold.greater reactivity
towards chromlum(II) of V—l as compared to free fumaro—

nltrile shows that the latter is not produced in the

,,,,,,,,,,,, 34

e 21 137
e T It has been suggested i that cobalt(III) complexes
B _ =L

—

contalnlng re xble\l;ggggsgmay undergo reductlon by a.
Zchemlcal mechanlsm in which a llgand—centred radlcal

\—\\\: 1s 1n1t1ally formed whlch subsequently reduces the

cobalt(III)_ox1dlzlng centre. Such a mechanlsm has been
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k]

ﬁggoposed for several systoems, 1nclud1ng the complexes of

isonlcotinamlde,24 fumaric acid48 139,152 and maleic

140

’

acid. It is thought that the rates of clectron

transfer may. be related to the energy&of the lowest

unoccupied orbital on the ligand. 21 137 The energy of

this orbital has been shown to be related to the polaro-

153

graphicxhalf—anQ reductdon potential. Shown below

are a*series of nitrile ligands which are listed in

order of 1ncrea51ng ease of reducxblllty as judged from

their polarographic half-wave reductlon potentlals,l42 r 149, 154

and the rate constants for reductions of thesé (NH3)5C03_+

complexes by chromium(II).

) o | o ,
O < =<Opba, < O
NC CcN < NC C-CH.- < NC C. < NCCH=CHCN
S —_ 3 N\, —
) H s
0.92 . 6.0 x 10° . 2.5 x 10° 1:9x10°
- -1 (155) ) -1 -1 (142 . -1 (142 -1 -
w1l g1 ( e 1 ( ) vl g7l ( ) a1 g1

The results do show a gualitative relariohsﬁip between ease
of reducibility aﬁd rate of reductioh‘but the nature of
the‘reductant binding site also seems to be.important.
'Thereforé, the4relative rates of the 4-formylbenzonitrile
and fumaronltrlle complexes compared to the terephthalo-
nitrile and 4- acetylbenzonltrlle complexes can be ascribed
to thelr greater reducibility. However, the greater

»

reductlon rates for the 4- acetyl and 4- -formyl derivatives

w
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e

. R AR S .
R : ; . \, ’ t N ' . \~

o compared to the nltrlles of slmllar reduc1blllty,- o
lfterephthalonltrlle and fumaronltrlle, respectlvely,imay

'be due to the greater Lew15 ba51c1ty of the carbonyl

6: In any event the fact that the fumaronltrlle

”“-_complex flts the pattern just de\\rlbed and the observa—

?(NH3)5CONCCH~CHCN

'Z;fmany other (H O) Cr

d’feXhlbltS both an aC1d 1ndependent and 1nverse ac1d

»fo;s normally ascrlbed to. reductlon of -

‘chromlum(lIF)

N

f

{‘fby chromlum(II) may suggest that reductlon of

3+

/

The aquatlon of (H O)5CrNCCH CHCN3 is- SLmllar to

IIIX systems84 157 160 1n that 1t

e‘.

y“de end nt term 1n the rate law.v The lnverse a01d term fd
aeps @

:'.g(pzo)4xﬁb)é;??be,f,”f‘ b

Vg

‘;:Sbme representative examples are shown in Table 24.f

’W,524 in’ that 1t 1s substantlally more lablle to aquatlon j-”

-l»

‘-.\

lthan the 51mple 1norgan1c systems but 1s 51gn1f1cant1y

',.dless reactlve than keto and aldehyde complexes of

31,142 161,162 "

‘*tafv—l resembles the terephthalonltrlle complex of

3+ 95

"(H O) Cr o It should be noted that these two nltrlle-“f

}bonded systems may not be typlcal nltrlles because thely'

proceeds thrOUgh a chemlcal mechanlsm; )

) In thls respect,’complexs L

190..

foxygen compared to the nltrlle nltrogen toward chromlum— 1,;f;

tion that free fumaronltrlle also undergoes net reductlon_ﬁg"' -

flgHowever, complex/v—l dlffers from other entrles 1n Table:f‘ |



-f?'HC‘°’CeH4CH-CHCOzH B 2 T L

“"-;bValues for acid independent pathway. :”A

s 191

Table 24 -4~5‘v, IR

&

Rate Constants for Aquatlon of Some (H 0) CrIIIx Complexes.a‘ b*f'

o

. -:~: . . . — : “,“ = B
X Tkt KoKy

! ; omsT! L Reference';

8 ' R M's

NCgHg o ”',,1 2x10 f':{s.ﬁ' 1. 0x10’10 o160

“;f"z 810 -7 2,810 8t;'lifid‘;5§J?; L
V‘Br-:a“ ,n‘f3;"5d‘fv?f3.8xlof6,',7'1f i}9 0x10'71d7f-*fe'” ‘i57pgjf"t
1 9ff’i?[fj:“iit'?JA3 ax1075 "?§1: 3 4x10‘5;p‘;.”;‘f'i;'84;.:*n
ﬂ'écN"?”'T"j”tf"ffj:;il 7x1075 1f¥,1_, 2. 7xio'6i . }“}Q;ipi5§»~‘ e %“}
"E;Oﬁbﬁ'.dfd'n:dnte-fl 5ef7,leo-5:f_dnidu7f1 4x10'7’p?€”Ap;;_ij15§€_*f'_ N
f:»NCCH’CﬁéﬁA‘{e}fp.eléép'i;iklbfzn‘fi ,:dd4 1x10"4 '1qvf,fdwﬁis7§§fxf; |

'ienc(o)csn4c02H DN T S S ,[4_, R R S

,,_CH3C(0)C6H4C:N FOR e R }9,91’» o }62“} i

‘aValues reported are at 25°C. :_ ?‘4f11.f; _.‘na;;

T_:CValues for inverse acid dependent pathway.~;

i



ahjgoes aquatlon less rapldly

'5g?equ111br1um to form a chromlum-fumaronltrlle complex‘

electron—w1thdraw1ng groups N CCH CH- and N= CC6H4 ﬁOﬁl@>
;Jbe expected to weaken the chromlum to nltrogen bond

vHIndeed, there is some ev1dence that the acetonltrlle

3rl,

»Jcomplex (H O) CrN CCH3 formed by ox1datlon of aqueous o

solutlons of acetonlt 1le contalnlng chromlum(II), under—’
163 . A'f

The reactlons of

'f'and the chromlum(III) fumaronltrlle complex V—l dlffer y'7

v"from one another ‘in that the latter ls*reduced about 1000

7ft1mes faster. In bOth reactlons, the domlnant pathway

"1s second order 1n chromlum(II), but the mlxture of

.‘_,

5products seems: qulte unrelated at flrst 51ght. However,“

. /

'the predomlnant products can be ratlonallzed on the ba51s o

-

’ri_followed by rate controlllng reductlon by a second

-

:“*1nvolved 1n formulatlng the reactlon schemes 1s the'

4-9

”assumptlon that a nltrlle bound to a chromlum(III) w1th :

s
i

Tanother chromlum(III) on- the o= carbon is: rapldly

(phydrolyzed to a carbokamlde."Such a. nltrlle group mlght

o S

t'-‘jbe expected to- be partlcularly susceptlble to. hydroly51s gf’

34+ o

'}.of the two electron-w1thdraw1ng (H O) Cr m01et1es.pp“'”“

'; The reactlon schemes are formulated 1n1t1ally 1n a«l

.

192..

chromlum(II) w1th free fumaronltrlle o

e

‘?-of a common reactlon scheme Wthh 1nvolves an 1n1t1al _;dyﬁk;;j:,

ffchromlum(II) and proton additlon.‘ An addltlonal pr1nc1ple i

wgfbecause of: the’hlgh charge of the complex and the prox1m1tyf:*"-

-fmlnlmal way w1thout spec1fy1ng the electron dlstrlbutlonld"i'



in the 1n1t1al complex. .For ﬁree fumaronitrile,'the_

proposed reactlon scheme 1s shown in Scheme (5 24)

, Attack of chromlum(II) ,on the 1n1t1a11y formed {CrNCCHCHCN}

,complex and subsequent protonatlon ylelds a mlxture of

acomplexes V- -4 and V—S'g Complex V 4 mlght be the predomlnant ..

Y

product on sterlc grounds. In any event V 5 could undergo Py

V

1hdecomp051t10n to yleld V 8 since, as noted earller,kthe_

A

.nltrlle group coordlnated to chromlum(III) and ad]acent /
'7to the organochromlum(IlI) entlty mlght be actlvatedv

;‘toward hydroly51s., However, complex V—8 was not observed ;5 &

“hp0551bly because complex V—S, from whlch r@ would be

'-dformed,/ls only produced in a small yleld.\ It is also,~y

;prSSLble that any V~8 that was produced.could have been

-eluted w1th later fractlons of Band 3 51nce 1ts elutlon

”f,propertles (as observed for complex V-8 formed 1n the

B reductlon of V—l) are 51m11ar to that of V 4. Neverthelessf!‘

X

?ZScheme (5 24) lS Cdailstent w1th the 1solatlon of V—4.-"" E

f}as the predomlnant spec1es ( 68%)

';thls case, the 1ntermed1ate {CrNCCHCHCNCr}S;;ls assumed "ﬂlf;,

) ’ . i’.ia.‘.:

:The analogous Syheme for the reductlon of ”'s"Vf\'by“. -
EEN : R e
;(H O) CrNCCH CHCN§f, V—l, 1s sh0wn in Scheme (5 25) »lnf {‘”ﬂy/

,¥/\

.gto be symmetrlcal Aa chromlum on each nltrlle) and

h eductlon by a: second chromlum(II) and protonatlon produces ‘f'

hgfonly one 1n1t1al product V—9 Wthh 1s rapldly hydrolyzed

»_to compleva-lo._ Indeed, absorbance changes observed at

’;355 nm and 750 nm may correspond to such a reactlon
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Lo

Scheme (54.'2-4')'

_Cr2+k+ NCCH=CHCN ;:ztzir'{CrNCCHCHCN}2+
) kS :CrIII - o C‘r'II":F' S
111 ’ L

el e | - Co ‘ - | R
~ -Cr” " NCCHCHCN + cr T TNccuCHON

oWt lfast Y

cr(OH ) }. RNV iéfIiI: T

M) : ._,“ e T
e -~ CrI NCCHCHZCN5+ . Cr IIINCCH2CHCN5+; .

' . NS
NGCHCH2CN2+ .

**v—z (Band 1)

%
R,
e l%?r TR o \\',,H;',,%-
';fC IIINHZCCHCH2CN5+ ~  Cr(oH,), R

T u-; ay °;;NccH2chN2+ S

"*,~Ve2 (Band 1)

=

el
RN



-

195‘"

Schehe (5;25)

cr?t 4 gHéo)5CrgCCH$CHcN3+;:::tj{CrNCCHCHch:}Sf

Cr2+'
. ‘C'rIII L

A O
‘crt Inccncuener T

ot l fast

CrlOy) g e T ?r:u e
o+ mmeememeem ot NCCHCH2CNCrIII B+,
S D CTIT e T ',-,. . :

L CETTT . R S R Vio. LY
NCCHCH,cNcr™™h : RN D

AT ] |
y14;f3and,3‘) LA T CrIII‘

b T e cr i iny CHCH

T A b T U o
X Cr(QH2)63+ ST R T ,V-lO'(Band 5’);:»

O=O

CNCrI;I 8+

o +vf:””
NCCHCHZCN e Y ': .8 ?r;I¥7 B |
v—2 (Band l')',i-r v }fff:j‘:']C IIINHéCCHCHZCNS + Cr(OH )

V 8 (Band 4 )
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(k = 0.103 s”l, 25°C, 0.50 M L1C104—HC10 ).

’>aquat10n durlng the ion- exchange separatlon gives some
V-B(Band 4'). from V-lO (Band 5') At hlgh ac1d concentra—

V‘tlons, Bands 4 and 5"conta1n about 11, and 69%,‘respect1vely,

\

 of the llgand to give a total of 80% of the llgand accounted

a

. {
~for by thlS scheme. ThlS scheme also predlcts that the

3+

.amount of Cr(OH2)6 should be equal to or greater than.’

the amount of Band 4' .and thlS 1s con51stent w1th the

"observatlons (Table 22)u

If 1t 1s assumed, 1n addltlon,'that spe01es w1th RS

‘...-,; d

'adjacent chromlums can react competltlvely to g1ve carbox-

. ‘Ii' T ’ N
"amlde or undergo aquatlon 11T Lo "

S mibgedeng oI
CrIII ”_ ,;/,,//Y“R.Cﬁ CTNH2Cr 3 SRR
I' - ' : PR, : ; L AR

R—CH—C NCr ¢
iy \R-eH

-,,'

JIIro L (5.26)
-C= N + Cr(OH Ve | S

S

'afthen further products can bedaccounted for. Thls ls‘shown:"
7,by the dotted arrows on the above schemes. Therefore, ‘
dScheme (5: 24) shows that complex V—2 may be formed 1n the
xreductlon of" free fumaronltrlle by aquatlon of complexes »
"V—4 and V-S.'zIndeed,blndependent studles on V-4 revealed

fthat 1t dld uﬁdergo such a reactlon (k 3 60 X 10 -4 sfl,_

<

L 25°C, 0. 50 M L1C104—HC10 ) . In any event, complex V-5

N

e mlght be expected to undergo aquatlon more rapldly than

‘*7V—4, and 1f the aouatlon should exhlblt an 1nverse ac1d

’ . dependence typrcal of most chromlum(III) complexes,sdf157 160
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then thls could account for the larger ylelds of V—2

"observed at low ac1d concentratlons (Table 19) where 75 4%

o

vof the fumaronltrlle consumed is found as either V- 2 or B
v(g ’ /

V-4. Slmllarly, as shown in Scheme (5. 25), reductlon of . ;
, V—l produces ‘some V-4 by aquatlon of V—9,_and the results |
].1n Table 22 reveal that more V—4 is obtained at low aC1d
concentratlons as expected from these assumptlons. - In
ddltlon, the small amounts of complex V—2 observed
' probably arise from aquatlon of V-4 In any event,.Scheme

. (5.25) would account for 10.8% and 1l. 9% Cr(OH2)6 at

‘0. 388 M and 0.050 M HClO respeCtlvely, compared to

4’ _
the observed values of ll 0% and 12 7%, Therefore; the -

N =products V—2,,V—4, v-8,. V lO and Cr(OH2)63}vare'accountedh

3+ complex.

