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SCOPE AND CONTENTS

One ot .ihe Slmp:\ﬁt types ot reactions encountered in inorganic chem%étry

-

. involves the exchange of a mo]ecu]e coordinated to a’ meta] 1on (the 1wgand)
with another molecule free in C::ut1on Th1§ type of react1oQ>;s fundamental

to much of synthet1c 1norgan1c e bu11d1ng N

-~

blocks from which the comp]ex mu1t1step mechanisms typica] of homogeneous

hemistry and. also ¢onstitutes

. catalysis are built. There has naturally been a great deal of research

* carried out on ligand exchange mechanisms' However, the‘majorfty of this
,research has been concerned with relat1vely slow reactions carr1ed out 1n y
aqueous solution. Data on rapid ligand exchange react1ons in non-aqueaus
‘solutions are relatively Sparse. Such reactions are in manyjresoects, the
more interaesting ahd certainly have oreaten relevance to the.understanding

-E of homOgeneoUS cata]ysisi' In particular, comparative studies of fhe effect

iof changes of metal ion, geometry of the complex and ligand substituent are
ilacking. The present thes1s presents ‘the resillts of such a study

.
i ' °
-
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‘}he group of compounds chosen for study are‘thiburea and substitited

thiourea camplexes of cobalt, nicke]fand zinc. Nuclear-magnetic resonance
has been used as the’ principal gxperzmenta] technique This techn1que
provides 1nformat10n on both the solution structures of the comp]exes and
the k1net1cs and mechanisms of the ligand exchange processes.

Two 1ntroductory chapters review previous work on-ligand substi-
tution and the use of nuclear magnetic resonance to study chemical rate
processes. The thiourea l1gands chosen can, themse]ves undergo a rate
process. involving restrzcted rotat1on about the C-N bond and a third chap-~

ter describes some,pre11m1nary exper1ment5xde51gned to clarify the 1nter‘
'pretatton of the ]lgand spectra. 'The cobalt complexes are paramagnetic andf

~tetrahedral in solution. Some replacement of thiourea by solvent occurs °

S e

and equilibirium censtants and thermodynamic data for this'pnocess'have .
been obtained. A deéa1]ed s tudy of the klnet1cs of ligand’ exchange has
demonstrated'two compet1ng mechan1sms Rates and act1vat1on parameters for
both processes for a series of comp]exes have been measured Changes 1n

both . the ﬁntha]mes of activation and the entopies of activation are import- -

-

ant in determining dlfferences in react1on rate among the substitution reac-

-
A

tions.

2
' +

The nickel complexes ex1st in so]uttonaa§\egn1l1br1um mixtures - of -

~—

/
paramagnetic tetrahedral, d1amagnet1c square-p]anar and paramagnetic octa-

hedral compounds Ihe;e equilibria have- been d1§entangled and the factors
degsrm1n1ng geometric]strueture in Ni(II) compounde aré discussed. Rate
and mechanism data for ]igand exchange reactions are presented. A -associa- -

. _ ~ :
tive mechanism is demonstrated for the tetrahedral and square-planar compounds

r . 1‘ .
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_ cr1ter1a and the overal] s tudy has a]]owed a more complete dlscuss1on of

L + I , F
=] ' rd .

_and-a dissociative mechanisnr'for the octahedral complexes. NMR studies

of a further series of nickel thlourea comp]exes contain1ng [T-allyl

-

Tigands are described. These compounds are knovm to. be catalytlcally

. active and the Tigand exchange reactions prove to be too fast for

measurement with the techniques used.

! [N

The z1nc complexes are'diamagnetic-and tetrahedral in solution.

The small chemlca] shifts preclude quantitative kinetic studies but

-

qualitative comparisons with the analogous cobalt and nickel compounds

are made. All of the complexes studied are very laQile by the usua]

the factors determining ligand exchange rates in such compounds than has

L)

hitnerto been possible. -

An appendix describes some studies of complexes of diacetamide.

- i ' o e
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CHAPTER I -
INTRODUCTION

There have been many kinetic and mechanistic‘studies ofﬁ]igand
‘substitution reactions in recent yearo. The scope of such studies is
shown by the large amount of data reviewed in the text-bookfof*Basolo_and
Pearsonl, and in the monograph of}Langford and Gray2 onAigand Substitution
'Proceﬁses. T large-ﬁajority of the ear]ier studieq dealt with relatively
slow reoctio which can be conveniently followed usrng the techniques of
hclassical kinetico. More recently, relaxation spectroscopy techniques3 A
'have“been developed for rapid reactions, but the Nuclear Magnetic Resonance
{NMR) method®*® of observing line broadening.during rapid ligand substitution
reactions offers some powerful advanthges. The spectral lines obtained in
‘NMR experiments with l1qu1d samples are usua]ly extremely narrow, . in con-
trast to those result1ng from solid state studies. This is due to almost
complete averaging of nuclear magnetic d1pole-d1po]e‘interactions by random
molecu1ar‘motions. The Tines often show multiplicity due to spio-spin ,
coupling. They may also show broadening due to quadrupole coupling if
.nuclei with I = 1 are present, where I is tﬁe nuciearmspin. The mu1tip1ici-
ties of the 11nes ‘their widths and intensities (i e. the line shapes) are
also partly determxned by dynam1c processes such as hindered rotation or
‘{ntermolecular rate processes leading to exchange of atoms or group of atoms
'Vbetween d1fferent chemical sites. The effect of such proceéges on the line
shapes of some lablle metal complex systems has been investigated in th1s
thes;s. The work has also involved some studies of hindered internal rota-
tion. e
. "Many transition metal complexes are labile. tabi]e complexes are
1

bl
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.defined as those-fbr’which 1igand exchange occurs rapidly in solution.

One criterion for ligand lability is provided by the condition for "fast

exchange" in a NMR experiment, The average time a ligand remains complexed
]

to a metal atom beforg.exchange with free ligand is defined in this context

as its life-time. The ]ife-timé range of ’I()'-4 to 1025 for 1igand exchange

rather nicely defines a class of comblexeg which can plausibly function as

intermediates in homogeneously catalysed reactions. The mechanisms of such.
reactions catalyzed by transition metal complexes involve a sequence of

1igand exchange steps. The oécu?rence of a more stable complex in suéh a

‘sequence will slow down the reaction leading to ineffective“cata]ysis. More

labile complexes are likely to have such‘a tranéient éxistence that they are
unimportant in determining thé overall effectiﬁéness-qf the catalysis. These
considerations lead us to undertake some detailed stud{es‘of Iigand'exchange
mechanisms involving systems hf the shorter life time of the above scale. -

A number of additiona]'coosiderations indicated the éBOice of systems for

sach studies. If the results are to have relevance to most homogerBpus

cataiysis they should be restricted to. excﬁénge betweeﬁ neutral species in

. t !
non-aqueous solvents. They also require a’synthetica'ﬂy flexible system which

will allow variation of the metal atom, the geometry “of the complexd and

~hoth the exchanging and non-exchang1ng 11gands in a fa1r1y systematic manner.

| Paramagnetic metal complexes offer the advantage of large chemical shifts

but this is often acéompénied by the.disadvantagé of broader lines.  The

.dominant relaxation mechanism in such compounds is likely to arise from the

 fluctuating magnetic fields produced at the nucleus by changes in the orienta-

tion of thé electron spin. - Thus the nuclear relaxation time is determined

[by the elec;Fon'spin relaxation time.. The necessary condition for observing
T j ; ]

/
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sharpline NMR spectra is that the electron Spin relaxation time shoulo be
very’short 7 Ma of the complexes of Co(Il) and Ni(Il) satisfy this
.condition, NMR tudies of exchange reactions involving ligands with many
magnetic nuclei e.qg. phosphines. tend' to Tead to complex spectra which are’
not easily interpretaole.'_Therefore. ligands with only one or two different
magnetic nuc]ei‘are preferred. A combination of these factors lead to the
choice of thiourea complexes of Ca(II) and Ni(II) ions as a basis tor the
]igand exChange stuoies A number of similar diamagnetic comp]exes with
'Zn(II) have been investigated for comparison purposes. Concurrent work in
| this Iaboratory has demonstrated.that many of the complexes investigated
are exce]lent catalysts for the reactions of ketones and amines to fon;
anils. ‘The present results are_therefore directly-relevant to the under- )
. standing of catalytic mechanisms, - | ' e
'//' Most of the early kinetic studies of substitution were concerned with
thhlﬁ nert Cr(III) Co(III) and square planar Pt(II) complexes] which undergo
reaction at rates conveniently measured by classical techniques. This

behaviour is attributed to the large cryétai field stabilization of d3,

diamagnetic q5 and dB'systems; Ne first note that two basic types of ligand
exchange mechanism have been postu]ated The first type, is described as
"dissociatiVe and shows fhe basic feature that the rate- determining step -
involves loss of a ligand to give an intenmediate of lower c00rdination
number. ;gr "associative" reactions on the other hand, the rate- determining
step invo]ves the initial addition of a new ligand to give an intermediate
of higher coordination number. Actual ligand exchange mechanisms do not