:rfor Wlth the (H O) CrNCCH—CHCN
However, nelther scheme accounts for the formatlon
1‘of the hlghly—charged spec1es that were not ea51ly eluted
.}from the 1on-exchange columns.. These constltute Bands 4
‘(8 1- 10 l%) and 5 (l 1- 2 7%) in’ the reductlon of free |
'fumaronltrlle and Band 6! (ca. 10%) 1n the reactlon of
V l w1th chromlum(II) Slmllar hlghly charged complexes_.
_were observed in the chromlum(II) reductlon of malelc |
vfand fumarlc aC1ds,37 although no attempt was made to
’establlsh thelr nature.A Unfortunately,'a551gn1ng theJ
structure of these complexes is dlfflcult 51nce there ;‘j_}ns' .

. is llttle addltlonal 1nformatlon whlch would aSSlSt ln

thelr,formulatlon. Nevertheless,.lt is 1nte&$st1ng to"

LN ey s N
: . N
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‘ , N | .
speculate on their structure and how they are formed.
Although-the yields’of'these species are small,

it seems unlikely that they are chrOmium(III)—containing

polymerization or radical coupling products of fumaro- -

-~ nitrile such as

o ITT B < S
. NCCHCHCN  neducnen
.;Nccnéncﬁ)n o NCCHéHCﬁ‘
B érIII

since lower st01chlometr1es than what were observed mlght

have been expected Rather, 1t is p0551b1e that the

'carbanlonlc complexes 1n1t1ally generated in Schemes

(5 24) and (5 25) mlght react with addltlonal chromlum(II),

t

las shown in Schemes (5 27). and (5 28) 'Both schemes

_requ1re that complexatlon of chromlum(II) to the carbanlonlc

198. "

complexes be. competltlve w1th thelr protonatlon. Certalnly,-

the water exchange rate of chromlum(II) 1s very rapld

8 5’1)164 and 1ts blndlng to the nucleophlllc

carbon—centred anion mlght be expected to be very rapld

;'also;' In addltlon, these complexes mlght protonate at
hrates 51gn1f1cantly less than diffusion controlled Indeed,
ialthough less marked than nltro and ester derlvatlves,‘

-nltrlle groups have been shown to apprec1ably decrease ]

the rate of protonatlon of carbanlons.165 168 Presumably,

“gthls arises from some structural and electronlc rearrange—'

'ment w1th1n the ‘anion Whlch delocallzes the negatlve
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. c
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Scheme (5.28)

2+ + - 54
et e, 0) CrNCCH=CHCN3 S=——= {CINCCHCHCNCr} S+
cr2*
‘ 4 : + . et |
Scheme (5.25) B CrIIINCéHC§CNCrIII 7+ ;
! , | - cre]
o IIT N
|
| CrIIINCCH?HC o111 3+
e l
CrII
y - |
(H,0) SCrNCCH=CHCN™] '\
¥
B A o Y 11T L
[P S cr | o
?IIII e T 'r : T
: v e II virmien IIT 124
| cr TN : .
or IIINCCHCHCNCr1;1—+14 L Nccnfgcucr_‘ |
o O I S
ettt o ,
R . s
cogpp Voo - cr IIINCCHCHCN
© Cr" 7 NCCHCHCN .~ = .
e III |
"Cr2+."H+
-\ ert Incencnener TIT 15+
. e IIT
CrIIINCCHCH2CNCrIII
\\\;\J;&_#
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charge.. In the present series of carbanionic complexes,
'the additlonal presence of chromlum(III) moieties on the
‘1lgand might be expected to further decrease the rate of
protonatlon. In any event, the alkyl—bound chromlum(II)<“
_complexes could then react with either freehfumaronitrile\
- (Scheme (5.27)l,or'complex V-1 (Scheme (5.28)) and
subsgquently be'reduced by an additionaljeqﬁivalent of B
chrbmium(II) This step may proceed by attack at either
the radlcal carbon or at the adjacent nitrile followed by‘;
_protonatlon. On the ba51s of results already descrlbed
zfor .the reactlon of NCCHZ' w1th chromlum(II) (Chapter vy,
"attack at the nltrlle mlght ‘be preferred. | ‘
| " The net charge of . these complexes may be suff1c1entlyj
large as to make elutlon of _these spe01es on the ion- |
exchange resin very dlfflcult, as was. observed. ,;n
haddltlon, it would not be surprlslng Kf these products

‘_ would undergo decomposrtlon./

- Cr A o : o o .
crTIINCCHCHON ———  2Cr (OH.,) .1 2(H ‘0) CrCHCNH 2+
o : H20 . A 276 2 2
, .cl:_rII‘I I UUEERE CHZCN '
CJ;‘IIINCCH2CH h“\\\\\ ‘» ' , . ». V-6 (5_29)

' Equatlon (5 29) suggests that chromlum(III) -bound- nltrlle
:Mgroups may undergo hydrOlYSlS to yleld carboxamlde complekes
7wh1ch may then aquate to. yleld Cr(OHZ) 3v and organo~

: chromlum(III)_products. Such a decomp051tlon process'

-~
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was observed for Band 4 which was obtained in the free
. o ‘
fumaronitrile system.- In fact, the reaction produced

equivalent amounte_of Cr(OHz)G?+

and an organochromium(iII)
specles whose electronic spectrum was identical with that

- of V-6 obtained from aquation of V-10. Similar decomposi-
tion may also be occuring for the producte of Scheme
(5.28). In this oase, however, owing to themuc?‘higher
charge of this complex, decomposition may not(hate
proceeded to a sufficient extent during the ;ame time
interval (2 days) to yield complexes of low'enough charge.
to be eluted from the resin. i |

| The observatlon that only sllghtly smaller ylelds

of -the hlghly—charged‘complexes are formed at low acid
concentrations could beitaken as evidence againet Schemes
(5 27) and (5.28). However, protonation of the carbanionio
vcomplexes could be brought about by 1nteractlon w1th
'water,169 rather ‘than acid, Jn which case the yields of
these complexes would be expected to be invariant w1th

'changlng tuty. 5 Schemes (5 27) and (5. 28) would aﬁéo

;.predlct that/larger amounts of these hlghly chargEd comple;es
should be formed at‘hlgher chromlum(II) concentrations.

K
However, thls was not examlned In any . event Schemes

/ﬁ

(5. 27) and (5. 28) ‘are speculatlve in nature and awalt f J
futher conflrmatlon." , : f - é
. . . /‘

-The‘major product difference between the reduction

3+

of (HZQ)SCrNCCH=CHCN , V-1, and free fumaronitrile is

J



3+
6

In fact, virtually all of the Cr(on2)63+ found from

the larger amount of Cr(OH?)

reduction of V-1 can be accounted for by the aquation of
organochromium(ITII) complexes, as shown in Scheme (5.25)
and described earlier. On thé other hand, even alter
correcting for the aquation of V-4 and VQS, up to 21% of
the chromium(III) formed in the reduction of fréc

fumaronitrile is found as Cn&OH2)63+ (Table 20). 1In

addition, unlike the reducé&on of V-1 in which essentially

all of the reduced fumaronitrile is found coordinated to

’

chromium(III), less than 85% of the ligand is recovered
as chromium(III) products in the reduction of free

- fumaronitrile. Both observétions are unaccounted for by
Schemes (5.24) and (5.27). It may be that the large

3+

~yield of Cr(OH,) arises from outer-sphere reductjon

of free fumaronitrile. Alternatively, it may result from
competitive reactions of chromium(II) at either the carbon

or nitrile nitrogen of the chromium-fumaronitrile precursor

complex as shown in reaction (5.30).

CrIIINCCHZCHZCNCr

+ N
/iﬁ/’)' | v-11

III

{crnccHeHen} 2+ er??

:;P\\\\
I

crIIncen, chen

2| .
CIIII

V-4

produced with the latter.

2070,

Cr (5.30)
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Spec1es V-ll would aquate to Cr(OHZ)G +?and succ1non1trlle
} That these paths are competltlve is consrstent w1th the o

observatlons 1n the Crzl-NCCH I system (Chapter IV), whereﬁi't’

Q

only 25% organochromlum(III) product 1s formed. ,A* f .
Such a reactlon scheme also explalns why no Cr(OH2)6 o

1s formed dlrectly 1n the reductlon of V—l - In thlS case,
both nltrrde groups in: the precursor complex ;p; ‘f L
{CrNCCHCHCNCr} ‘are complexed to chromlum,'and attack of

nichromlum(II) can only occur at carbon. Therefore,honly :

ih}f organochromlum(III) products would be formed whrch 1s

-

con51stent w1th the product analy51s results.‘h ,f__

To thlS p01nt 1n the dlscu551on, the precursor

P

complexes have been formulated in a general mannex w1thouti,

r~_spec1fy1ng the electron dlstrlbutlon. rTwo dlfferent

u c '.vo'

formulatlons are p0551ble., The precursor complexes mlght
B f'arlse 51mply from reductant blndlng at avallable nltrlle

groups as shown 1n_equatlons (5 31) and (5 32)

cr?t +. NCCH=CHCN ,—l__—_: CrIINCCH'=CHC;N ——2—§—+-—> ‘Products  (5.31) . o
»_cr3+¢+,Cr1;I o oL o TTT e IT T2

iy s

Then reductlon of the 1lgand does not proceed untrl jsff':

A ;

yNCCH?CHCNj;:;ﬂ:Cr;ngCQHECHCNCr.«;%ffe4—ﬁeﬂ2ﬁéffcrgfgf;f7‘

attack of the second equlvalent of chromlum(II) so that the;'ff=55‘7“

reactlon rate has the observed second—order dependence f;f;);,ﬁj;f_@;;;



"on chromlum(II) //A&ternatlvely the precursor complexes'"“
may be con51 e d as, radlcal anlons formed 1n an unfavour—'
‘able equlllbrlum from chromlum(II) and the olefln as

d'fshown in equatlons (5. 33) and (S 34).

T AL AR & S o Ry
Cr™ + NCCH=CHCN £——* Cr~"— —.(‘NCCHCHCN’)‘ * _—_é—-ir Products

'jj.er%+"+'cri;iNCCHEcﬁcNf::%::zfcriiie(NCCHCHCN)?—CfIIIQ‘;2;5,;;f"ﬁ?[ =
. KA ( - s k__l ; v 2 o ” . M‘ e

b

A'“f‘{f“dft:-: t'h‘bTﬁf',V"‘ Products ’7f '52[K5@34)?fﬁ7"

| thIf a steady state 1s assumed for the radlcal anlon, then';a5e
: the apparent rate constant 1s glven by equatlon (5 35). y' )

o »».‘myr%
k'k3ICf2*12a*“
Kk S A2 _
BObSA T i pen 2y e
g --*x;krlsz[c?-,1~.“ft.-- LonT

S

. 'Thls w1ll glve a second order dependence on chromlum(II)
:flf k R > k [Cr ] It 1s noteworthy that equatlon (5 35))':"v'

G
'predlcts a flrst order chromlum(II) dependence 1f '

vjk;i << k [Cr f] ThlS 1s cons1stent w1th the observed

R

f_urate 1aw for reductron of malelc and fumarlc a01ds by

'7ychrom1um(II) 147 Slnce reacthDS between chromlum(II)

"fiﬁand allphatlc radlcals are known to be fac1leafké
8 1 '*1"'81

e

;1n k i‘w1ll be most 1mportant fdetermlnlng whlch llmltlng

Q Therefore, rt could
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T

be argued that nltrlle groups are better electron medlators
than carboxylate grouQs}}7o l?; and as such k -1 would be

:rvexpected to be larger for fumaronltrlle than for the
| carboxylates._ ThlS prOV1des a rationallzatlon for the
dlfferent chromlum(II) dependencxes in the fumaronltrlle
system and carboxylate systems.;.ilh lﬂfhr?;i“ |
‘ The fallure to observe radlcal coupllng seems to be
‘ an“argument agalnst the radlcal mechanlsm._ However the

*-,ireactlons of the fumaronltrlle radlcal anlon w1th 1tself EE

or unreduced fumaronltrlle have been studled 1n dlmethyl—*

formamldel7zﬂ*”"h‘ T _ ;
‘*gt(NCCachﬁxfj">-;~;u»_;f;;—t?‘ O s e (536
A S "NCCH CHCN " ' '
R AP - S
i (NCCHCHCN)2
\‘ 1 : .

',jand estlmates of 7 x 105 M l‘s>l and l X 104 Mhlfsﬁl,were .

:'5obta1ned for k and k" reSpectlvely. Under the condltlonsiuﬁ
.‘of the present study where the concentratlon of fumaro—
.tnltrlle or/any radlcal spec1es would be much smaller than
rthat of chromlum(II), 1t 1s very unllkely that reactlons

"gfanalogous to those of scheme (5 36) would be competltlve';‘

'T;;wrth attack by chromlum(II) iilf'fn,i’f'ggiit? i'tl-jfif

Another argument that could be brought agalnst the

’“ﬁflradlcal mechanlsm 1s that the chromlum(III) radlcal anlon
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, 1ntermed1ate should undergo rapld protonatlon and, as aj”ld‘J
,f‘result,'exhlblt a flrst order dependence on [H ] whlch is
dnot observed However, as noted earller, protonatlons of
*Mcarbanlons are not always d1ffus1on controlled, and 1t

"1s not certaln that the proposed radlcal anlon 1ntermed1ates'”

vitp-would protonate that rapldly.- Alternatlvely, protonatlonf'

',rilles far to the rlght (protonated form)

.

‘could be from the solvent water, 1n Wthh case a flrst—
h._order ac;d dependence would not be expected prov1ded
'"-lthat the reverse reactlon 1s slow and the equlllbrlum '

The above dlscu551on 1s 1ntended to 1llustrate that

'the radlcal mechanlsm may not be as unllkely as- 1t mlght

’

':ﬁappear 1n1t1a11y.~ However,.these arguments do not exclude

‘fithe 51mple chromlum(II) precursor complex formatlon scheme

*"“ffof equatlons (5 31) and (5 32) The latter could account

»for the dlfferent rate laws by supp051ng rate controlllng
electron transfer Wlthln the precursor complex for the

-3

carboxylates, and rate controlllng reductlon of the

'hf;precursor complex for fumaronltrlle by a second equlvalent .pﬁs

d;iof chromlum(II) .‘_qan:y"‘_ h_“ . h‘h:_r 1--5"~plv'

. ahs noted earller,.a 51mple thlrd order rate‘lawl?i
filsyfound for the reductlon of free fumaronltrlle lf thedflfj;

T;jreactlon 1s monltored at 750 nm or by quenchlng, but an y
lhlnverse ac1d dependence appears when monltorlng the fr“-

:jlreactlon at 520 nmL: The 51mplest explanatlon for thls

df;ibehav1our is the formatlon of an 1ntermed1ate Wthh does_ffi




.vnot absorb 1n the 750 nm reglon but wh‘ch does absorb at

208,

'520 nm,.and thereby affects the spectroscoplcally

:§determ1ned rate law at thlS wavelength The nature of

thls spec1es 1s uncertaln but on the basxs of results

‘jalready dlscussed 1t may correspond to complexes V 5 or f

'[_v-ll.

e

5%

(H 0) CrCHC NCr(OH2)5 Bt

(50) gCxN=CCH,CH,CENCr (OH ) 5
cnzc =N

ves ;v.-:n‘f

'trBoth spec1es have been proposed as unstable products of

‘;the reductlon reactlon and both mlght be expected tovi

;exhlblt an 1nverse ac1d dependence

84 157 169 durlng thelr e

gjaquatlon to stable products.f ThlS may account for the
”tapparent ac1d dependence of the reductlon reactlon when

,;monltored at 520 nm.}f‘

In llght of the above dlscu851on for the free fumaro—~

'7f~n1tr11e system, 1t is uncertaln whether the compllcated

,“_rate law (equatlon (5 22)) obtalned for reductlon of

=:(H 0), CrNCCH-CHCN

3 V-l truly represents the mechanlsm

f"of reductlon of V—l or whether, as for free fumaronltrlle

'Vjat 520 nm, 1t arlses as a result of the formatlon o ~an

".absorblng 1ntermed1ate._ Unfortunately, quenchlng experl—f;'?

lfiments analogous to those employedaln the free fumaro—f~-

.%,

"‘nltrlle system were 1mp0551b1e ow1ng to the rapld rate

-lof the,reductlon@’ In addltlon, prellmlnary studles at

Sy
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e Nevertheless,.thls result, coupled w1th the apparent

_jwavelength dependence of kob d’ leads to some uncertalnty

qchw1th these results.if

(H,0) (CENCCH=CHCN> ' + cr 2*:{(15 0) cmccncncnc:: (on?_)

'209.

*750 nm dld not glve the/ant1c1pated absorbance decrease

'expected for loss of chromlum(II) Presumably, the B
: absorbance 1ncrease attrlbuted to the organochromlum(III)
;products formed is greater than the small absorbance'

o decrease for ox1dat10n of chromlum(II) at thls wavelength.

corr

B

’”1n the rellablllty of the klnetlc data to formulate the
"»mechanlsm of reductlon of V—l.‘ Clearly, both p0351b111t1esisff

7,'must be cons1dered

If the klnetlc results actually reflect the mechanlsm'“‘

'5,of reductlon of V- l,_then the follow1ng scheme is con51stent

"xn B i e '

}5+

'f?(HéoX4(HQ)CrNccH%cacN1 + H.rpﬂrj’fjf 'pprdaﬁcts,?*"

,;hklgr.Cr SR
T R

U

. species "X" isfalCQmplegvwhOSe]nature7Willpbe"diScussedf/"

/\ A

C(s.3n)



tlater.» In addltlon, the precursor complex has been
formulated in only a mlnlmal manner and can representjthe
‘_aSSLgnments of elther equatlon (5. 32) or (5 34)
”J The derlved flrst—order rate\constant (kcggg) takes
L (;/ . . X C A L
.,the ﬁormv;y . R o
EER (k k + kK, [H ][Cr ])[Cr 2+ | |
kgggg = - ~'(5.38)
SNt [H ]+K +K [H ][Cr ](1+K2[H ]) ' o
,;If K2[H ] >> l,_and 1f K <K [H'],+ K_K2[H ] [Cr” ], then
R lea 3 | '»]~’"” _ IR
A 4(——_;_—-.- 2 l[cr ])[Cr v]
- kcorr.A [H ] R
“ obsd N

1o+ K, [ ][Cr 5jff

}f,whlch is of the same form as that obtalned experlmentally -

SR ;(equatlon (5 22)) : The varlous terms have the follow1ng
ryyvalues. le | (l 7 Qféli&éu}'frb kZKl (2 01 - 3
0.12)°x 10% n zséflr'and Kle (5.5 % 1.5) x 10! M Zﬂ: -

"”.}(25 c, 0. 5o M L1C104—HC10 )

’ The products of the k2 reactlon are assumednto be the

'1o;organochrom1um(III) complexes already formulated 1n

”l‘;fSchemes (5 25) and (5 28) R On the other hand,ithe k

'jjpathway may not yleld organochromlum(III) products 51nce
Sy

i

.“1t is unclear why deprotonatlon of a water molecule on,‘*'”"'

‘,dcomplex V—l should fac111tate organochromlum(III) Pr0duct_;f

?formatlon. However, the kl pathway can be accounted for'n‘

lajlf, rather than 1lgand reductlon, the reactlon pertalns

‘to chromlum(II) catalyzed aquatlon, accordlng to the

(5.39)
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ffreaction\\ o
a":’. ’ N " /
2+ B 2 rr B0 gfr
Cr +'(H20)4(HO)CrNCCH=CHCN — [Cr —O;Fr ‘—NCCH=CHCN]¢
Hy0 | (5.40)
u e ]Cr(oH2)63+ + cr?* + NecH=cHON -

|

where 1nner sphere electron transfer through a brldglng '
H‘OH group occurs

“As ev1dence in support of the a551gnment Flgure 19
1llustrates that there ‘is. a llnear relatlonshlp between the

/

y

-runcatalyzed (k cat

nc t) and chromlum(II) catalyzed (k

vanerse ac1d dependent aquatlon terms for hallde complexes'

‘ 1of Cr(OH2)53+.84 86 157 174 In the chromlum(II) catalyzed
freactlons, the 1nverse ac1d dependent path arlses from

1nner sphere reductlon v1a a brldglng OH group. Such an

rrelatlonshlp between k ‘ and k. may not be acc1denta1.

| cat uncat ‘
1fIndeed, Just as stretchlng of the Cr-X bond. 1s an obv1ous

"u_requlrement for release of X in: the uncatalyzed aquatlons,

”dlstortlons along the Cr X bond may lower the energy of

g _the acceptor orbltal on- chromlum(III),104 105 thereby

‘fac111tat1ng 1ts reductlon by chromlum(II) In any event,‘

3+

"the observatlon that (H 0) CrNCCH—CHCN follows the

'h&pattern establlshed by the hallde complexes may suggest

‘.that 1t does undergo chromlum(II) catalyzed aquatlon by

-_1nner—sphere electron transfer,‘as suggested above
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)) versus

-1'EIGURE’;%. A’plot of the uncatalyzed (log(kuncat

chromlum(II) catalyzed (log(k )) 1nverse-,»

ac1d dependent aquatlon terms for (H 0) CrX2
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,'1s very uhllkely§51nce 1ndependent experlments on free

213.

' Much more difficult to explain is the nature of "X"

in scheme (5.37). The kinetic data‘requirebthat it is

'formed by protonatlon of the precursor complex and is in

.rapld equlllbrlum with it. - If the precursor complex 1s

'formulated as in equatlon (5 32), then "X" “could bé‘““-\_r‘ B

-, o) CrIIINECCH[CHCENCr I(OH2)5
S 5 H-_*- | '
|.

{

~where a proton has become assoc1ated W1th the double bond

-cor perhaps w1th one of the . nltrlle groups. However, thlS‘

fumaronltrlle su gest.no-such‘lnteractlon. Alternatlvely, dg

A
if the precursor complex is formulated as a radlcal anion

_spec1es, then its protonatlon could be represented by p

|
equatlon-(5.4l). ‘

-

(Hzo)SCr{IINCGHCHCNCrIII(OHZ)S T H——

- , 'IiI . ITT N . :
‘HZO)SCr. NccﬂchCNcr (OH,) ¢ .‘»(5.41)

.However, thls protonated radlcal would be expected to- be

' -rapldly reduced by chromlum(II), a feature that 1s

-

1ncon51stent w1th the proposed mechanlsm. It could be

'argued that the protonated radlcal may exlst in other

'resonance forms such as.
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U O
(,0) CrIIIN c- CHZ-CH=C—NCr (OH )
(H.0) CrIIIN=C=CH—CH=C=N .
27577 g
II _ ﬁ S
(H,0) .Cr Inzc- CH =CH~-C=NC NCr 717 (OH,) , (5.42)

\
TT—

\\\\\\because of sterlc restralnts\around the chromlum(I I)-
— -
bound nltrogen—centred radlcal. ndeEd\\\Vidence fo -

nltrogen—centred radlcals has been obtained for react on

of hydrogen atoms and solvated electrons with allphatl;

nltrllesl75 176 andvalso in the reactlons of e( e w1th

: q)
acrylonltrile.177 However, the requlred lack of react1v1ty

\\

of "X" toward’ chromlum(II) 1s still troublesome, even 1"

JEUPRS—

"X" is of the type shown 1n equatlon (5 42), since outer—v
sphere reductlon of the radlcal mlght have been expected
to be suff1c1ently fac1le to- yleld reduced products. o . .
Indeed our 1nab111ty to dev1se a reasonable formulatlon

' of “X“ may 1mply that scheme (5 37) is not operatlve.

s

. Thls, in turn may suggest that the klnetlc data from
_ /
' which the scheme Was proposed‘may be affected by‘some,
‘,'[other reactlon or absorblng 1ntermed1ate. Thié is con_ﬁ o
31stent w1th the observed wavelength dependence of kgggé.
The nature of such an intermediate is uncertaln.
It may p0531b1y have a structure analogous to complexes

v-5 or~¥all_whlch wefb proposed to account -for the.
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apparentacid/de&éndence observed'for the reduction oﬁ'
free fumaronitrile at 520 nm. Alternatively, it may arise

from the rapid decomposition of the initially formed~ ‘‘‘‘‘

complex V—9 to other organochromium(III) products; 1ndeed),

IM-l' ) and was tentatlvely aSCIlbed to the hydroly51s S -

}
of the a- nltrlle in V—9 to yleld the nitrogen-bound:
carboxamlde complex V-lO. However, as noted earller,:it

is p0551ble that V-lO is the. oxygen bonded isomer. On

p0551ble that the reactlon observed at

1s the 1somerlzatlon reactlon

this ba51s,_£‘
355 and 750 n

OGr(OH Vs e
8+ [N 8+.

2Cr OH2)5H — (H O) Cr(iTHCNH2

~

(H2?l§ngHCNH

o - CHZCNCr(OH ) \‘g5;43)

:

If thlS is assumed then 1t obv1ously necess1tates that N

the hydroly51s of V~9 prébedes thlS reactlon and 1t may o ;‘w_'

- be that the reactlonils competltlve w1th the formatlon of

' V—9. - Since 1t mlght not ‘be surpr1s1ng that hydrOlYSlS |

’-of the a—nltrlle would be 1nversely deoendent on [H ],_
thls may also account for the apparent ac1d depe.dence

\\ f kggrg ' In any event, thlS is one way to account for
the results. v' - 2 A :‘vhf_;”'
In comparlng the chromlum(II) reductlons of free o

fumaronltrlle and complex V-l,.1t 1s clear that the

attachment of the chromlum(III) m01ety in. V—l has 1ncreased
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" the rate of reduction of the‘ligand by about 103 times. . "

‘”~vThis‘is'expected since cocrdinatiOn of (H,0) Cr3+ would

,less reduc1ble than ‘the fully protonated/ac1ds.

enhance the electron acceptor propertles of the ligand,
thereby making it more reduc1ble. A 51m11ar rate enhance-
ment might be expected for the'analogous maleate and

fumarate complexes of chromlum(III) However; based on

.the results of other workers; this does not seem to be

the case. Although the kinetics have not been studied .
in detail,xit‘appears that the monodentate and chelated

chromiumKIII) complexes of maleic acid undergo reduction

\

~of the coordlnated 1lgand by at least - factor of ten

less. rapldly than for the free a01d.14l 147‘ Results on

,_the fumarate complex llkew1se suggest that the coordlnated

llgand is not readlly reduced 48, 139 152

ThlS dlfference
1n react1v1ty may result from the fact that in the free
carboxyILC‘ac1ds,.reductlon of_the fully protonated llgand

occurs_whereas»in the chromium(III) analogues; the coordin-

ated ligand has lost at least one proton. It has been IR

*shown that deprotonated maleic and fumarlc ac1ds are

178,179

1

Thereforep the decreased‘react1v1ty of the carboxylate
* L '

complexes could be accounted'for\if the chromium(III).
_ = e RN , ‘
c v . ) C . o LT
moiety is not as efficient as the proton in enhancing- the
//

[

reduc1b111ty of the_llgands.' Clearly, this 1s\hpt a

"

’compllcatlng feature in the fumaronltrlle system.