- nhecessarily correspond exactly to either of these limitjng»cases but the -

-

terms "dissociative" and “"associative" provide a reasonable starting point

‘

i




for describing many processes. The generalization which has emerged from _.

a large.body of experimental data on ligand'exchenge nrocgsse§ is that

octahedral complexes tend to exchange by dfssoc%ative_mechani;ms and §quare-

planar and tetrahedral complexes by agseciative mecHanisms. -
Probably theAmost widely studied series of complexes are occahedral

" .cobalt.III comnounq§.in1he reasons for this are primarily the ready avail-

ability of many sucn c&%blexes, their selub1]1ty in water, and the conveniently

slow rate of their exchange reactions. 'fhe ligand eighange\meghggisms

depend on ‘the pH of theé solution. In acid solution, cne primary process

is alwpys found to be the displacement of a 1igand ny solvent water. This.

~1s the race-decermining step; The subseguent displacement of water by the -

2

1
incoming ligand is always faster. . As a result, rate data yre only available

8, 9 10

for reactions in wh1ch one ofuxhe reacting ligands 1s water. In no

. case is the rate for the replacement of -one non—aqueous ligand by anocner
knonn. However, a second type of reaction_occurs at pH's ater than 5.'
_This is known as the base-hydrolysis'reacﬁ?bn and shows the characteristic
feature that the-rates are dependent on the incoming 1igand.

Studies ‘on the- rate of acid hydrolysis of a number of cobalt (III)
chloro- anmines show that the: kinetic data depend ofi various factors such
as che]ation the 51ze of the chelate r1ng, the charge on the mefal complex,
steric effects and the nature of the leaving group., It has been reported
that cis'Co(NH )4C1+ undergoes ac1d hydrolysis at & faster rate than cis-
Co(en)4Cl2 and cis- Co(trien)C] Th1s is attributed to ‘the chelate effect.lj
A steric effect plays an important role in the hydrolysis of cobalt (III)
complexes wicn ethylenediamine and its alkyl substituted derivatives [e.g.

Co(AAIZXZ]. It is found that the acid hydrolysis rate increases for every

e




-highly dependent on.the nature of X, and decreases in the order

_pressure on the kinetics of the exchange of

increase in the size of the substituents replacing the hydrogen atone;.]2

w

A similar trend is also noted {f the size of the chelate ring is 1ncreased.]3

rl

Such an increase in rate upon increased substitution or upon increase in ’

the size of chelate ring is strongly suggestive of a dissociative mechanism.

14,15

The influence of the charge on the metat ion is readily noticeable in

the acid hydrolysis of Co(NH3)5C1H and cis- and trans- Co(NH3)4C1;., It is

- argued that a large amount of bond breaking in the transition state increases

the over-all positive charge on the metal complex and is responsible for a

1

reduction in the rate. The effect on the rate for these two complexes is
of the order of magni tude of 10° to 103 Another effect which deserves
mention.in this area is the effect of(solvation on the rate of hydrolysis.

It has been reported that the rate of hydrolysis of Co(NH3)sC1™' in water ;

. 4 \\
"is higher than that of the similar complex fh\on.ls' This indicates that

deuteration of the solvent interferes with effecfﬂve solvation of the

comp{ex.]3 The last effect which influences the rate of 1igand ‘exchange

is the nature of the leaving group. This is illustrated ﬁy the. exchange

reactions of Co(NH3)5X+ in acid solutions.17

The rate of this reaction is
! 14 .- _ o
x - NOB

>

I” >Br > H20 > Cl™ > NH3 > NCS OH . Although the majority of ligand
exchange reactions in octahedral complexes appear to proceed by an essentially

dissociative pathway, there maj be exceptions. Studies of ;he effect of

185 petween cr(H,0):

18,19,20

eolventhﬁater have been made by T.NW. swaddle et al. For a dissocia-

. . . +* : . .
tive mechanism the voluine of activation AV should be a positive quant1ty.

3 mol;l

They found that AV* = -9.3 cm. for the water exchange |




[y

o ]8 ,'_“" . C.
Cr(t0)g " (aq) 4 Hp0 — [Cr (#,0) (1,%0) 1" (aq) + 10"
This seems quite incompatible with a digﬁfEiative mode df reaction, but

, AN
appgarSvto:be con;istent with a rate-limiting step represented as & -

- .
- N . 4
el .

~

Ier(1,0) (uzon (36) ——Cr(H0);(H0) - T (aq) h

i.e., an associative process. 1
The Cr(III1)-ammine compiexes are more labile than the corresponding ;
- : : ‘ ‘
Co(III} complexes. The rates of aquation of these compiexes decrease along %

21

the sequence”’ 1™ > C1” > NCS™. The rates are about 10 times greater than

those of thé analogous coba]t'cqmpodnds. Garner and his co- worker522 ~24
suggested that the rate and stereo-chemistry in t F acid hydrolys1s reactions
" of cis- and trané—Cr(en)2C1; parallel those of/Ez(III) in structural effects
and stereo-chemistry, and the activation energ1es are found to be almost
identical. Jones et al observed that d1valent anions §uch as maleate and
o-phthalate catalyzed the loss of Br™, and the catalytit effect of each
:anion was explained by an outer-sphere ion pair. Th?;igid hydrolysis reac-

tions of derivatives of Cr(HZD) -~ are found to show
6 .

irst-order kinetics.
The rates increase .in the sEéLence NCS™ < C1” < Br™. Good evidbnce for
a dissociat%ve:mechahism is pro;ided by the lack of entering grouL assist-
ance in anation regctions. .Cr(HéO)Ef+ undergoes anation'reaction with a
series of organic acids. It has-been-obsérved’that the rates are ‘indepen-
dent of both the an1on concentrat1on and the nature of the amon26 e7
Acetate, malonate, citrate and phthalate all enter at the same rate indicat1ng

a didsociative mechanism. The behaviour of Rh(III)-ammine complexes with ' -

a series of nucleophiles such as Br™, OH™, 17, €17, thiourea and NH.,

- N ) ’ N Ll .
e | i ’ -
S L . . . o L
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has been investigated. They all attack at the same rateza.

o
1

The reactions of ‘the Rh(III) ammines are slower than
. : ' -
those of the apalonous cobalt(I1l) comp[exes.

On the other hand, the reactions of the cobalt(111)
A e

amines with hydroxide are kinetically second order . They
‘are generaily very .much faster than the aétﬁ hydralysis
reactions. They are pH-dependent and follow the rate

r
Taw

Rate = k]'[LSCox] " ké [L;Cox] [0u']~

. : R )
kz for the base hydro]ysis is some 10 times k] for .

v

’ . . ¢ ) ’ \
the acid hydrolysis \hThe most obwious. interpretation of .
the second term in this equation would involve-an assocla-
tiv? process with an intermediate of coordination number

‘greater than 6. There are however, other possibilities.

b

. * . .
Thus Garrick - has suggested a mechanism involving a so- "

- . ' ’ — ' -
called " conjugate base " and writes the reaction sequ -
ence - ~ -

+

Co(NH3)gC1'" 4 0H” ——=  ColNHj)4(NH)C1" HyO

. . . _ |
~ Co(NHy) 4 (MK, ) 1Y +h,0 — [Co(NHa)SOH] R R

& Fudiarrick, intdre,139,507(1937) .

. -




The second step is rate determing and the rate of

exchange is given by

- A( - T _
Rate ‘= K.X . [co(NH3)5C1") [oH7]
Thus the measured second-order rate constant is the product -
of the equilibrium constqnt (K) for the first step and the
first -order rate constant (k) for the hydrolysis of the conju-

gate base of the complex. Ehis mechanism requires at least
one acidic proton on a non -leaving ligand of the complex.
The rate of deprotonation is fast compared to the rate of

-

disp1acement Accordiho to this mechanism, in comp]exes

having no acidic proton acce'leration by base should not be ; ‘
' observed. This is in general true (as for 2, 2' bipyridine

complexes*,for instanﬁg) ,but there are a few cases in which

i

reactions.first-order in OH - awe observed.One of these {s

“the base hydrolysis of Co(EDTA)” by OH™ for which the .
) formation of a seven- coordination iﬁtermediate has been

proposed The conJugate base mechanism involves a second step

“*The oriu1nal studles assumed 2 that dinftro- bis(2, 2 -bipyridine
cobalt (III) ion has trans geometry but anm X-ray structure

. determination of analoaous chloride compound showed to have
cis geometry. (H.Masayki,0.Shunichiro,K.Hisao,Bull Chem..Jap.,
44(2),586 1971} G.John ‘Graham, E.D.Mc Kenzie,J.Chem.
Soc. A,2478-80(15)(1970).
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There is evidence that the intermediate formed in this

step has triqonal bipyramidal aeometry and has a lifetime

_ L _ v L
tong enough to shoy'dispdm{natinwith respect to the entering .

13gands.

A1l the data thus far discussed have been obtained in
aqueous soldtion. The numberi of studies in non-aqueous
solvents, {8 much smallér, Cobalt’gﬂmjﬁgpﬁmplexes have been
examined in several nbn-aqueous ;oT§eq£§ fnclqdinq methanol,
N,N'-dimethylformamide}djmethylsylfoxide.acetone.and-N.N'—
diwethylacetghide; ATl thése s;lvénts arelpolgr having re-
litively high aielectric constants and the solute;.behave as

strong electrolyte%.‘ln general the kinetics are more complex

than in aqueous 3plution and simple rate laws

- An example is provided by the reaction between cis-Co(én)2Cl;

and chloride ion in methanol. In this ca#e.the suggested

mechanism involves the initial formation of an outer sphere

. +. . )
complex cis-Coten)ZC]....Cl' whick reacts to give chloride

eichange.this reaction tS'Eompetitfve'w{th direct exchange

" teading to a two term rate law expression of the type

Ly
e

o’

JUP——

._\ .

fre not common.

Rate = ky [Co(en)ZCl;]v + Egyjfo(eﬂLFIZ---Clgl
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The reactions of_this compound and also of the trans isomer
‘have been studied in other so]vents such as dimethy!’ O

formamide and dimethyl acetamide. Similar outer sphere

4

mechanisms were demonstrated in these so]vents However.
the outer sphere association constants are much smaller

for the trans 1somer than for the cis 1somer.'

-

By far the most stable sd%are;p1anar complexes
T‘are thooe ofePt(I[),and asa ;esu1t;the synthesis and;
reactions of these comhound? have long been the subject
of extensive 1hvest1qation537. During the ‘past decade
more quantitative-stuotes have been made ‘on these
systems,and_an’apprec1abje effortahas been- v6ted'

to 1nve§tigation§ of the kinetics ahdfmech::{sms of e

their reagtions]'zg. Simpfe but peftinent theoreticaI
.arguments lead to the cohc1usion thot from.both
steric and electronic considerations , an associative
. mechanism is expected to be'the-most useful model

for discussions of square-planar (d8) substitutions.

ubstitution reactions of Pt(I1) :comolexes \V ' -

proceed with retention of geometric qonfiguration]‘zz

Most S5quare - planar substitution reactions’

_?‘

nt
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1n solution generally fo]low a two-tenn rate law-which nay be shown to be

o o [complex] : ' ‘ !
. rate = - = (kI + kz[Y]) [comp]ex] '

s’ dt .
where kI and kz are first-order and second-order ratebcons}agts. [Y] and
[comp]ex] represent the concentrations of entering llgandZ%hd the complex
_respectively. Kingtics of reactions in aqueous so]ution of Pt(dién)Br ”
with seyérai.entering groups, including OH' a, I, NOE, and SEN' have &

29

“been studied and)the rate law, and pseudo first-order constants k

_for these reactions determ1ned for various concentrations of the enterlng

4
1lgand[Y]. The plots of k'

db " versus [Y] are made in ‘the concentration
" ranges studied. The p]ots are linear, w1th non-zero 1ntercepts. The slopeS
of the llneq qive. the various k ‘s a‘& the 1ntercepts give the k] s. Since

the k] term,gr1ses from an qssoc3§t1ve mehpan1sm involv1ng.spec1f1ca11y

= s
P Y

one molécule of solvent as'reactant, the rate equation may be rewritten as

rate =.(kS[S] + kz[Y]L.[complex]

k} f-RS[S] ' o o ' N
The exper1mentg} rate law is thus compétib]e with aﬁ assocf&tive mechanism
“for planar substitution, but the Hﬁ*term could be due to a dmssoc1at1ve _v';
process. _ |

The kinetic trans effect refers to thg_speciaf effects of trans sub-. |
stitution on the labilité of a leaving group. It is propab]y the most dra- *

matic’ kinetic effect known, spanning several orders of magnitude in rate.
. 27,30-35 .

t

Theories of the trans effect have been'presented‘by'many authors.

o . - H ’
’ ' ' . .
. : ) ) - @
- : .
F ) .
n "
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It seems clear that both o- and =~ electronic-effects are important,
Experimental evjdenée for an associative mechanism in Pt(1I)
cﬁmp]exes has "been demons trated. Large rate effects on blocking -the

' entering group attack positions above and below the piane_have been
36 ' ’

noted. These can be nicely explained on the grounds that results of a"study -«

e

of the rates of reaction of varioes (cis- and trans-) Pt(PEté)z(R)Cl e

y et

. complexes with pyridine in etﬁano] solution have demonstrated that, if‘the;
l1gand R is a me51tyl .group, the relative rates of exchange for chloride

. both in CIS and trans pos1t10ns are found to be 1:1. However. 1f & is.

replaced by a pheny] ring, the re]atlve rates are found to be 80000:36.

Th1s is a dlrect evidence that cis blocking is more effect1ve than trans ’

block1ng. “The cis block1ng ‘causes the relative rate to drop by 1/86000

frun R pheny] to R=mesityl, whereas trans block1ng only;cau§e§ a drop of

1/36. | n _‘ o e

‘The ro]e of the 1eav1ng group in Pt(II) complexes plays an import-

[+

L ant part in the substltut1on reactions. In the study of tHe react1pns of

Pt(d1ene)x with byridine -in agueous sp]utioq?7, it is found that the rates
of exchange reactions depredse‘along the series:

\ N . . ' .

X = NOJ > Hy0 > €17 > Br™ > I > Ny > SCN™ > 305 >-CN ~

One of the most important requirement f an associative mechanism

is that there be 1arge d1fferences in the react1v1t1es of d1fferent entering.

38-44

groups. Numerous investigators have establlshed that this is indeed

the case in sﬁuare;planar Pt{II) substitutions. Va]ues of the second-order

*

‘rate constant in aqueous selution for the reactions 2 . of Pt(diene)Br with

various entering ligands have been reported. The order of Iigands in
' 3 . N

Y
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~decreasing k, value is o : . ’ . L

1

Thiourea> SGN >I >N >N02>py>C] > OH™

A detaﬂed study of reactmns of d1 fferent hgands with several

substrates, espemally trans- Pt(py)ZCl in methanol solution has been

40 ! -
reported » and k valhes are smmarlzed The results of these stud1es .

lead ‘fo the conc]uswn that the average Hgand -reactivity order bears a
remarkable resemb]ance to the trans— effect order. _Thus a good trans , !