\‘“ \‘\"\\k .



Although the nature of the various organochromium(III)
. %4
complexes formed in the reduction of (HZO)SCrNCCHvCHCNj*
and free fumaronitrile have been discussed at length,

additional comment is required on the reactivity of some

of these toward various reagents. For example,

2+

(HZO)SCrCH(CN)CH2CN v-2, formed in the reduction of

free fumaronitrile, is extremely stable to protolysis. .
In addition, it is unreactive to external oxidants such
3+ , 2+ ‘
T, (NH3)5C0N3

complex is not reactive to homolytic cleavage of the -
35,180

as 02,'Fe and Ag'. This suggests that the

chromium-carbon bond. Unlike many other organo-

79,87

chromium(III) complexes, V-2 reacts very slowly with

mercury (IT) (k % 3.2 x 1004 1 s7Yy. For comparison,

'(H20)5CrCH2CN2+ is ca. 3 x 10% times more reactive.?’
“Apparently, replacement of -H with the bulkier and more

electron—Withdrawing.—CH2CN group has reduced dramatically
: ) A _ :
the reactivity of complex V-2 for the mercury(II) electro-

phile.

Complex V-2 is readily reduced by chromium(II),

2+

resembling the reactivity of (H,0) CrCH,CN already

' described in Chapter ,IV. 1In this case, however, only an

acid-independent pathway is observed (k = 1.19 x 1072

-1 -1

\ ' 2+
M ™ s ,_Q.SOvM L1C104—HC104). As‘for (HZO)SC;CHZCN '

it is:difficult to understand why either inner-sphere

3

electron transfer‘through a bridging H,0 molecule or

‘simple outer-sphere rédpction should be so much more rapid
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e

lh}ln thls system than what is. observed in other 51m11ar

ssystemsm}oo 103 Rather, 1t is suggested that the reactlon i

‘}_Prpceeds via'a:br;dged—outer-sphere\mechanlsm.
4‘.: Sla e

(H o) CrIIICHCN ’i~wf§¥

(H O) CrCHCN2 Cr2+;:::::

CHZCN CH CNCr (oﬁé)

S RN R PY A P
11 {Hp0) gGINCCH CHYCN L O v

Cr(OH ) + NCCHZCHZCN | (5'445t'[

‘The scheme suggests that chromlum(II) blnds at the B nltrlle,jl

. i

'»fzrather than at the a- nltrlle group, ThlS need not: be the “f

fcase, although there are some attractlve reasons for
_suggestlng thls.; Flrstlyp the B-nltrlle mlght be expected""”'d

'to be the more. ba51c of the two since 1t is somewhat ?;,V“~
: ,; .

”1nsulated frdm the electron—w1thdraw1ng organochromlum(III)fuc”"
v'entlty by an addltlonal methylene group.' In addltlon, _'Q;

;h:molecular models suggest that coordlnatlon at the B-nltrllelﬁ'.*

"fpprov1des closer approach of the two metal centres. ThlS

:"'should fa0111tate dlrect electron transfer between the. -

'-f]metals. Flnally, 1f the earller dlscu551on (Chapter IV)

“7jftof the reductlon of (H.ZO)SCrCHZCN2 is correct, then attacki

‘P_at the o= nltrlle mlght be expected to yleld a pathway that LR

! [l



as (-H

”5fthls a551gnment Certalnly, complex V 4 undergoes fac1le‘“
Vlll?aquatlon (k 3 6 x 10
1fﬂbiv—2, yet 1t is ca..30 tlmes less reactlve to aquatlon

‘“p}than are (HZO) CrNCCH CHCN

”ifijw1th the second chromlum(III) coordlnated at the a—nltrlle, Zfﬁff

=t 1s 1nversely dependent on the ac1d concentratlon. However," S
' ﬁthls 1s not observed.; In any event, whlchever nltrlle

Afgroup 1s the slte of reductant bandlng,-the n1tr11e~bonded

‘succ1non1trlle complex 1s generated Thls complex can

felther aquate rapldly or undergo chromlum(II) catalyzed

’r,ﬁ-aquatlon to yleld the observed products.";jfjf“ﬁ";-;n~““””
The predomlnant product1obta1ned 1n the reductlon of 'f;;f,fﬁ

] ; ‘ a
“ﬂ;free fumaronltrlle w1th chromlum(II) has been formulated

e \«

: 2O) CrCH(CN)CH CNCr(OH2)5 V 4, as compared to 1ts

'"T}llnkage 1somer V—S., Thls was assumed on sterlc grounds,:“"

l" ’

1salthough,1ts related stablllty toward aguatlon corroborates 4,:pff?a

,

4 ) to Cr(OHz) , and complexliflgjt

A

3 3+ 95
' 6.4~

nh:If thlS dlchromlumélll) product was actually 1somer V 5

”;ithen a: rate of aquatlon closer to those observed for the
dﬁ}fumaronltrlle and terephthalonltrlle complexesﬂmlght be

':fexpected because of the lower ba51c1ty of thlS nltrlle

S

’7group. Indeed, 1s lnterestlng to note that the rates vff7
34 163 o

arefalmost

Y

f aquatlon of V— &and (HZO) CrNCCH3

‘ﬁldentlcal.faIn,any event the results suggest that not

-0

',all.nltrlleébonded chromlum(III) complexes are as reactlve

'v;Ftosaguatlonfasrhad been thought prev1ously 142

X

‘ and (H 0) CrNCC H CN o _pfg;ﬂ[ff{t
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7

It 1s not clear whether chromlum(II) catalyzes the

'.'ﬁ'fdecomp051tlon“of complex V 4 51nce ‘the klnetlc data are

”_1nsuff1clently rellable to deflnltely show a chromlum(II)
Nﬁf_dependent path. However, the results do 1nd1cate that
“qufany ‘such catalysls 1s relatlvely unlmportant at normal BT
i?;chromlumKII) concentratlons, when compared to the L‘d
‘7runcatalyzed aquatlon of V 4 Such behav1our 1s not,:l
dﬁff:hunant1c1pated because the hlgh charge of thlS COH\PIF—“X ?;‘
;fhftwould 1nh1b1t attack bY chromlum(II) : | -
o As noted earller, the prlnc1pal product 1n1t1ally

‘-formed 1n the reduc 1on of (H O) CrNCCH CHCN3 ‘1s thought

Ty

"ffto be V—9 Wthh then readlly undergoes hydratlon of the f;:tfs

ta nltrll*"to yleld co plex V—lO.L ThlS fac1le hydroly51st,"

““*a;fprobably re§u1ts not o‘ly from the hlgh charge of the v

‘complex but also by the prOX1m1ty of two electron~w1thdraw— gff*”"
"5ﬂfi1ng chromlum(III) m01et1es near the a nltrrle.v_ihe

"72a551gnment of complex ?—lo as the nltrogen—coordlnated

‘ \ ‘ T

,]carboxamlde (or pos51bly the oxygen bonded 1somér) 1s ,‘
'“Jffurther substantlated by the decomp051tlon reactlons o

j;observed (equatlon (5 5)) \

o .




S I 8+ 1 -
(H o) CrCHCNH Cr(OH Yp oo —————’-(H 0) CrCHCNH
. 2. 2%5 o H.0. B 2.
‘ ’ “ﬁ - 27 R o
T HZCNCr(OH )5” B e CH2CN!

v=l0n f_, L A ;;_f; v-8

Cr(OH ) *]

Ly Cr(OH ) 3+

:,"_____%__s-(n 0) CrCHgNH 2+

'f‘*ﬂ, ;'“s_ t?;f~fﬁllxhlﬁ5h“‘h"ﬁltff&'fflrhjz.df”3ﬁiﬂf?li
‘ff”cr‘OHZ)s*” S T T e (5’45x¢3"'

"EiTherefore, the value of kl (2 O x lO 4 ‘ l 25°C, [H*T'ﬁ
'ffLO 10 M, [NaClO ]‘—'0 l M) lS remarkably 51m11ar to the

'flaquatlon rate constant for complex V—4 (3 6 x 10 :f;;_’ﬁpf*V”

.3f25°C, 0. 50 M L1C104—HC104),vcon51der1ng the dlfferent

57:react10n condltlons.; ThlS observatlon serves t' roborate?ﬂV

7“@jthe earller suggestlon that the nltrlleround chromlum(III)

'“ﬂls aquated flrst., Indeed the observatlon that there 1s

7‘fa lO fold decrease 1n the rate of aquatlons of V—éftl?ﬁii? h'f
'f”*{f(k 3.6 % 10 =5 gL, 25°c, [H 1= o. 10 M, [NaClO ]5~ 0:10 M)
:?;as’compared to V 4 1s further ev1dence 1n support of 'pjffiffeffffd
'fﬁiequatlon (5 45) 51nce 1t 1s con51stent w1th the expected‘&dbkp}
fﬁgreater Lew1s bas1c1ty of the carboxamlde 1n V—8 as compatedr
"ihﬁto the nltrlle 1n V—4_ The value of k2 for complex V—8 1s
f'Fh.?ialso con51stent w1th}an oxygen~bonded carboxamlde 51nce the
"ivalue 1s remarkably s1mllar to the aquatlon rate constants |
‘1fobserved for the oxygen—bonded complexes of nlcotlnamlde téihfgﬂ“;v

247.“;J
and 1sonlcot1nam1de.ﬁ TR




'CHAPTER VI

-:v‘CONCLUSIONS'

For a number of the complexes studled, complexatlon to '

fl(NH3)5 3+ has resulted 1n a change 1n the propertles of

' the llgand ) For example,(coordlnatlon of cyanoacetlc ac1d

.“9v7through the nltrlle nltrogen has 1ncreased the ac1d dlssoc1a-(-

b‘hPresumably,‘(NH

':ftlon constant of the llgand by a, factor of ten sl Also,‘lt

1was shown prev1ously that complexatlon of malononltrlle

i results in’ a. decrease of the pK of the llgand from ll 3

60% These changes can be attrlbuted to the electron—fg
dh‘w1thdraw1ng ablllty of the (NH3)5C03¢ m01ety ; The electron—‘f’

’;;to 5.7.

7pw1thdraw1ng 1nf1uence of the metal centre has also beenﬁ~5
.suggested as the reason that coordlnated nltrlles are more:

readlly hydrolyzed to carboxamldes than the free llgands.,.

3)5 3 polarlzes the nltrlxe bond maklng S

‘ fthe carbon much more susceptlble to ﬂﬂcleophlllc attack by e

‘ifiﬂ O or hydrox1de 1on.- Strongly electron—w1thdraw1ng groups

2
gon the llgand should accelerate hydroly51s also. Indeed

9

ffof the n1trlle—coord1nated cobalt(III) complexes studled

“:yrnltrlle complexes are the most readlly hydrolyzed 1n dllute

-here, it would appear that the malononltrlle and fumaro—ff~

fa01d In addltlon, the large number of electron—w1thdraw1ng fé

”:{(H 0) Cr3 horetles and nltrlle groups 1n COmPleX V—9”’i.;5

34 has been

vformed 1n the reductlon of (H O) CrNCCH*CHCN
;suggested as the reason for 1ts fac1le hydroly51s to V-lO. .

<

lsz*ffffj .

183 .
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_ A large part of the present work has centred around
_the 1nvolvement of a brrdged outer—sphere mechanlsm 1nv

’reductlons by chromlum(II) In Chapter III, the reductrOn'

. ~of several allphatlc nltrlle complexes were studled

'kf_the other hand the 1solataon of a 11gand transfer,:*l

':fr_to brlng the two metal centres 1nto close prox;mlty to

Based On rate arguments and product studles,,the aceto—

o nrtrlle, succrnonltrlle, methylcyanoacetate and cyano-‘,'

f‘acetamlde complexes of (NH3)5C°3 are belleved to undergo

N

7Ifreductlon v1a a non—brldged outer sphere mechanlsm. Onyf'

tfchrOmlum(III) product in the reductlon of the cyanoacetate
& complex suggests that reductlon occurs w1th1n a brldged -
:r:actlvated complex.. Inner sphere electron transfer 1s not fﬂ
j“p0551ble because of the presence of a saturated methylene T

'Tgrqup in® the llgand. Rather, a brldged outer sphere ;:7'

*gmechanlsm is suggested 1n whlch the llgand serves}only

'ifac111tate the electron transfer process.
The malononltrlle complex may undergo reductlon by f.'. g
»a 51m;lar mechanlsm.f Thls 1s based on the observatlon T”fxl//f

'.'that the ac1d 1ndependent term (k1 = 0 0629 M -1 s_;).is"lirf ;f{_[

"_nearly three tlmes larger than that for s1m11ar complexes I}
"whlch proceed by a non brldged-outer sphere mechanlsm., |

”fIOn the other hand the 1nverse acrd dependent term 1s
‘;tmost ea51ly explalned by a brldged—lnnner—sphere mechanlsmi :

”gln whlch chromlum(II) attacks the remote nltrlle group of

A



- (NH

rmedlate such as VI 1.

224,

A}

'the deprotonated llgand.. Unfortunately,pthe'apparent
jlablllty of the chromlum(III) ma10non1tr11e complex
cformed by both pathways precludes the unequlvocal

~determ1natlon of the mechanlsm.