1ab1&e/r)_s\a]so &-good entermg group in squane-planar substitutions.
The solvent dependence of the reactlon rates of Pt(II) conplexes

prov1des another test of the suggestwn of associative actwatmn 1nvo’|v1ng o~

A

so]vent for the k ter'm in the rate law, The exchange reactlon of trans-

45

Pt(py)zcl has been studied in several different‘solvents. It was found -

~ that the kI term 1s 1mportant in solvents that are capab]e of good co-
ordination with Pt(II). The order of increasmg kl is ROH < HZO MeNO

¢
DM#O.' In so"lvents that are expected to be _poor entermg groups, the k

- H ¢

term for the reactlon 1s more mportant._ These solvents-fncJude CGHG’ CCI4,

A
kg -t

t-C4H90H, (Me)2C =0, and EtOAc. - '~ | . e
46-48

-
N

Martin and co-work.ers have obtajned ooncluswe evidence for' an as-

oc1at1ve $oivent path oy observmg the Iack of a larger rate effect in the

‘ kI path for reactwns of complexes carrying di fferent net charges in aqueous

4 . the first order rate con-

 starits stay. roughly constant. This is not consastent with a bond-breaki ng

solutwn. Preceding from Pt (NH ) a* ta Pl

mechamsm but Js reasonable asshning an asso¢[:iatwe nechanism. There are. ‘

‘ sma]l but signiﬁcant substrate-charge effects on the k2 term with certain .

Ve
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entering groups. In pqrticular.‘/kz(mé) is larger than sz(Cl') with

Pt(dien)Br’ as substrate, but kz(Cl') is larger than kz(Noé) with
Pt(c.h'en)(l*l;r as'substrate.‘a—g(a) ‘
Recently, RG -I?eardm et al.39(b)l'have reported the_ .activation
" energy parameters for the reaction of Pt(dien)x" (diene=iH,CH NH, X =C17,
Br™, 17, N;, SCN™, or NO ) .in uater solution with several di fferent nucleo-
phﬂes such as HZO thiourea, 203 , etc. They found' that high rates of

reactwn parallel Tow enthalpies of actwatlon Al reactions have an

apprecwb]e negative entropy of activation ranging from -18 ca). ' ot t
k" mafe~t.

-30 c'.q.l. dependmg on the nature of each nucleophile. The most striking >

o

'- feature of these nesults is that the negative entroples of activation for

I

v the, <ub<t1tution Frecess )ﬂth thicure~ 2re th~ larges* in magnitude ard this i

! ' attnbuted to the formatwn of the tran51tlon state accompanied’ by a net .'
| ‘increase in bording. . -

49 in 1952 sumarizes the situation at

. A review pubhshed by Taube
_ the begmmng of the current penod of active interest in ligand substitu-
-“tions. At that point in 1:.me, most metal complexes could only be classi-
" fied as .labile:sig\ce Ehe"éxper'imntal techniques were not available for
'ﬂbtai'nfng_qdan_titdtivehdata. This was still true when the theory of sub-
o ;ti tutior.l"-p'r.ocesses‘-las revieued ekhaustively by Basolo and Pearson in .
"?9? ;27 In the years smce. the SItuatmn has changed radically as a o :
: result of the introduction -of methods for the study of reaction rates up
to and inc'luding the di ffuswn-control]ed limit. So:ne of the slower reac-
tions of ]abile conplexes have been measured by flow lnzt.hods;51 32 » but

the break through is a result of the apphcatlon of the nelaxatmn met.hods

L ‘ -',‘_ v -
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devcioped by Eigen and his'collabcirators]'so. and the use of NMR

. relaxation time studies, pioneerad by Connlck and. his co-workers ,_/ivle '
will now briefly review some of the applications of these newer methods .
R.G. Wilkins et al.5]'52 applied stopped-fTow .photometry to the
studies of «the d,iss.ofiation of NI(II) complexes wi th'ethylene'diamnine in -
"-aqueous acid solution.  In this t_echnique, free ligand and the complex fon
are first' rapidly mixed. The flow of the mixed solution is then s-uddenly
ar:res.ted at a cons'tant' temperature ‘and changes in the optical density
of the react.ing solution are recorded on an oscilloscope Reasonable

1
optical density changes Jaring reaction were obtained by using suitable

concentrations of the nefactmg species. Half-lives of 103 to IO
seconds can be estimated wi th reasonable accuracv using this method. The
rates of dissociation, in an excess of acid, of Ni(Il) complexes with: a

“series of nitrogen-containing unidentate ligands have been investigated,

3 ‘by the stop-flow methdd. The Tigands incli}ie Nl{3. pyridine,'aziridine.

and hydrazilne. - The rate of dissoéiation appears to be .independent of acid
concentration A comparison of the results for complexes of ammonia and
pyridine with those of the corresponding bidentate ligands, viz., ethyi-l
enediam ine and bip_yridyl shows that the energies of activatilgn for the h
former are ‘some 6-7 K cals.moie'l lower‘ than those for th_e latter. In
. addition.l the amnonij;i complex nas a distinctly lower energy and entropy
of activation due to the formation of H-bonds with the surrounding water
molecules. The ratesof dissociation. in acid, of Cu(11) complexes. of
ethylenediammine, racemic botane-z, 3-diamine and 2,3-dimethyi butane-2,
3-diamine and tetra-N-methyl isomer have also been investigated by the

s ] : ’ ~
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. stopthow method. In nitric acid solution, the first order dissociation
of Cu(ll)czzrg:;;ter than those of N1(II) complexes Nithout exception,
the Cu(II) comp]exes react more rapidly than the corresponding Ni(II)
compounds and the -reactivity sequence may be shown to be In > Cu > Ni.

| . Much larger rates of reaction may be. Studied by the relaxation
techn1ques deve]oped by Eigen. 1,50 In such method& a reaction system in
equilibrium is disturbed by change of an external.parameter(e g. tempera- (f/J
ture, pressure or electric field). The perturbed system returns to equi- '

'11br1um at a character1st1c rate. The adjustment or “chemical relaxatipn"

/takes place with a \haracterlst1c spectrum of t1me constants which may be '

related to the rate constants of individual steps in the reaction. An

analysis of the relaxatwon_spectvum alinus +ha determination of the

rd

, absolute rate constants and gives information concerning the mechanism
‘ of the over-all reaction. .
' The most widely used relexation technique in'the study of rapid

substitution reactions in so]ution 1s the temperature-jump method‘53’54

“|Th1; nethod 15, in- fact, the most widely used and w1de1y appllcab]e of.

(tnx relaxation methods reported in the literature. It can be employed for

equ111br1um reactions which are accompanied by a thermal change. The
temperature: var1at1on of the equ1]1br1um constant K is given by the

| - J | i
equation : Ly

SRR LI S /s 5 o

a where T is the temperature and aH the heat of reaction. Relaxation curves

are recor&eg oscillographically from the variation in the light absorption
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or the electrical conductiVjty of the soiutions; For iodic solutions
a jump:in temperature is achieved by means of a.puise &ischargé from a
capacitor charged to a high'ﬁoltage. :%his‘feature Timits the applica-
~ tions to conducting solutions. Equipment combining the f]ow:method with
the temperature-jump method is very prom151ng for the study of compllcated
multistage react1ons and also for fast 1rrevers1b1e processes

The gpmpet1ng method for studying rapld substitution reactions

4.53,54

is the pressure-shock methed. The effect of pressure on the equi-

librium constant is reprgséntéd by the equation

Po . Po o
= expf _I_ (d In K/ap)dP) = exp(_ I (-ave + AH°(9V/3T)pCp/RT)dP)

Pr... - P

whgre.Avo and AH° are the changes in volume and-enthaIpy, and g = K2/K].
dn which K2 and K{ are reSpectively-¥hé equilibrium constant at P + P2

aand P = Pl: a change in pressure thus produces a change in‘the_équili-
brium constant, as’a consequence of which relaxation pf?cesées océur at
alfate Qete¥mined by that of the chemical reactions involved. The mag-

nitude of .the B is 0.004 with V° = 1 cm mole”!

and. a change in pressure
from 1 to 100 atm.” This shift can be easily reco:ded by various- physico-
c@emiéa] methods. The;great advantage of the-pressure-shocklmethod is

the pOSSibi]it&NOf sfudying directly conversions of outer-sphere into.

inner-sphegg

By means of ultrasonic v1brations it is possible to study chem1ca1

Xes and conversely,

reactlons whose duration approx1mates ;- the period of the 'sound wave.

s

The frequency “dependence Qf the absorption of sound is influenced by the

N
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changes in'free-energy. entropy and volume occurring dortng tne reac-
tion. and also by the rates of the chemical reactions taking place in
the’system, so that both kinetic and thermodynamic data can.be obtained
by this method. ' - -

< For singlééstage reaotions the ultraoonic absorption-fnequency
curve passes through a maximum, the position of which can be used to 1f-.
- determ1ne the relaxation time, and from which the reaction rate constant
can be calculated, With multistage reaotions. the mathematical processing
of the experimental results Qs considerably more complicated There exists ;
" a method of calculation whtch is applicable only to a two step process.
- The equipment usad in the study of fast chemical roaotions by
the acoustic method is rhat‘nﬁuaily emn]oynd for measuring the vélocity
and absorption of uitrasoond in 11qu1ds; The disadvantages of this method
. include the relative complexity of the opparatus used, “the difficolties
of processing the experimental results for complicated reactions; and alto
the large quantities of oolutions necessary for an experiment. - |

NMR spectroscopy a]lowo detection and study of rate processes

which are not readtly;senood by other conténtional spectroscopic tech-
.niques; Rates and activation barriers for internal rotation were suojects
of some of the'eariief kinetic studies.5§ NMR studios of the rotational
_barrier about the central C-N bond in amides, thioamides and N-methyl-
thiourea have been made.57 -62 The results of these studies have indicated

L]
that the energy barrier 1s _greater than for a normal C-N bond because of

electron delocalization. 59 64

Several‘authors have reported that the
rotational barriers in thiocamides are higher than for amides. The deter-

mination of kinetic parameters for the interconversion of géometrica]
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isomers of amides and thioamides by NMR: spectroscopy has been a controvers-

'61,65,66

ial subject In addftion to the errors involved in comparing

results obtained by varlous NMR techniques, solvent and concentration
effects seem important in these systems.
The presence of any paramagnet1c centre will influence the NMR

spectrum of o.resonating nucleus.67

In termsiof chemical applications, .
the most significant effects is the interaction between the ﬂnpaired‘
-electrons and magnetic nuclei as revealed by the isotropic hyperfine 'h\\e\

. shifts®8 67

and the changes in nuclear relaxation times. These two effects

can provide much information relating to the electronic and  geometrical
’giructuree'of,paramagnet}c'species and the Qay in which they 1nteract.
Throuoh. their hvnerfine interactions. unoaired electrons can cause sh1ftq'
1n nuclear frequencies and can prov1de effective relaxation mechanisms
for nuclei. The only directlobservations of NMR signals from paramag—
netic species in solution have been for cases where the’electron 5p1n
lattice relaxation times were so short that the hyperfine interactions

69

almost averaged to zero. However, signals have often been observed

’ for nuclei which spend only a fraction of the time in the vicinity of

unpaired electrons. When the line shapes “or ‘relaxation times for the

nuclei can be related to the lifetimes of'the.exchanging species in

solotion, reaction rates can of course be detetmfned. A discussion of L
the relevant theory will beideferred untit Chapter il... Some_of the
fﬁoﬁeﬁpertinent results obtained.by this method are summerized below.

NMR studies of dilute aqueous solutions c6htain1ng paramagnetic

. 4
metal ions have been made by Swift and Connick.‘ - Employing various

.=
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limiting situations, these authors have evaiuated the kinetic para-
neters for water exchange between bulk medium and solvated cation.
0 NMR spectroscopy has been widely applied to ligand

71-75 17

exchange- studies 0 NMR data and proton NMR

A comparison of
data for aquo metal lons 1n aqueous solution makes it possible to dec1de
whether proton exchange occurs via proton fonization or the complete
exchange %: a water molecule. The 51ﬁ11ar1ty of the kinetic,parameters
"'-from the L 0 and proton data suggest that the complete exchange of

\

wateh molecules occlirs in aqueous solutions of Mn(II) Co(lIl), NI(JJ)

and Cu(JI ions whereasiinfgolutions containing VO » Cr(II1)} and Fe(III)

tion of'the hydrated metal® ion apnears'to be the
76-78

ions, the acid diss

' probabl mechanism for he .proton exchange The similarity of the -

kinetic data derived from the methyl and hydroxyl protons for methanoi';

in the presence of Mn(I1), Co(II) and Ni(II) ions indicates that the
:exchange between the bulk solvent and solvation shell involves nhoie

N
methanol moiecules and there is no significant contribution from hydroxyl

79-81 1

proton exchange.; Comparable results have been obtainéd from TH

and ]4N data on Ni(NH3)6 in an aqueous -ammonia medium, showing that

exchange rate of the individual proton is no greater than“that for the

82-84

exchange of complete ammonia molecules. . The rates of elimindtion

of water molecules frum‘the first coordination sphere of vanadyl ions

17 73,74,85

_in aqueous solutious have also been determined from ‘0 data.

- The slow rate of water exchange. compared to other doubly charged metal

* s

' ions. led to the conclusion that the high- p051tive charge on V
important in deciding the bonding of the four equatorial water molecules

~

[
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in the first coordination sphere, whilst the water molecule in thé d
‘akial position‘undergoes rapid'exchange. By_comparing the.NMR data -

on the vanadyl ion in a-DMF solution at 25°C with\that for aqueous

solutions, it is found that the rate constants for water and DMF exchange
"are very similar, but. that the actiVatlon energy for DHF exchange*ls

much smaller 1nd1cat1ng that it is a weaker ligand than water., The .

values for the entropy of activation-suggest that the transition state

is more disordered for water exchange p0551bly due to the effect of

hydrogen bondlng between water and the vanadyl 1ons.86 ' 7

The kinetics of ligand exchange have been 1nvest1gated recently

in tetrahedra] complexes as well as octahedral. ones.87 88,89,90,91

Proton NMR data‘are reported for complexes of type ML?xzwhere M= Fe(I1I),
~ Co(Il) or Hi(II) and the exchanging lfgand L can be triarybhosphine,87’89‘90 '

88 or hexameth}]phosphoramidegl

2-picoline and X is a halogen. Co{IL)
hexamethylphosphoramide complexes exchange via a mlxture of first and
second order klnet1cs. A1l other complexes. studied show only second

order kinetics in their ligand exchange reactions. Thé necessity of a
first order term for the hexamethylphosphoramide'ligand has been ;ationa-
]ize& in teﬁns of ‘the steric hindrance produced by its s%ze which increases

9 fﬁ the

the tendency for the ligand to dissociate from the complex.
triaryphosphine series of 1igands, it appears that the llabi]ity ef the
coﬁpﬁ%x is notxveryldependent upon the nature of the phoéphlne.’but thét
within argiven series the lability increases slightly in the order I < Br <
Cl. Moreover, the effect of metal uﬁen thelligi}ﬂiy follows the order

Co < Ni < Fe. . ' - | -
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Kinetic eata from NMR studies on soTucions of acetnnitrile
in solutions containing Co(II) and‘Ni(II) 1ons have been reported
The rate of the -solvent substitution: reaction in a Co(II) complex ‘is
greater than that of the corresponding Ni(II) system. This arises
from a di fference 1in activation enthalpy for the two reactions The_

relatlve decrease in stabi]ity of Co(ll) octahedra] complexes compared-

to those of YI(II) in many donor solvents has*been discussed in terms . ' a
" - - "2
of crystal- field stabilization effeCts.92'93' ’ ‘ -
The rate of exchange. or limits to the rates, of several

unidentate and bidentate ligands (ammonia, ethylenediamine, glycine,

N-meznylglycine and N, N-dimethylglycjne) coordinated to Mn(II), Fe(II);

Co(11), Ni(ll) and Cul11) have bepn measured bv proton NMR 11ne broaden-

: ing studies. 94. The usual order of reactivity has been found as Mn ' >

_Fé > Co > Ni«Cu. Copper complexes exchange‘via a second orden process
in_agreemen; with the 5., mechanism common for planac'complexes. Al
octahedral comeﬁexes undergo exchange reactions via first )

‘ order kinetics. A so]venc_assisted dissociation mechanism is commnn‘
for all octahegral complexes. |

In the present.section, a review of concepts._methbds anc~a .

selection of experimenta] resul ts have been pcesented A detai]ed
theory . concern1ng the effects of chemlcal exchange on line, shapes ‘will
be discussed ir Chapter II. A selection of data on ligand exchange kinetics

obtained by NPP experiments is shown. in Table (1-1).