It may be that other complexes thought to proceed

“by brldged—lnner-sphere electron transfer may actually
Vf,be underg01ng reductlon by a brldged outer sphere :"

fmechanlsm. For example,‘the nlcotlnamlde complex of

3)5 3+_24 was found to glve 70%. llgand transfer

"h.ffproduct and could be us;ng a brldged outer sphere lnter—

Lwe

- { e .
i . v .
i A . -

'”fConjugatlon effects are not readlly transmltted through
~-meta p051tlons,134_and as such, the 1nner sphere mechanlsmfxi

“hr-prev1ously proposed may not be operatlve. ‘Brldged—outereﬁ o

ﬁ'sphere reductlon is p0531ble srnce ox1dant and reductant

o

fare 1n close prox1m1ty

: Gould and Taube 85 observed that dlcarboxylateA

hrbrldglng groups on llgands coordlnated to cobalt(III)
B show an [H ] term 1n the rate law for chromlum(II)

- ;reductlon only when there 1s potentlal for chelatlon s



-y_'chromlum(II) when compared to other srmple chromlum(III)

'f_,nltrlle groups capable of blndlng chromlum(II), thereby

225,

’_betWeen7the remote'and‘adjacentlﬁto‘cobalt) carboxylates

'as in VI-2.

k"However,‘the chromlum(III) products have extlnctlonf'

’vfcoeff1c1ents typlcal of monodentate carboxylato complexes.
h‘The ablllty to form & chelate w1th the adgaCent carboxylate

l_tls tantamount to the ablllty to brlng the remotely attached
':chrom um(II) close to the cobalt(III) Thus,vthe obser-
?vatlons could be explalned by a brldged outer sphere |

r-mechanlsm W1thout chelatlon in the tran51tlon state.r.

The brldged-outer sphere mechanlsm need not be

| {restrlcted to the reductlon of cobalt(III) complexes.’

}';Indeed, the results of the present study suggest that such
.a mechanlsmégay be operatlve 1n the reductlon of some

'_organochromlum(III) complexes.. Both (H O) CrCHZCN2 nd -

(H O) CrCH(CN)CH CNZ. exhlblt unusual react1v1ty toward

{:;complexes.g5 86 lOO lO? These complexes contaln remote

Jfac111tat1ng reductlon by a brldged outer sphere mechanlsm._



" only 25% (H 0) 5CxCH

. 226.

IOther complexes lacklng sultable blndlng 51tes such as
2+ 107 44q (H 0) CréC132+ 113

reduced by chromlum(II) L r, _ o o | 1
3+

(H O) CrCH2C1 are not readlly

-The reactlon of, chromlum(II) wrth (NH3)5C0NCCH21

revealed almost quantltatlve recovery of the novel complex

i
CONCCH Cr(OH ). 5+ ”IV—Z; The .same spe01es is formed

3)5 5~cl“
i 3+

in the reductlon of (NH3)5CoNCCH2Cl A although much

(NH

lower ylelds are obtalned because outer sphere reductlon .
. of thlS complex 1s competltlve w1th halogen abstractlon.‘

' There can be llttle doubt as to the nature of IV-2 on ‘the -
‘ {

"ba51s of 1ts elutlon propertles, electronlc spectrum and

\ ) »

'the fact that 1t reacts w1th\mercury(II) to produce
\

(NH CoNCCH Hg(OH Y4+, Presumably, IV 2 is formed by

| 3)5
’freactlon of a second equlvalent of chromlum(II) w1th ‘the f

-'1n1t1ally formed spec1es (NH3)580NCCH2 3+, obtalned by

halogen abstractlon w1th chromlumX{IX , Intramolecular
" electron transfer w1th1n (NH3)5CONCQH2 3 may not be - h_' L

observed bec se forma on of the unst ble. carbo 1um on e
au ti a l n j;ﬂ///,,‘
125 o S :

" NCCH 'would not be favourable.

2' . .
' In comparlson “to the cobalt(III) complex, the “'
»;reactlon of chromlum(II) w1th uncomplexed NCCHZI ylelded'
2CN IV-l;v Even lower ylelds of
;'IV-l are obtalned in the reductlon of NCCHZCl but thlS
o can be attrlbuted to the fact that the rate of formatlon vi? e
‘of IV-l is competltlve w1th 1ts decomp051tlon whlch 1sA~A

hcatalyzed by chromlum(II) In any event \the low yleld



'of the in tlally formed NCCH2 radlcal. In addltlon to
51mple outer- sphere reductlon, whlch may or may noﬂ be

hromlum(II) can’ attack elther at the nltrlle
3+

operative,

nitrogen to ,‘whlch may then

cetonitrile and Cr(OH2)63+, or the reductant

ield (HZO)SCrNCQH3
decompose to
may attack’the methylene grdup todyield IV—l. Attack at -
‘the nltrlle gro P seems the Smelest explanation for the

low yleld of IV -1 51nce, when the nltrlle 1s blocked

‘by coordlnatlon to cobalt(III), essentlally complete o s

recovery of IVv-2 is © served

E

3+

; The reductlon of ( CONCCH= CHCN - by chromium(II)

3)s5
clearly proceeds by a brl'ged—lnner sphere mechanism as
shown by the detectlon of| a product with propertles of a
chromrum(III) nltrlle compléx, andvby‘the rapld,rate of
thefreduction reaction.‘\rhe‘fumaronitrile.complex'is‘

yvreduced about 107'timesifaster thanythe succinonitrile .

complex although they dlffer“only in. the presence of a

-CH CH2— rather than a -CH—CH- group. This;rate enhance-

2
‘ ment demonstrates how a- conjugated bondlng system
fac111tates electron transfer by an 1nner—sphere mechanlsm.
‘Since fumaronltrlle is readlly reduc1ble,149 it lS
probable that reductlon of the complex occnrs by a chemlcal

mechanlsm.-

2 . e
Pt .

/o
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“_elther a radical anlon of type {cr

.The results‘of the‘kinetiC'studies on the'reaCtion‘
of chromium(II) with free fumaronitrile are in'SOme doubt,
.ow1ng to an apparent wavelength dependence of the rate
glaw. Thls is thought to arlse from the formatlon of an
absorblng intermediate which adversely affects the
. spectroph tometric rate law deté&mlnatlon. Ev1dence forﬁ
such\afsp cies in the free fumalonltrlle system was
detected In the 360 nm region} Nevertheless, quenching
\\Jstudies.a'd'kineticsstudies at 750 nm ylelded a simple
third—or er rate law_(equation (5 17)) exhlbltlng a
secondeorder_dependence On‘the reductant concentratlon.:
~This impllesbthat a - second chromium(II)‘attacks a |
"Chromlum—fumaronitrlle precursor complex, which may'be
III(NCCHCHCN) } or

a- chromlum(II) nltrlle complex.‘

¥ ———

The compllcated klnetlc results for the reactlon of
'(H\O)-CrNCCH=CHCN3 ; V-1, w1th chromlum(II) also mlght
‘;arlse from the formatlon of an absorblng 1ntermed1ate.

,»Quenchlng studles were 1mp0551ble ow1ng to the rapldlty

of the reactlon, and studles at 750 nm proved to be

A

‘lnconclu51ve., ‘The - rate law obtalned at 520 nm has been
,ratlonallzed on the ba51s of scheme (5.37). However,vv
‘a satlsfactory formulatlon of "X" in scheme (5 37) has
not been found, and the observatlon of a wavelength
corr

.dependence on k obsd suggests that the proposed mechanlsm

1srnot operatlve. The formatlon of an absorblng

~
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intermediate_provides the simplest explanation for the
results. "Nevertheless, it.is clear that the reaction is

predomlnantly second order in chromlum(II) and reductlon

of eitherl{CrIII!NCCHCHCN) ZerTT1y or (cr'TT (ncen-cuew) o)

occurs by a«reactiOn with a second equivalent of
"chromlum(II) .
_ The reactlons of free fumaronltrlle and V-1 w1th _ ¥

chromlum(II) are 31mllar in a number of respects.. Both

~

. reactlons proceed prlmarlly by second-order chromlum(II)

dependent paths, and both yleld a varlety of new organo—
chromlum(III) complexes. The pr1nc1pal products 1n1t1ally
formed in the reductlon of free fumaronltrlle and V—l are
also 51m11ar (V—4 and V—9, respectlvely) in that each
contaln two addltlonal equlvalentS\of chromlum(III) when
4'compared to their unreduced“anaIOgues.’"The firgﬁj
‘(Hzo) Cr3 'is bonded through carbon;'while'the otherkis'
coordlnated through a nltrlle nltrogek The other

products 1solated are of 1ow ylelds and‘most appear to:
arise from decomp051tlon of the pr1nc1pal products,

elther by aquatlon or hydroly51s of the nltrlle coordlnated ‘
‘to (H O) Crs,- As noted earller, aquatlon of the

’nltrlle bound chromlum(III) is much slower than for

\ ‘
, " T
complexes such as (H,0) CrNCCH CHCN3 and = B
(H O) CrNCC6H4CN3 but 51m11ar to that observed for

' (H O) CrNCCH33+ 'thereby suggestlng that the nature of

the organlc llgand plays an 1mportant role in determlnlng



the kinetic stability of the complex. In Addition,'both

free’ fumaronltrlle .and V-1 yield hlghly charged spec1es
whose nature is uncertaln but for whlch a tentatlve

‘assignmént has been glven (Schemes (5.27) and (5.28)) .

‘Suggestions for Future Work"

As noted earlier, a mechanlstlc aspect Wthh appears -

L

in several sectlons of this thesis 1s the brldged -outer—-
/.

sphere’mechanlsm. Such a mechanlsm was. demonstrated in

‘the chromlum(II) reductlon of (NH3)5CONCCH2C022+ and was

1nferred for the malononltrlle complex, owing to its

greater than expected'rate of reductlon. Indeed,'an

awareness of the.bridged—outeresphere mechanism has been

',important'in rationalizing'the‘reactivities't0ward

(H 0) CrCHZCNz and (H 0) 4CrCH (CH CH2CN2

Clearly, a more systematlc study of the klnetlc'

chromium(II) of the organochromiuT%III) COmplexesj

features of the brldged outer sphere mechanlsm WOuld be

_valuable. leferent actlvatlon perameters mlght be

expected for this mechanlsm as compared to the non- brldged—

outer—sphere c&se, but the only 1nd1catlon of thls to -
date are the cyanoacetate results reported here. 1In
 addition) it is probablé that the 11gand chain length.

| is‘an'important klnetlc feature.: Therefore, it would be

worthwhile to study the reductions of systems.such as

- 230.
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(NH3)5CO Nc(cnz)nco2 . /

Information on the importance @f the structure of the
bridgedmouter—Sphere intermediate could also be |[gained
from studies on : /

(NH,) CotTNzc .

| CH2X

variation of the position of the CHZX substituent and ?ﬂ
the nature of X could provide more information on. the

features which are important fo¥ fhe bridged-outer-

sphere mechanism. v

The bridged-outer-sphere | hism can only be
studied for ayétéms in which the group attached to
'cobalt(III) does not prov1de a site for adjacent attack.
"Nltrlle pyrldlne and amine llgands would seem to be the
besa}candldates for this. These types of complexes can
be prepared convenlently by reactlon with [(NHB)SfOOBSCF ]—
(CF SO3)2 as described in this thesis.
Slmlla¥ studles on reductions of organochromlum(III)
‘ complexes would be of value& but the preparatlon and
characterization of appropriate'models is much';ore
difficult. Certainly, the chromium(II) reduction of-
(Héo)schH2C02F?+ should be studied in more detail than

‘ was attempted,byméeVCik et §£.lll The bridged;outer—sphere -

;A'.‘. -



”";and formatlon of (H O) CrO CCH

.ffjby the addltlon of chromlum(II)

| o

‘mechanlsm would predlct an [H ] l“dependence of the rateh

5 32+ product. Benzyll

'ffcomplexes of the typeez__:

fcould also be studled lnlprlnc1ple. 'HOWever, 1t must be

= noted that benzylchromlum(III) complexes undergo Cr C

wl75bond homoly51s and are actually stablllzed to decomp031t10n

35 180. Nevertheless, 1t

.?1s p0531b1e that 1ncorporatlon of sultable functlonal

'h°:groups on the ligand may fa0111tate reductlon of the Y

‘nvorganochromlum(III) m01ety by a brldged outer sphere

',_mechanlsm.;
3+

o It was proposed here that (NH3)5CON CCH2 'doesz@

:not undergo 1ntramolecular electron transfer because
'fproductlon of N= C CH2 1s thermodynamlcally unfavourable

0.

7h‘To test thls proposal and to learn more about 1ntra—7f

_-molecular electron transfer, 1t would be 1nterest1ng to '

']generate an analogous, but more ox1dlzable coordlnated :i

"fradlcaﬂ. A 90351ble system for study is the

. 3+
(NH3)5 674CHoT

hfby halogen abstractlon could react as follows-i

4

CoNCC H CH. 17 ffbr2+ system.' The radlcal generated

2320
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i Conjugatlon would help to stablllze the carbonlum 1on and

Yo mlght overcome the destablllzlng effect of the nltrlle }7»””}35

.
- -

functlon | Even the latter factor could be removed by

D o
%&l studylng the analogous substltuted pyrldlne system. Oon’

'the other hand the study of less ea51ly ox1dlzed radlcal S @l
'-,}systems pr0V1des a route to novel cobalt(III)—organo-V

i«chromlum(III) blmetalllc spec1es analogous to complex IV- 2.

5 ‘ reductlon of other oleflns be51des fumaro—ilh‘ ﬁ3;
'q;nltrllevmlght be examlned Certalnly, a number of oleflnsv'ih‘ﬁ B
fhave been 1nyest1gated,3§ 37 144 147 but for many of
| lthese the klnetlc andfproductzstudles are at best -t'7yltf7.g{f
‘,%1ncomplete.' A complete study on.free and coordlnated (to | %
) oleflns mayvprov1de addltlonal 1nformatronv

lVfﬁabout the detalled mechanlsm of reductlon of multlple

bonds by chrOmlum(II), as well as by other reductants
3Such an 1nvestlgatlon may also result 1n the formatlon
1hof novel organochromlum(III) complexes analogous ton"‘“
';those observed for the fumaronltrlle systems studled here.z€.
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" preatment of Data for Consecutive First-Order ReaCtions,

i
a) Consider the consecutive reaction scheme

ky 0 ko Ky

' 249,

A > B = C —==D 7 " . (a-1)

' governed by the first¥order rateﬂconStents‘ki) k. and k..