€
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'I‘nble(l 1): Klnetic and Activation Para.meters in Ligand 23
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" CHAPTER TII

L.

THE USE 'OF' NUCLEAR MAGNETIC RLSONANCE IN KINETIéS
OF LIGAND SUB;;T].T.UTION PROCESSES
The technique of Nuclear Magnetic Resoﬁante has proved to be

a very powerful tool for the lnvestlgatlon of many problems in a

v
—

var1ety of fields. One of {ts most useful applications has been concern-

ed with the kinetics of rapid ligandmgyb§titution reactions of labile . ¢

cohp]exes in solution. The NMR theory pertinent to this type of study \

A1

is well—developed and'several remiew'articTégtgre ava]iab]e34 Para-
magnetic- compounds present some additionai complexities and the relevant

theory is also discussed in the present chapter.

hA ] n
»

(2-1) CHEMICAL SHIFIS AND SPIN-SPIN COUPLING .
. ’ ) .

The relaxation prope?ties of nuclear spins are affécted.by fast 7.

‘chemical reactions. This effect provides a botentially'hseful me thod
for the measurement ef reaction rates. The position of .the resonance- of
a partlcu]a} nucleus (i.e. the chemlcal sh1ft) is determ1ned by magnetlc
sh1e1d1ng within the molecule. This shielding (i.e. screening effect) R
arises from the c1rcu1at1on of mo]ecu]ar electrons and as a result, the -
magnexlc fleld experIenced 5} the nucleus is not the same as the magnetic

- field externally applied. If the field|1nduced at the nucleus 19 opposed

* to the app11ed faeld a d1amagnet1c shift ar1ses. ‘In the magnetjgfq

25
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resonance experiment, therefore. it will be necessary to app]y a higher
field to bring about the. resonance condition Resonance may be attgined
at a Jower radip frequency if the applied f1elo is held constant. ' Con-
versely, a paramagnetic Shift fs one to lower field or"higher frequency

| The chem1ca] shift may be broken down into a_ number of factors 4

S ey

These 1nclude 1nduct1ve effects rf‘@ current effects and:influences of ;

_ magnetical]y anisotropic groups, hydrogen bonding and interactions with

. urpaired e]ectrons The theory for the magnetic shieldihg was developed -

101 ond by 102 ' 103

by Lamb Saika and Slichter. | ~Griffith and Orgel |

developed

. a theory to account for the paramagnetic contribution. to the chemical

shift ofisgto in octahedral Co(IIl) complexes. Severa1"review;art1c]es"

"are contained in‘Various texts. ,In'principle.“imPOrtant information can

be.extracted from chemical shiftsdata concerning a detajled knowledge on

the different types of magnetic ehvironment In practice its greatest"
9

- value still lies in empzr1ca1 corre]at1ons with mo]ecuiar structure There

is one, c]ass of coppounds for which chemical shifts somet1mes give

~

unamb1guous structural 1nformat1on.a This elass comprises certaun para-

hmgnetic transition ‘metal comp]exes and witl berdiscussed in detail in

4

" a subsequent paragraph. In addition to chemlca1 shifts, the ana1y51s of

high reso]utlon NMR spectra a]so y1e1ds sply spin coup11ng constants .ﬂ\\u

H

Structural information of several types may be obtained from such

data ~ The mere counting of the number'of Tines in the d1fferent mulbeplets

suffices to determtne the numbers of nuc1e1 of . the varlous chemical?y

d1st1nct types The rough ma;11tudes of the coupling constants can often .

-,

indicate whether two nuc1e1 are directly bonded or are separated by other
' . . . . Y

:
' a - S
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-_atoms. and the actual nbmerical values of'the coupling constant -nuv'
provide the infonnation about the nature of the bonding Severalz
.review articles are also available in various texts. ‘

- The other types of parameters obtained from the NMR'spectra of."
solid9 are the dipolc-dipole coupling and quadrupole coupling constants
These may provide additional information on the molecular geonntry and
on the electro-static environment of the nuclei.

St

(2-2) NMR OF PARAMAGNLTIC COMPOUNDS

t . - -

-

Paramagnqtic species may be studied by‘either ESﬁ or NMR. It"is
hu-l kiigun Uted U appeanance vi-C50 il psclin Copunds on thc clccllou
Spin relaxation time T] . The necessary condition for observing well-‘ -
resolved ESR hyperfine structure is that T] be long such that A T]L. 7

.;-where AP hyperfine coupling constant For NMR, the spectral proper- - -
ties are determined by the nuclear spin relaxation time which in turn

H

depends on T] » since for a paramagnetic molecule. ‘the nuclear relaxation

.mechanism is iikely to arise predominantly from the fluétuating magnetic
) fields produced at the nucleus by changes in the orientation of the elect-
. ron spin. The~requisite condition for observing well resolved NMR spectra
-1

for a paramagnetic compound is either or both ﬁ << A and--TC A'F are

_ fulfilled, where T 1s the exchange time for paramagnetté species' Elect-.

" 7
ron spin lattice relaxation times are found to decrease with {ncreasihng °
temperature. Thus NMR experiments in solution are usually performed at

- relatively high temperature. and ESR experinents tend to be most informative

.! N B r.

-

. -
. - -
.
- R r * - P .
’ : .
- i -
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in solids at Tow temperature.

(2-3) COMTACT AND DIPOLAR SHIFTS'

The magnetlc lnteractlons between electron and nuclear spins

: have’ been extensively rev1eued by Abragam.]04 Hinter.w5 and by Fréeman

106

- and Watson. The Hamllton1an for .the electron nuclear spin system . .

. in paramagnetlc spec1es is given by

L]

(2-1)

H‘=.4“9N3NI.H *Hg + Hoo + Hy + galt fh?S) H+H

The first and fifth terms'represent the intéractions of the nuclear and

electron magnetic moments with external magretic Field. "LS is the spin-
~orhit 1nteract10n for the electronlc system. SS is the interaction

between electron splns and HII that between nuclear spins. HN is the .,
.hyperflne_lnteraction term and represents the .nteractIOn between the

electron spin and orbital moments and the nuclear magnetlc momnt. Thisis the

&
‘most important and interesting term for NMR in paramagnetic systems The
N hyperf1ne interaction term’ uhrch was der1ved by Ferrmw7 from Dirac

‘relativistic theory for the electron, can be written as -

oy - . By i n e AL=s).x, 305.r)(r) |y o,
_ HN _" g gﬂ B ﬁH(T) G(E)(S.I) + ( r3 "’H 7 rs ‘r’.)-(z 2)
The distance r is measured from the centre of.the nuc]eus. The inter;r
action ingofving the delta function is the Fermi contaétlierm. This term

has -a non-zero va]ué onl} for the s-electrons and then thie last two .terms
: = . - . y <9




are zero.~;The last two terms are dipolar interaction terms and have
~a form ana]qgus to that of the classical expression for the inter-

acgieh ofopoint dipoles gnenI and gBS plus the interaction of a point-
dipoieuﬁ By I with a moving charge of L angular momentum. The express-

ion for the hyperf1ne 1nteract1on term has also been derived on the

baSJs of Quantum Field Theory 108

As the resu]t of thié hyperflne interaction, the resonance
/ L
of the nuc]eus 15 §h1fted to h1gher or lower' f1e1d than that of a,

i
corresponding, nucleus in an analogous dlamagnetlc compound In solut1on,

*u ‘,q(

§

rapid tumbllng of the molecules averages some - terms in this express-

ion to zero. The remaining terms give rise to an isotroplc sh:ft The
1sotrnn1c <hift is nsially cnmnoced of two fartnrﬂf, tho f1rst of vhich
is the so- cal]ed "Ferm1 Contact Shift” whlch ar1sel\from the presence
of unpa1red e]ectron sp1n density at’ the resonatIng nucleus The second
reeu]ts from through space interaction between the magnetic dipo]es- _
produced by the unpaired electron(s) and the resond%ing nuc]eusu The

general express10n{§or the proton contact” shift is given by BIoemgergen

i

109, 110 ‘ ' _ ‘

Av Y, ¢ : ' |
: c _ e B S(5+1 .
== -AE "9f3ETL"‘l . . (2-3)