T2 SNE Ayt

g

' The differential rate equations are

‘ﬂi;d{A]

ae

o arer

- ‘=‘h1{AJ f”kQLBI’ ij “it. {:,; ' _(A—g)'

de -

hd[cj' S “e ) .::h,v‘.bny. ",“ .#@if

- at

am]

]

Integratlng these equatlons and assumlng [A] [A]

[B] =,[C]e=’[D]‘=;O batt‘,“= OQ the follow1ng express;onsff*'.J

for the concentratlons of A, B, C and D at any tlme t are ;
l E P i

W g ety

[A] kl

(k -k )

H”‘"

‘-Atﬁl

—— = kplBl - kgler h'v{-ﬁh&5+4)e

"7(A—6)tf;};j

(oxptige) - epligt) e
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- o éxp(—klt) AT -exp(-kzt). | |
'[C]\ [A]oklkz.; — + — ' — 4+
' : T (kz-k1>(k3-k1> (kl—ké)(k3—k2)

P

BRI ‘ exp(;kst) ST : ;
T s
A yh o ‘kl_k3}‘32-k3) R

: v , k2 3exp( -k t) 3exp( -k t) ,
mg[D] [A] 1 - \ = 4
(k k )(k3 =k ) }kl kz)(k3732).

RS .
':Lf/, kl

‘4
¥

- (a-9)

J"'(klik3X$k2—k3). :tv vf.

‘heThe absorbance AA . at wavelength A at any tlme t of a~

. )

"reactlng solutlon in a cell of unlt length 1s glven by

- the-express%on ) “T';fgj

Y L e
e”,where e | b' €g and ed»represent thevmelarvektinetion:
o as _

-

*ﬁ@

*,substltutlng equatlons (A—6) through (A—9) 1nto (A—lO) ana

3

]~coeff1c1ents Of A, B C and/D, respectlvely BY

Laﬂrearrghglng terms,von obtalns the expreSSLOn

Pt :]alef?‘fk;t),f.?zexp“kzt7 f §3eXP§*k3t’ +ay . (A1)

where . | |
! ~,-_~V ‘ ‘ ,..1,:j o ‘.~“Q k k“S'[AI fk'k‘€ (A}

4falﬂ; e, [A] L klebEA]b R C‘4.O 2.3 d"""o

L (k k ) . e v.,7(k3'k1) s

A(A=12)
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el

Skl o ke IR), - kyegAl .
ay, = —t— ey » 20 32 ¢ S (am1)
_ _(kl k,) ' "k3~32? '
ay = 1 2 — SeC[A] f‘ea[A]o o . . (A-14),

(k k. )(k k ) : . -
a, =‘sd{AJo (A—lS)
Wlth A e’ t and [A] treated as knowns, non—linear o ‘
,least squares analy51s of the data to equatlon (A—ll)
*Jylelds best fit values for kl, k2,'k3, €ar Eblﬁ§ and Ed.
b) ,Con51der the‘qonsecutlve reaction scheﬁe. o
A—2tsep—24pc _(A;ls)

"Employlng the same procedure as shown above, the approprlate
- rate expre551on can be derlved 2 Alternatlvely, the same
-rate equatlon can be obtalned from equatlon (A—ll) if . 1t

".1s assumedvthat k. =.€d]='0.f Therefore,-one obtalns

. ; Alrt =salexp(—klt)s+*a2exp(_k2t) +;§3: 3 o ‘(A—l7);
where : S : -
.1al~= Ea[Alo + f_f_f*_‘g l‘b[A] _RZFCIA;G S (A-18) 
a, - )
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Nl

= e [A] I | S @20

,‘1 . v . _. '(‘(}1\”\"\ ) ol . ' i
'With'Ax £ t and‘ﬁ@ﬂo treated as knowns, non-linear
A , ‘ - ‘ ’ ,
.. ledast-squares fitting of the data to equation (A-17) yield
: values‘ror kl’ k2! €4t ?b and €s-

' Treatmen£.ofﬂbata'for‘Conéurfenﬁ Firétfofder Réaétions'
;cohsidé; the;situé£ioﬁ'in whicﬁ a'm{;tufe’of'species‘
ZA and‘B uﬁdergg'paraliel first—order3rgacﬁibns‘acbordihg to'
",the‘sChemé EES 1K. | o

A——-———>C | R | L . -» ‘.»(A—Zl)"
B—2sp e e

The différential rate.equatiqns'are,

t
v

.4l arel

— ——— = —

- kl[AJ S T (a-23)
oAt at | SO e s

—— = —— = kMBI . (an24)
4t at AR T L

\

_Integrating these equatiohs‘ahd'assuming [A]'= [A]éil :
IB] = [Bioiand’[§] ¥'[D]4=‘0 at t = 0, the fdlio&ipg, 

expressions are obtained: .
s

(a1 tAléeXPifkit)-

(B] = [B] exp(-k,t)
,; T

AL Ll
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W Iel = [Al (1-exp (k) t)) N « Sx228
: [D,] = [B] (1—exp( “k,t)) T (a2
The absorbance AA £ at wavelength A at any time t of a
reactlng salutlon in a cell of unlt length is glven by ,
the expre551on
: ‘Ak_,'t' = ‘ea[A] + eb[B] + ec[cl +;'E'd-[_D] o (h+29)
"where the varlous terms are deflned as for equatlon (A—lO)
By substltutlng equatlons (A—25) through (A—28) into (A—29)
: Mand rearranglng terms, one obtalns the expression .
-‘Ak,t" € [A] ;+ €4 [B] + [A] ea—e )exp( k t) +

,Treatlng AA £ and t as knowns, non—llnear 1east squares
analy51s of the data to equatlon (A-30) ylelds best flt

values for kl k

2f e [A] + ed[Blo, [A] (e —e‘), and

Bl (e d)'
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Spectrophotometric Determination of Acid Dissociation Constants

For reactions of the type

‘ RE == R-+ HY : : 4 . (B-1)

the equilibrium constant K, is defined by

——

: (RE']

From a consideration of the stoichiometry, it is obviou;

Lo

that
e ‘ o o | : . .
Cp = [RH'] + [R] L : (B-3)

where CT is the total;complex conéentration. Substituting

| for [RH+] from (B-3) into (B—Z) and rearranging yives

KaCT

[R] = 2% o (B-4)

Ky + (8]

According to Beer's law; the absorbance of a solufion’is 

. given by

- [R][H 1K o - S ' (B-2)

A= RegpoaCp = fegylRE'] # 2eR1 . (B-5)

obsd™T

'where £ is the molar extlnctlon coefflclent of the

obsd
'glven solutlon ‘as deflned by (B 5), SﬁH and eR are the.

molar extlnctlon coeff1c1ents of the protonated and
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unprotonated forms of R, re@pectively,vand % is the optical
‘ \ v

path length in cm. Sﬁbstithting (B-3) into (B-5) one

pbtains
2€ 1egCr =‘QERHCT + 2 (ep- RH)[R] _ - ‘(B-G’
and substitﬁfi%qxfB—4),into (B-6) yields ) T | -
e K o
“opsa = “ru * (“R7Cri P (B-7)
 From (B;l) i£ is c;eay that - .
'j[H+i = [H*io +1[§] SRR S o (B-8) .

where [H ] is- the total aC1d c0ncentrat10n of the solutlon
which is comprised of ‘both the acid 1n1t1ally added tao.
‘the solutlon, [H ]0, and any a01d arlslng from deprotona—

' t10n~of‘RH . Substltutlng (B- 4) into. (B-8) one . obtalns

K_C

‘ + + Cr . k ) i v
[H'] = [H ), + — ' . - (B-9)
. 0 " g + Y . e
a |
Rearranging XB—Q) yieldé.
+2 + '+' + o : . .
TH 17 + (k, - [H']1g)[H] - ([H:]0.+ CT)Ka =0 (B-10) .

‘After solving the quadratic equation (B-10) for [H'] as

'a function of K','[H+]» and C,,, one obtains .
' - a 0 T . . (B-11)

: +1 0,2 o . TR O
Cwt] - [{(K-[H 1,7 + 4(;H 1o + Cp)K,} ,ﬁé(Ka [H'1 )]
. 5



Substituting (B-1l) into (B-7) yields

2(€ )Ka "ﬂ-

R ~ “RH T
T B P R L STTICTT i JOR B

€ = € +
obsd RH = _rut
. S22k, + LUK -TH] )

, " (B-12)
[H+] and C,,, non-linear least-squares fitting
0 S |

Knowing Eobsd’

of the data to equationn(B—IZ) yields the values of K » €RrH

and ER'
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quilibrium Data for the Spectg;photometric Determination of

the Dissociation Consﬁant of (NH

3+ a,b ‘" v

T : [ . . . . S

' 260.
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2 A .

0o.0o800 !} 67.4
+.0.0601 . 7141
0.0500 - 75.5
0.0399 oL B0L0

0.0301 - " 85.4 2
0.0200 - . 92.8 y
0.0101 - . 1041 , o
©040075 - L. 10746 :
040049 0 U 111,90
S 0400260 s 11640
S 0.0 e 120,20

- oo3s.0f -;ff; 0.95 sz
e L 00350 o 81,7
o Todee T eer
v ”:f",'-e't ‘j 0,0995J5.-:vg;:' : f77w6if
o S 0.0807, = 0 . 8l.4
EnE 040601 o B8yt T T e
e 0.0395 o s 98B . o8 o
T L0402920 U HDTLT T 1051
G 040200000 0 T 112490 0 11348
S o 0.01000 Cr o 126050 s 127000 e
S 70407500 iU 130000 0T L 3, 270
S 0.05000 T 037020 Tl T 13549
L Y 0250‘?v,€ S 14108 ff7f""141 2
L R O R -‘gg‘>f S

pEE

» _annlc strength 0 50 M (L16104-HC194 ;N;5_3”+""’
E bDeterm_lned at 260 nm ' _
cCOncentrat:Lon of ac1d added to the solutlon.. '

-

dBased on total complex concentratxon 1n a 5 cm cell.

~'f‘\eCalculated by non-llnear least-squares flttlng of the dete»ﬁo eqﬁation :-V1

(B=12) of Appendix B.. 5'-ybcg»'*p., va e

VifTotal complex concentratlon ‘was 7. 67 X 10'4 M._f

"‘gTotal complex concentratlon was: 2 39 x 10 =3 M.u"

o s

‘ HhValue at = 368 M (nc1o4)
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’Egﬁkyic'Data.fbf'the Cﬁromium(II) Reduction of Peﬁtaahminecobaiﬁ(III)

Complexes‘of‘Acetonitrile,-Succihonitfilé;;gyanoaCetamide and

* Methylcyanoacetate.3sD .

i !

v" Ligand§ i Temperétufe,-JO?x[CQ(III)Iﬂozx[Cr(II)],' [H+],
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SIS Cole12e 3.18 . . 0.041

oo 35,1 ©.o2421 0 764370 - 04100

B R PN R R 5 G 3.18° . 0.329
: 2,21 ©. 3,18 .0.100
“ 1,11 - . 3.18. . 0.100

L e P11 7 73018 - 0,040
el 45,9 © . .o 1.1X 0 341800 0 0,329

S22l 0 3,180 7. 04100
et e L1 30180 041000
Fee U eadd1 0 03,187 0 - 0,041

SO 111 - 514590 o 04100

S ATRTA s . 1.23 . 74409 ] ©0.101
3415 7. 4406 o) © 0,101 -,
Soo3.08, 7 0 3.99 o 0.284
T30 3les o oloa0




- 35.0° 5.7

453 . 3.8

"35.0 ¢ . 5.52

T AT

0.101"
0.217

0.040

0.102°

0.103

T 04102
0‘390‘, _
0.040

0,100
04101
. 0.285
0.100
. 0:040 -
¢ 0,101
© 04217

'0.040
:ff 0(-'.102‘ )
S 04103 .
© 0,102 °
0.390"
"0.040°

4.12

© 4.13

4.36

- 4.39
7.17
. 7.45,

©7.38

7.59

2.28 .

2.27

2436 -
S 3.93
4.02 .
4. 18

4.14

6.88.

6.82

. 6.97‘

263.

" 8por all runs, loni ,gt%gﬁ;thﬁp.so M-(p1c194;3c194).

’fbDete:mined at . 467 nm.

C S



. 'Table C~3

3+

Kinetic Data for:theAReductioh of‘(NH3)5Co CCH,CO,H

o

- by Chfomium(II).g

¥

Temp., ~ 103x[Co(IID)], 103x[cr(ID)], Y], kg g

oC M oM oM

0.0698
0.0796
0.0945
- 0.0945

.0.82 1.0~ 0.445
‘a.42 o 2.01 .. 0.375
1.427% "3.02 | . 0.301
1.42 0742402 0 0.301
2.53 7 T U3.94 0.241:
1.42 . .3.08, - ‘' 0.240
1.42 . 2.02% . 0.240 -
1.42 ©2.020 00201
" l.42 3,04 - 0.201°
1.42. 2,02 0 :0.141 ¢
1.42 - 2,02 " 0.100°
. 0.80 "_‘\ 2.02° 0.075
0.80 - 2,02" 0.050
0.80 . . 1,01 . . .0.040
S © 0.48 . - 1.0L 0.030
o 25.0 - 0.84 -, . 1.01  0.445
Lo 1.43 0 . 2,02 - 0.375
©1.43 .+ 2,02 . 0.300 -
1.69 - 3.01 . 0.299 °
1.43 v 2.J02 . 0.240
2,00 - . 2,13 0.200.
0.84 - 101 . 0.201-
1.69 - -2.03 ° ©  0.140
0,81 ¢ 1,78 0.142
2.03 . 4.25° 0.102°
. 1.69. . . 2,03  "0.101
L 1.02 . 1.42° 0,100
2400 - 2413 . 0.074
0.85 - . 1.01 - 0.075
2,00 . 2,13  0.050
0.84. . 1.01 | 0.050
0.80 - 12.20 10.040 -
0.42 °  ~1,01  0.040 -
0.81 . .- 1,76 . 0,030
S 6.42 . . 1.01 0.030
35,1 7 0.85. . 1,01 . 0.445
R 0485 . 1401 v 0.374

0.113
0.113
0.130
0.130

.Miz

s

264.

0.112 4
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0.85 1.01  0.301 0.394 0.380

‘ 0.85. . 1.01 1 0.240 0.460 - © 0.458 .
0.85:: 1.01 0.200 0.515 '0.531
0.85  1.01 1 0.142 0.675 © 0.699
0.85" . 1.01. 0.100  0.859 - 0.916
o 0.82 . 1l.01 ;  0.074 .- 1.07 :
0.42 0.50; .~ 0.074 ° 1.06 - B
0.42 1.00” 0.050 1.47
0.42 _ _o.5o.v' 0.050 . - 1.42 v
" 0.42 . - 0.50 - 0.040 1.74
0.42 . - 0.50 ~.0.030  2.03

e

aFor all runs, ionic strength 0.50 M (Lic104-nc104)

ebDetermined at 467 nm.(J
‘cValues fon; calc

were obtaineq by simultaneously fitth
of three temperatures to ‘the tra kg

~?activation parameters obtained f

| for the k; pathway. .- fA
. v ‘_( . v . - R d N o
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Table C-4

Kinetic pata for Reduction of (NH3)5C0NCCHZCN3+ by

' by Chromium(II) at '25,0°2

:
) -
‘v103x[CokIII)],' 102£1c£g11)], - ’_[c;]‘ o 10%xky,P . 102xk' b ld
. " . | : . . e - | - M—1 R . M_.‘A 5_1
1.62 2.00 . 0.393 1.11
1.48 o 2,oi, o o;zob, RETTS
. 53?%%,_f; ’ ‘5;99. o 76.198ﬂ,“ f%fve,éo- :  0.94
lea "’2}6i',fj :"‘ 0.100 "_ 2086 1.20
1.62° e 9.2,di» I 0.070 - 8.26
1.63 ’3‘1 skl  'i' 0.050 - 9:33
1Q63?* - _;,»2.§94 o 0.030 ’é.es‘ 5 | :0.86
1.60.° va.01 04039~"5 ©oeaal 0.9
2,05 5.9 ;__" 0.039 10

,

aFor all runs, ionic strength 0 50 M (LiC104-HClO4) and A = 467 nm.

bValues of - k‘ and k2 were obtained from least—squares fitting of

k§’ k!
absorbance data to’ the reaction scheme A-——la»c and B———g,-D as

described in Appeﬂdix_A.

R
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.- Table C=5

'Kinetic Data for the Reaction of NCCH,I with, Chromium(II)?

Temp., 103x[NCCH,Il,”  10%x[Cr(ID)], ° wm*l, ' X,

:"oc M 2 v' = M ; - M ‘ M_1 s

2.5 o . 5.3 0.249 6.83

2.5 . °5.13 - 04051 6.97.

1.2 | '4,2.52‘*""' 0245 o es3

e ‘f’1.2v ' :gQ ', 2.57. ‘.‘ ’:> az.dsl‘ ' 6.69
25.:0 s | .A‘ : :_ 5.13 “ © ouaas . f 9.31
2 5.13 | ~0.050

1.2 5 - - 2;57 ' 0.249_ - 9.0

1.2 o Cousr .plloo ,-.‘} .92

0.92 Y 0.100 . 8.97

35.0 2.5 . 5.13 : 0.249 ST 13.4
P 2{5  N 5.13 : 0.051 14.0
1.2 2.57 . 0.249 . 12.5

1.2 2,57 0.051 & 13.2

‘8For all runs, ionic strength 0.50 M (LiClO4-ﬁglo;). Lo .

. Ppetermined at 528 nm. e T e R



Table C-6

268,

Kinetic Data for Reaction of NCCH,C1 with Chromium(II) at 25°c®

103x [NceH,C1], 102xfer(11)1, 1ty 102xx4, 2r ©
M M M Mg
2.8 7.00 0.160 1.05
e 2.8 . 7.01 © 0.080 1.04
2.8 7.01 0.025. 1.09
15 3.50 0.329 1.02
1.5 0.080 1.17

,éFor all runs, ignic strengthQOﬂSO M*(LiClO4—HC104).

bDetermined at 609 nm.

cValues of k4 were obtained from non-linear 1east-squares fitting of

k3

ab$brbance data to the reaction scheme A————»—B-———a»C, where k, was’

held constant at the value'for Cr2 catalyzed aquation of (H20)5CrC12 .

4
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Table C-7

Kinetic Data for Reaction of (H20)5CrCH2CN2+ with Chromium(IX)

"at 25°C.2

B,
103x[Cr;III)], 102x [cx(11)], w1, 102k g ;Ozxkcalc,c
M _ Mo N " AL wl g1
0.56 2.17‘ 0.393 !ﬂl;es Ly
'1.12 . 4034 0.286 1.88 1.93 °
112 y.08 . 0.286 1.95 o 1.93
0.56, 2.1? “ C 0.149 2.14 '2.@1
o.s6 o 2.17 o.ioo 2.33 2.29
L1z 217 . 0.070 2.52 2.53
112 S 4.3a 0.050 2.80 ;\ | 2.85
.12 - 2.17  0.050 - 2.88 | .85,

@

8ror all'runs, ionlc'strength'0.50AM‘(L1C104-HC104).
bpetérmined at 409 nm.
- ) ., ’ . : +" ) ! . .
cCalcg1a§ed from the equatipn kobsd‘; kq +b¥2Ka/[H ]( where k4 = 1.73 x

1072 ™! 57" ana kK, = 5.62 x 1074 571, « S

\
|
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Table c-8

Kinetic Data for Reaction of (H,0).CrCH CN:z+ with Mercury(II) at 25.00.2
2- 5 -

10%x[cr(111)], 102x [Hg(II)], w1, , x,P
M M . M M~1 g1
6.0 . : - 0.0600 0.504 8.46
6.0 . . 0.0200 - ' 0.501 =~  8.01 -
q?,\\, . f“ 5 . R . .
6.0 : 0.0600 . - ‘0.040 8.25
300 " p.02000 . 0.040 9.03
Aror all runi, ionic sﬁrehgﬁh, 1.00 M (LiC104—HC104). ’ '—
: ‘ o ' S ‘
bDe*!:er:mined at 409 nm. 0 T e . ) S ‘
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Table C-9

Kinetic Data for Reaction of (NH,)eCONCCH,I3V with Chromium(II).2
3’5 2

Temp., 103x [Co(I11)], 102x (Cr(11)], ‘], x,Pr €
°C - M o M Mo Mt g1
15.3 ‘ .18 5.;5 o 0.244  35.9
1.15 5.13 0.051 35.§
1.16 . 257 '0.244 36.4
1.16 ' 2.57 © 0.051  37.9
25.0 : 1.16  3.00 o 0.348  43.8(43.7) :
| 1:15 -  3.00 T 0.100 46.2(46.2). \
S 1.17 300 6,049~ 46.4 |
R | , - B : . \ .\
1.15 5.0 , 0.100 "46.3(46.0)
0.56  1.02 | 0.247  43.9
' “;5.4:f o Lis L a3  0.244  59.9 :" ’ \' o
| 1.17 S sass 0.051 W 61.2 °
117, 2,87  0.244 60.1

1.17 2.57 0.100  60.9°

<.
(. "
' . s .

o AaFor all runs, ionic strength 0.50 M (Lii?04-ﬂclo4).
bhetermined at 477 nm unless otherwise no#eai
o SValues in parentbéses were deﬁérmined at 550 nm. . . -
. e K iy

-
\
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Table C~10

Kinetic Data for Reaction of (NH3)5C0NCCH2C13+ with Chromium(II)

at 25°c.2
103 [co(111)], 1e2x(Cr (1)1, Yy, 102xk .,
A 4 ) .
M M M ! g
1.23 o  4.33 0.100 9.4P
1.23 o216 0.387 ’ g.9b
. s mf ‘ o ‘ ,
. 1.2 4.33 N 0.100 9.9¢
“ 1.20  a.33 0.050 9.5¢
1.19 2.16 0.387 9.7¢ I
\ 2.22 6.53 . 0.102 7.6 .
. Ty
1,23 4.33 " 0.387 ‘ 8.3¢
_ i ‘/; )
por all runs, ionic strength 0.50 M \(iicio‘l-ﬂc.lo‘l)-' {
bRea‘ction was . mo'nitored at 609 nm. Values of k1 were- ‘obtained from
““ ) : k1 kz ) © .

least-squares fitting of absorbance data to the” scheme A———-»B—-——»C.

Reaction was monitored at 417 nme Values of k1- were obtained from

N
least—squares fitting of absorbance data *to the scheme A—-—lva —-—2—>

LY

Y
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“Table C-11

, I o . |
Kinetic Data for the Chromium(II) Reduction ©f (NH,)gCONCCH,Cr(OH,)c>"

3
L} A
v R

at ‘25.0°C.nv

103x[(co(111)], 102x[Cr (1191, ’ - mY],

M : M I

C1090 0 © 6.49 . 0.156 "
190 ©3.25 0.312

. 1.90 ~ 3.25 .7 0.049 |

N o

A

:
Y , ‘ R A
N aFof\\all rans, ionic strength 0.50 M {LiC10,4~HC10,). |
. - o S ,

. bDet:‘_)e ‘t‘ninegi at 477 nm unless othér‘_«is'e nc}t_ed. S g

Vo -

Loom N

) . “ N : o N ‘ v = e . P .- . - ) o '_ :
cDetermined at 417 nm, : : ) / Do

e



P
—_—
==
el
=

< g

1.

\\_\“f

o
e ”
‘

i

m———=
T [ E——
e LU L

. ]




L mmdew

Klnetic Data for React.ion of (NH3)5C0NCCH2Cr(OH2)5 w1th Mercury(II)

Ve

, at -2-59ca_-g

J NS T i = 0 " Ear

calc’ S
R _‘_1, '._s_‘_".‘v L 8 ._‘_‘1;- ‘s-l1 e

103xree(IIni, o 102x[Hg(TD)], IHYT, L SLE SR o xk C -

0437, e -~,. __ ]-101.‘946 o 3ua2 s 3085
0037, 32T o 287 G 3ee7 o 369

Coaea b ooam e e
0.3 w27 o owos0 438 a2

0037 % 1.63. 040520 U 4.60 . 4.60

. LT G
T = EERE T

For all runs, ionic strength l 00 M (LiClO4-Hclo4)

o
'."

bDetermined at 417 nm. o

N S o S Lo ~ -"

> v Calculated from the equation kobsd = k1 + kZKa/[H ], with k1 = 3 49 x.

io"z_m,‘s‘andkzx 58::104‘.3"1




\\; L e 'I‘able 13 | e
g 7\", Q\’ | . \v 8 CT '..
'f Kinetic Data for the Chromium(II) Reduction of (NH3)5C0NCCH—CHCN

v . L . . . - R

T ﬂ,;at 2§°a' S
T e R

L

Sotkicoziny),  todklcecTi, o wt, 0 0Twae -

»nnd;lse: ﬂ; &“xe.vf' 2’3 ot}r "5"vftriQ-lQQn” :o"‘,!vr ,iégdi‘:i
.:ft oiis-f"],-'t fkaf_i 1,5__t51v>G' L AT
e s
i T

|  0;621-;‘r¥n'5Le 1iﬂi i;éf”:t;-vv?;‘e ; .0E1bO1.

SR B 73," S s lo10 o 0100
Ceks7 Lo 0,026

P

’n‘aFor all runs, ionic strength 0 50 M (LiClO4-HClO4)

‘-bWavelength 260 nm._v*'“
"chnless otherwise noted, data obtained under second—order conditionsu"

using equation (2 1).'

: dPseudo-first-ordér conditions. S lynﬁ.;:uyf' o i "5 S V.e,:f"j‘ e

foi
LENi



*x“fj Table c-14

S | .
‘o - ’ g N o v

Klnetlc Data for Aquatlon of (Hzo) CrNCCH=CHCN3+ at 25°Ca'

b -

~

103k [cot11T)],© 103k er(In], wt, 10 xkobsd,] 102

N R S

3373{; :14 ,;§j7 3.58‘   o ﬁ:v10;44zﬁf:'f 1.27.

g2 o3se 0 c0.2510 1360

3“373 3 58 VT 0051 - 197
‘,ﬂ3k74:;f;_;?  ;” i:85ﬁ‘f ;>. f:ﬁO;649.V ,{f?fp0.h
alui3.53i*;'5f°;yi_u3.58.*;:f;;7 tﬁ6;o34;7.;f£é;44

vlf:i53;73;]?j_;;f :J'S:éBfT ;i 5.,;’;;b26 1 ij>2}84 

e veai7a o L7 0. 0.025 2.78.

For all runs, 1onfc strength 0 50 M (L1C104-HC104).“.v
bwavelength 395 nm.__i“; ;  ;fv:;' B v

(H20)5CrNCCH cncn3<

‘ fumaronltrlle complex..

T

dCalculated from equatlon ké%lc = 1 19 - 10 -2 4 14X1D :

TN e L T ;-w~[jtnr1;

isffprmgd By":éduction‘Qfxthe ¢oba1t(IiI}".

276. |
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Table c-15

-t

2

' ,J at 25°ca'b;‘;_f

u"«‘ 3

. "'

‘1'163kicr(111)1},{‘f

A—ﬂ,'_

S0k [cr(n),

1?21 "f

il
f  1;22;  S

'1;23;; V;‘:V'
"}1}1655’

C U 1as

For all runs, ionic strength 0 50 M (LiClO4-HclO4)

bWavelength 411 nm

S
LI

-‘wv

VAN
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Kinetic Bata for Aquation of (Hzo)schH(CN)CH2CNCr(OH2)5

‘Table C—16 o

* at.250c%

278.

b

P

9.