0. N

-equation

The quantity Avcis the Nﬁg contact shift, Vo the resonance frequency,

- S the electreh spin Qmif the magnetogyrlc ratlo for the electron and

the nucieus, and A the electron- spin-nuclear 5p1n hyperf1ne coupling con=.
stant. The other symbols have the usual significance. The electron spin-

nuclear spin coupling constant A may be re]eted to the unpaired electuon




“spin density (;p(O))2 at the nucleus in question by

-

A= gﬁl 9.9y8 aN[¢(o)]2 oot - (2-4)

L

The Curie law contact shift equation can be ‘expressed in terms of the

X?hsceptibility as follows: o
AVC A N uz ;
i e c 2-5
VO . N QNBN gan X‘” XH ( )

) 7 : .
where u2 = 9232 S(S+1) for spin contribution only and xy 15 the molar

magnetic susceptibility.
* Most of the contribution arising from the dipolar part of the ‘
r Hawi Ploniuin to anfoobinpic wid averaye Lo auere for a rapidly tunbling

molecule in solution but an isotropic part remains. The dipolar shift

is given in general ~

. 2 éai | > ) '
5(s i
- < Bt Gopy r20 ey - 9 3~c°i e | (2-6)

where 0 is the angle between fhe principle magnetic axis and a line Jjoining

the metal atom and the magnetic nucleus under consideration, r is the
distance of this nucleusw¥kom the metal atom, and gII and QL are the com-
ponents of the g-tensor parallel and perpendicular to thg magnetic field.
Other synbbiéihaye the usual s{gn1f1cahce. ‘Confributiqn of this termlwi}l
b{jiero if 951 is equal to 9y
A more general but complicated expression for the {sotropic con-

tact shiftiof a paramagnetic compound in solution has been derived by

-
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m

Kurland and McGarvey. It can be given es
S | VY -
Avyiso _ ~E_/kT
G ) (1/3kTq) :> ;)- e v/ <Toluglry> <r Ay T,>
! X,Y,Z .
-‘ - I‘n.I'm- . )
RO U SR NI R A L M - (2-7)
Pt o

where ANi and u; are the components of.AN and u respectively along‘e
'

set of axes 1 = x,y, and z which are fixed with respect to the complex.
A similar complicated expression for the metal ion contribution to the -

nr For )

dipolaelshift has also been derivéd by Kurland and McGarvey.
a cqmplex with only one therma]]j popdiated multiplet of spin quantum

number 5,X;; is given by -

.2 ; ot
: _ g%s(s11)- L2 :
CoL Ny s R | - (28

ey

then the dipo]ar shift of the metal ion can be expressed as

B_S{S+1 o >
AviD = —(—)- [{ -7 (g +-9 )1 (]-3‘:05 ¢} - -
_ (ﬁ e OKT r3 S22 XX Yy . |
T 4B, - o&,) sineos 21 o (2-9)
: Yy XX , _
N : . .
For the cases of axial symmetry, 9,7 = 9117 and 9y = 9&y-= gr> equation
N\  reduces to the corresponding equation (2-6), given by McConnell and
Robertson.llo A more detailed discusﬁ&on is referred te_the origina1 paper.

The dipolar shifts arise from dipole-dipole interaction.. Such

fnteractions are in general anisotropic, i.e. their magnitude depends upon
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. { -
the orientation of the molecule with respect to the applied magnetic

field. It is apparent that the dipolar shifts will be equal to zero if

r

gII'= 9 An odd electron may occupy the orbitél which_.has directional |
properties, e.g. an atomic p or d'orbit§i¢ In such a case, thé dipole-
‘dipole coup{ing is prbportiona@iio the average v?}ue <{3 coszB- ])/r3>.
Numerical va]ues of this average can be readily calculated for varibug'd
orbitals. In a c2ya1ent metal complex the odd electrons will be part]y
delocalized to the ligands. The values of <1/r > for electrons located
on the. ligand wi]l,pe much smaller than for an electron located in a .
metaitd orbital énd dipolar contributions from such a source are often
. neg]ecéed.' Thus in a covalent -cdmplex, the anisotropic contribution to
tha hyparfine sa'itting w{11 bn.ré&urnd. | B

Finite values of A exist only for species Qith electrons whose
wave-functions are nodelesé at the nucleus so tha% a direct "contact”
betweenfeiegtron and nucleus méy.occur. Conéequeht]y, Fermi infer-
actions are frequeht]y'referfed_to-as contact interactions. Since "s"
atomic qrb%pa]s are nodeless at lhe nucleus, it is nécessg#f'for the
. unpa}reé electron to have "s" character if a contact shift mechanism js
to operate. pontaqf shifts‘for isotropic comp]exes arise from‘CUG?1ency
in the metal ion-]iggnd bond? for, an ionic interSttioq/é;ﬁnot giVé}rise
to electron delocalization. Thus meaSuremeqts of coh%?ct shifts can
offer a direct means of assessing_éﬁvaIency in traq;itibn‘metal ion com-
leiés. In some cases, they may prqvide the spin density at the'HUcleus. .

and the amount of electron delocalization can be. assessed.

T
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(2-4) TIME DEPENDENT FACTORS INFLUENCING SIGNAL SHAPE

| The shapehand width of NMR resonances are sensitive to time-
dependent processes. Many of the processes which are of most interest to
themists involve chenicalﬁexchange of the nhéleiper electrons. The nuclear
spin finds itself jumpingat random from one environment to another one with

a d1fferent spln Hamiltonian, and this alters the NMR spectra in a select1ve

way. . Some lines broaden, but others stay sharp. Other group of lines coalesce
into a single line. These effects are almost always ‘due to motions which’ have
“much lower fnequenc1es than‘ the Larmor frequency.,

The simplest example_of ehemicallexchange is a nuclear spin which can
jump at random between two sites A.and R where it has different resonance
frequencies wp and'w;d?cagians sed'!). There are two important limiting cases
called fast and slow exchange. In the first caae the jumping frequency Wy
is much greater than the separation AW between two spectral lines of equal.
intensity wh1ch are affected by the. mot1on The result is a single 11ne at
the average frequency. The nuclear spin is Jumplng so rapidly. compared with
the dlfference in resgnance frequenc1es ‘that it hardly loses phase from ode
. time 1t is on a particular site to the next, and s0 it sees an average of the

two environments. At the other extreme, the motion is very slow with Woc<< AW

*

and both lines are resolved but each 1s broadened. This is a life time broad-
ening; and once a spin leaves one site for another, it loses all phase coher-
ency by the time it returne. General qual1tat1ve line shapes-ﬁx-such

r

processes une)fyrshown_in\Fig (2- 1)
‘There are/two

main approaches to the study of line;shape. The first




N N

l.:
e N

Fig.(2-1) : Line Shape for Two Simple Sites

}
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considers the steady state line shapes produced when the spectpum is swept

~through slowly (slow’ passage conditions}. The sqcond is concerned with line. aaﬁ
shapes produced under non-equillbrium conditions caused by sweeping qulck\y
through the spectrum (fast passage conditions). Since most of the results

- in the present study have been obtained by the slow passage technique the

I

theory associated with this case will be discussed:

' ) (2-5) THE LINE SHAPE FOR A JUMPING SPIN

A nuclear spin can jurp at random between two s{tes A and B where it g
has different resonance frequencies wa and-wB respectively. These sites may
be in different molecules, as in a proton exchange reaction; or they may
represent two distinct'States of the same molecule, as %nternal rotation;
or different conformations. When the Jjumping rate is slow, the NMR spectrum
shows distinct A and B spectra, but if the'rate is fast, just one spectrum
characteristic.of the average environnent'nhich the nueleUS sees.
The quantitatiye\descriptjon of this systemis best developed by
suitable modifications of the Blocn'phenomepological equations which may

-
be found in various texts. 111.112

1]3

This approach was first nﬁed by Gutowsky,

McCall, and Slichter.