- T03x(v-4],

1

m*, -

i
A PR

M

© 104k,

‘8"

-1

0. 330fo ‘w‘~

2%316"

“Mo 116-' :

L o.ozs"

0.025 .

3.65

For all runs, ionic strength 0. so M (LiClO4-Hc104). o

bWavelength 510 nm

B

oo
“4

‘

1

Solutions were deoxygenated by purging with argon for 10

minuﬁés;



v

*QQ-‘ - .7'~‘; A ,: Table c—17

Kinetic Data for Reaction of Chromium(Ir) with

(HzogsorCH(cu)cHZCNCr(0H2)55+at 250C. a,b.c

10%v=-4],  10%xcr(zn)], AT, 10tk B R 104xk1,

I+
(=
e . e
o
[Xe]

6.4 606 . 0.142 4.80

I+

. 6.4 3,03 . 0.142 4.31

0.4
o
0.51

(PO

6.4 L% 1,51 ¢ 0.142 4.750

S o

6.4 . . 1.51.. 0.364 4.52 £0.31 3,77 % 0.12

.‘aFor all runs, ionic strength 0 50 M. (Liclo4—HC104)- S _ -

gvbWavelength 408 nm.

~ : kg X L
“7 Data fitted to reaction scheme A-—1,—B-——3»-C., o o

3‘dva1ues of k1 obtained w1th k2 held constant at 1. 19 X 10 2 s--}

~

-VeValues of k1 obtained with X, held constant at 1,25 x 10 “2wtem
. ’;) . : ) : .
fErrors quoted are. 95% confidence limits.

) v
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L o

$ vTable C~18
Kinetic Data For Redu n;g;;g by -Chromium(II)
i a3 R N c .
- 107x . . . : R ,
[NCCH=CHCN], ‘ ';_jéi] : 103xk,, 2 0 103xky;
M ‘ M g~! o _9-1'

‘ 1.85 0.338 2.7 7 2.20°
1.85 ° -0.338 L. 2.45 - .. 2.47
1.85 - 0.335 2.19 ' 2.21
1.85 0.200  ©  2.22 ¢ 2,23
1.85 0.200 . - 2.60 . 2.69
1.85 ) 0.200 - 2.33 . 2.41

2450 to 201 7 5.76 . 5.74
'1.85 - BT 3.;1;:>;- ©40.100 ¢ - .2.58 2.85
1 0.93 - 3.23 ' 0.100 . 2.64 . 2.86
1 0.93 1.62 .. - 0,100 .. 0.722 . 0.937
0.92 o 1.64 . 0.100 0.710 - . 0.939
2.50 ' 6.56 - *0.100 . 30.9 .+ 10.5
2,50, . 4.95 _ . - 0.160 - . 6.,32° - 6.71
L 0,92 Y 2.31 0.100 - 1.41 0 1.60
2.50 - 4.87 0,100 - , -e 76 . ' 6.83
1.85 - 0 73.23 ¢ +0.075 , /2 75 - 3.14
1.85 . 3.23 *°/ 0.050. oo 2.1 . 3.16 L
~2.50 ., . 6.47 e /. 0,050 - 11.0° . 11.8
©1.85 . .3.29 . - 0.050 . -.2.74° t3.21 0 &
2.50 - . 0 6.58. 0.050 ° 1l.8 . - 12.4, -
2.50 . 4.95 0.050 - . .6.47 - 11
0.92 . .. - 2,31 . 0.050 . l.2 . 1.82
0.92 ... 3.43 .0.025 - 3.25 . 3.81
0.92 T . 0 3.29 04025 ¢ - ,-2.86 . 3.47
.0.92'- o 3.23 0 0.025 . 2.88. 3.46

" aFor all runs, ionic strength 0. 50 M (L1C104-HC104)

bValues of k1 were obtained by non-l:Lnear least-squares fitting of
L ky K3
absorbance data to the scheme A———-»-B —Zp-C,
: { . .
cValues of k% were’ obtained by non-linear least—squares fitting of

A , ‘ : v
. ¥ . . kl k *
absorbance data to the scheme A——-!->B-—l>c—-—3—>D where k2 was held

constant a’t the”value 356 .mich ~isAthfe rate censtant for

7 ' B g

aqpaiibh of Compiexiv_4;'
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Lo Table C=19
Kinetic Data for Reduction of NCCH=CHCN by
Chromium(II) at 25°C and 750 nm.2 | /
= - 3
103x 102:; RN '
[NCCH=CHCN], , [cr(1D)], | ],
; =
. N
1.55 2.00 10.400 . 2.72.
2.03 2.99 0.354 3.05
2.03 2.99 0.025 2.83
L7 . o L
4.00 5.99 ; 0.209 2.59 o
4.00 5.99 *0.025 2.51 .
3For all runs, ionic strength 0.50 M _(IQiClQ4-H,ClO‘4); e E
! " ~
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Table C~20

Kinetic Data for Absorbance Decrease in Reaction of

NCCH=CHCN With Chromium(II) at 25°C and 520 nm.2:

103x 10%
" [NCCH=CHCN], .  [cr(II)l, m*, . 103xk,, © © 102xky, @
M VLT ' B (S M1 s
. 1.85 ' 3.23 S 0.338 - 7.43 ©0.94
4 1.85 4 . 3.43 . 0.338 7.55 . 0.89
1.85 . .29 - 0.335 . 7.20 "~ 0.89
‘1.85 3.23 0.200  7.62 1 0.90
1.85 . 3.43 - 0.200 .o '7.96, - 1.04,
1.85 "3.29 . . 0.200 7.5 ., . 0.86
12,50 f 4.87 © 0.201 C . 7.08 T 0.77
1.85 . .. 3.23 . 0.100 o T7.24 - 1.23
0.93 7 3,23 ;.. .0.100 7.4 0 1.24
0.93 ° 1.62 0.100 . . 8.70 1.22
0.92, 1.64 " 0.100 - 9.15 .- S 1.22,
: 2)50° 0 - 6.56 © - 70.100° 5435 1.26
S 22050 4.95 0.100 . '5.86 ° o 1.27
70092 o 2,31 .. 7 0.100 . ' 8.44 : “1.14.
2.50 - T4.87 ©0.100 6.59 0.90
1.85. 3.23 0.075 7.59 . 1.22
1.85 S 3.23 . ~ 0.050 - "6.93 S 1.22
©2.50 - 6.47 . 0.050 - ©5.77 . 0.95
1.85 . 3.29. " 0,050 6.87 . 1l.,16. .
2.50 .’ 6.58 - 0.050 - 5.23 1.28
2.50 ‘ 4.95 " 0.050 5.80 - 1.18
. 0.92 S 2,31 0.050 . -~ 8.48 ., 1.26
10.92 T 3443 - 0.025 - 7:14 1.43
0.92 Yo 3,29 0.025 0 -7.02 1,39
0.92. -\ 3.23 : 0.0254 7.18 .. 1.43
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a

Footnotes for ‘Table C=20 : ‘ ‘ o

5\
A

»

3por all runs, lonic strength 0.50 M (LiC1l04-HC104).
bValues reportéd are the initial concentrations‘of reductant. The
second-order rate constants (k5 and ki) were calcuiated after

correcting for the chromium(II) consumed in the initial phase of the

\

reacbion.' Y

o \\ . v ° . . .
cValues of k, were obtained by non-linear least-squares fitting of
k k ‘
vabsorbance data to the gcheme A-——l»-B‘——§a>C.
dValues of k3 were obtained ‘by non—linear least-sguares fitting of

k k2 .
absorbance data to the sch me A——-—1—>B -—?->C ——§->D where k2 was held i

constant at the value 3 6 % 10~ 4.g71 which is the rate constant for

aquation of V—4v

,
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) Table C-21
5 —_——

Kinetic Data for Hydrolysis of'Complex v-9 at 25°c.2

0% 102x »
(co(111)},P (cr(1n)]i, m*y, ki ©
M M ) M s™1 ‘
20.5 : 3.0 0.350 | 0.1079 . .
3.01 | 3.01 0.349 T 0.0976
a.02 . sl T 0.100 R
a0z . . s 0.051 i 0.110
. . N ‘
g 301 R R 0.025 | 0.104
L \ . . ‘ 4
201 o 300 0.025 ~0.1109
) 4.04  ' 5.96 ‘ . 0.025 | 0.0980
3.95» o < -1.94 - 0.400 5'~‘ '" - g.111
3.05 ioa . - 0.025 v o.o9$d
3.08 L7 © 0.025  0.0901
3.98 1.47 ~ 0.010 0.1l

-

‘afor.aii'runs,‘1ohié'streﬁgth'9;so M (piclo4;nc194).
- Pyalues reported reprééentsthe‘initial concentration of
(ﬁH3)5CoNéCH=CHc&3+, Reactio;fhith cﬁromium(II) géneraieébcomplex'v—l
whiqh is suﬁsequéntly ieduced to cSmplex V—é{‘
o ®petermined at 355 nm ugless otherwise noted.

dDetermined.at:?SO nm. - s



Table C-22

Kinetic Daty for Reduction of (H20)5CrNCCH—CﬁCN3+

by Chromium(II) at 25°C.®

104x 102x
(co(1r)],P  cr?*y, (11, Kopaar kgggg\ £ yoorr g
M M M s~ P g~
2.0 . " 0.48 0.400 0.0540(0.0530)9 0.0411 . 0.0424
2.0 0.48 0.200 0.0587(0.0570)9 0.0447 ©0.0478
2.0 0.48 - 0.100 0.0688 0.0527 . - 0.0530
2.0 Qg 48 . 0.048 0.0823 . 0.0618 0.0620
2.0 0.48 0.033 0.0971(0.0980)9 0.0725 0.0703
4.1, 0.95 0.398 0.172 0.159 0.151
4.1 0.95 0.199 0.186(0.172)¢  0.172 0.170
2.0 0.95 0.098 0.211 0.195 0.187
4.2 0.95 - 0.048 0.240 0.220 0.209
4.2 0.95 - 0.038  0.248(0.240)9 * 0.225 ©0.218
4.1 0.95 0.028 0.257 . . 0.230 - 0.234
4.2 0.95 0.023 0.273 . 0.243 0.246
4.0 1.46  0.398 0.357(0.315)9 0.344 0.325
4.0 1.46 ‘ 0.199 "~ 0.406 . 0.392 0.378 "
4.0 1.46 0.147 0.443 0.428 0.396
4.0 1.46 0.099 0.483 0.467 ~0.418
4.0 1.46 0.099 0.477 0.461 © 0.418
3.9 1.46 0.067 0.492 0.474 0.440
4.0 1.46 0.049  0.504° 0.484 0.460
3.9 1.46 © 0.038 0.512(0.503)¢  0.489 704477
3.9 1.46 0.028 0.531 0.504 = 0.503
4.0 1.48 0.025 0.535 0.507 \  0.522
2.0 1.48 0.024 0,554 .~ 0.525 0.533
" 4.0 1.46 0.023 0.543 0.513 0.524
4.1 1.94 0.400  0.564(0.510)% 0.551 0.530
3.9 1.94 0.395 - 0.575 0.562 - 0.533"
. 4.0 1.94 0.298 0.625 0.612 0.578
4.1 1.94 0.199 ° 0.674(0.620)%  0.660 0.634
3.9 1.94 0.147 ©0.710 °  0.695 0.670
4.0 1.94 0.099 0.758 0.742 0.712
4.0 1.94 0.067 0.782 ' 0.764 - 0.749
4.2, 1.94 0.067 - 0.782 0.764 0.749
3.9 1.94 0.049 0.813 - 0.793 0.781
4.0 ~1.94 Q.049 0.807(0.805)9 0.787 0.781
3.9 1.94

0.039 . 0.846 0.823 .0.805



3.9 1.94
4.0 1.94
3.9 1.94
4.0 2.96
6.0 3.01
20.5, 3.00
4.0 " 3.01
4.2 2.99
e 3.9 2.96
2.0 2.99
3.9 3.01
4.0 2.96
2.0 2. 96
4.0 2.96
4.0 3.01
3.9 2.96
4.0 2.96
4.0 2.96
4.0 2.96
20.1 3.00
3.9 2.96

0.028

0.025

0.023
0.352
p.349
0.350
0.273
0.200

-0.147
S 0.147

0.100
0.099
0.099
0.067
0.051
0.048
0.038
0.028
0.025
0.025
0.023

0.877

0.886(0.895)9

0.897

©1.13(0.920)4

1.13(0.951)4
(0.950)®
1.25(1.05)9
1.33(1.22)9
1.40(1.40)¢
1.40
1.48
1.48
1.47
1.62°
1.66(1.64)9
1.66
1.72
1.80
1.85(1.85)9d
(1.84)®
1.85

0.850

0.858

0.867
1.12
1.12

1.24
1.32
1.38
1.38
1,467
1.46
1.45
1.60
1.64
1.64
1.70
1.77
1.82

1.82

0.845

0.863

0.875
1.12
1.16

1.26
1.37
l.44
l.46
1.60
1.55
1.55
1.65
1.77
1.73

- 1.78

1085
l.88

1.90
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8for ali rung, ionic strength 0.50 .M (LiClO,4-HC104).

Pyalues reported are the initial concentrations of (NH3)5C0NCCHCHCN3+.

‘Reaction with chromium(II) yieldg complex V-1.

LS
SThe rate constants were obtained at 520 nm unless otherwise noted.

dDetermined at 410 nm.

€petermined at 750 nm.
. .

(equation (5.8)). Only the results obtained

%values for kS9fL yere obtained from equation

calc

‘the parameters given there.

at 520 nm.

~

Values tabulated have been corrected for the

[}

coxr

»

o

aguation ofAcomplex V~1
at 520 nm are listed.
(5.22) using the values of

values of kC21C are listed only for runs