Later, a simplified method wai‘presented b&
70 o

McConnell,” ™ to include the chemical exchange These modified equations can

—

be represented as follows.

p

1
=y

dGA _"l

a:-“‘aAGA:-il‘H]HOA*‘TB- ‘7 \
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dG

B .
— - -1 '-1é¥/ 2-10
dt o Gg=-irH Myt 6 -1 (2-10)

A B

here G is a cbmplex moment defined by G = u + iv and u and v are the
tranverse componénts of bulk magnétic mome‘%g! along. and perpendicular to
the rotating field H]. GA and GB are two cofresponding complex G components
for exchange of nuclei\bet&een A and B positions respectively. Thus, ral GB
in equation (2-10) represents the rate of increase of'GA due to t;ansfer of
magnetization from B to A sites. Similarly, rR] GA is the corresponding
rate of loss. khile a nucleus is in an A position, there is a constant
probab111ty TA] per un1t time of its making a jump to a B position. L7 is
_then the mean lifetime fnr a stav.on A sjtes. Annther corvecponding time TS
ﬁan be defined for the lifetime of B positions. The fractional popu1étions
.df A and B sites PA and pg are re]atéq to v, and vg by
Py = /(g + 1), 7

) (2-11)
. pB ="i'B/(TA + TB):

Pp ¥ Pg =1

The solution of equations (2-10) appropriate for slow passage is

-obtained by putting v
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The equations can be solved for GA and GB Noting that the total complex

moment is given by

0

-

G = 6, + Gy
A+ g * taglagpat agpg)

(1 +a rA)(l + a

)
[

= - i Yf Ho (2-]3)

g'g) - !

- This was first obtained by Gutowsky, oS

cated ar'gument].]3

1, and Slichter using a more compli-
The intensity of -absorptjon at a frequency w is then propor-
tional to the 1mag1nary part (v) of G. Its behaviour in the two limiting

cases when the l1fet1mes are short and long can be exam1ned as follows.
(2-5a) LIMIT OF RAPID EXCHANGE

In the limit of rapid exchang’e,.lrA and tp are small. This will

represent a resonance line centered on a mean frequency as

“mean . PA"A * Pg"p (27]4?
with a liﬁe width given'by )

. . - ph\ p ‘ . X N .

_l_ = __5_ + __E_ - (2-15)

T2 T Top -

If the rate process is slow enoﬁgh to contribute to its width but-is stil well
beyond- the rate correspond1ng to separated 51gnals, a corrected form of equa—

t10n_(2=15) can be obtained by putting w = 1n‘equat1on (2-13) and

" mea
. f.. - . s
expanding in powers of r. This.gives thz;effgct1ve tranverse relaxation

Lt '

-



) . ‘_ . ', N | - ;‘Tf$> )

time,'Té as
: ™

L., 2
—= =R 2t ppnnlvy - wg)l, + 1) (2-16)

the second term on the right corresponds to the exéess broadening due tq
‘ -
slow exchange. This equation has been used by Meiboom, Luz, and 6111]1f:fﬁ

to interpret the difference betwegn T, and T, for water in terms of ‘the - '

‘breaking and reforming of hydrogen bonds. -

{2-5b) LIMIT OF SLOW EXCHANGE

>

If the Vifetimes T, and T, are sufficiently larae compared with the
inverse of the separation (wA - wB)'],,the spectrum will consist of distinct

signals in the viginity of the frequeﬁties Wp and Wg- The broadened signal

centered at w, will have a width given by .

L]

] ‘] - "‘1 "] ’ N
T =Taa * : (2-17)
. _ | - &
There will be a corresponding signal centered on wg- This shows that the -

exchange leads to an additional broadeh}ng of the individual signals. If

TEL is knoym, measurements of the width of these broadened signals provide

a means of estimiting of tp- This method is valid, provided the broadening
is not large éhough to cause appreciable overlap of the signals and has been
successfully applied in the studies of kinétics'and ligand exchange processes.

of paramagnetic comb]exe; in so]utidns,az



(2-56) REGION'OFIINTEhMEDIATE EXCHANGE' \ e
The transitionafrom-a spectrum of two lines to one line occurs when
the 1ifetimes T, and T are af the order of (w - wB)'1 The full express-
jon for the 1ntens1ty of absorpt1on 1n this range is obtained from the 1mag1n~
ary part of the general express1on for the complex-moment G (Eq 2-13). The
" following 51mp11fy1ng conditions are asswmed for the 1ntermed1ate behav1our

(a) Equal populat1ons and 11fet1mes SO that/]

Cpy=Pg= W2 and Ty =T = 2t ' (2-18)

(b) Large tranverse,relaxation times so that we may take

-1 a - ' . :
IﬂA TZB = .Q . | - (2719)

" This means that we are dealing with signals whoﬁe width in the absence
of'exchange is.sﬁa11 compared with their separation. The 1ine shape functign
in terms of frequenc1es in Hz is given by the equatxon]]1_

2
T(VA-V) . ‘ |
_(IIZ(VA + vB)-v )2 + 4% 1 (v A~V )2(§B -v f?_(Z-ZO) '

glv) =K

where K is a normaliiipg constant and v = g; respectively.ult turns out that

the actual shape of this function depends only.onlihe-product %|VA - vBl. For
large 1 it-will give two linas at a and vg» while for small t it wil}-gjvg .
one I1ne ha]fway between. The farm of'the function for some intermediate
'values of r(vA - vB) is shown in (Fig.2-1). These diagrams show that, as T
decreases from infinity, the twollnd1v1dua1 s1gnals broaden and their maxima

}4

ey
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draw closer together. This continues until v reaches the intermediate’ )
value of 2]/2/211(\_:A - vB). ie. o _— 7 L f/

- 1 . . N ) x - /

© = Villy - v 22y

and the peaks coalesence into ¢ne broad banqlsignal with a maximum at the

mean'Positionc As v decreases below this value, the qencral peak sharpens

\

untfl eventually there is a single sharp line.

!

[
-

(2-6) ESlIMATION-OFfRKfﬁ ConSTANTS FROM ', AND g
¢ S i
In the prpsent work, the rate constants for the hindered internal
rotation of C-N bond in ihiourea'gnd'some of'ltsﬁrelated compounds have been
measured by us1ng the equathg in the limit of fast exchange and the rota-
t1onal energy parameters” are calculated A similar method has been used to

study llgand exchange in some neutral labile complexes of Co(ll), Ni(II)

and Zn(ll)_with thiourea and d}acetamide Tigands in a non—aqueous solvent

like acetonel‘ The effective transverse relaxation time T5 is related to the

- line width av' of the complexed resonance under fast exchange such that . -
. . : LY . ’ //\—Tl-'}, .

/T, = w AV (radlans sec.'I) - (2-22)

5

and PA and pB, the fractions complexed and un-complexed are. calculated from

the frequencies of fully complexed resonance (i. e. the limiting,shift)and ‘
~* the observed resonance at a particular concentration of added 1igand. TZA
{s obtained by direct measurement of the 1imiting 1ine width of the comp]exed

' |resonance and TZB from the obServed line: width of

. - -

t - S i —
o . - .

b

»



free ligand resonance over the temperature range of the"experiment. A detai1ed

~ discussion of measurements of'T2A and T,g 1s made inhthe*IESt section of

Chapter IV. Therefore. S S ‘ : ' '

. e ’1/T2A =y AVA (radians sec 1) .o "( 3)
. 2-23
l/T28 = W Avg (radians sec ]) '
‘where : i .-
Wy = Zuva'(radians sec°1) '
(2-24)

QB = 2n vy (radtans'sec"]) .
a and vg are the frequencies of botﬁlresonances in Hz. - ANl
shifts are measured from the corresponding diamagnetic free ligand position.

- By substituting these exnerimental parnmnterq intn thp equatinn

(2 16). a sum of Iifetimes, i.e: (v, + 15) can be obtained as follaws: .,; 3
AT B b .
. ; e : ' 2 2 | - .
~§ /Ty = Pp/Top * Pg/Tg * ("A"B) (wp - wg)"(xp # 7g) "¢

y e 2 2, 2 |
© AV n pA.AVA + ﬂ-pB-AvB +‘4-ﬂ -(pApB) (VA - VB) (TA + TB)

. " AV' - Pa.AVa - Pgp-AV ! - T
Wt T AL 2 S e
' w4“'(pApB)'(vA -y ) ' : ' -, ’

where (v - vB) is the frequency in Hz (60 MHz) for the Timi ting contact shift
The.lifetlmes L7 and 1, can be calculated by . 1ntroducing the equation (2 11).
The mean 1ifetime of a species A between exchange, rA can be related to the .

conventional chemlcal rate constant k - by the following expression3

vy
Y

]/’ - (ll[A]) ‘5‘1 = [A]m] A (2-26) _‘ ‘

;uhere m n,... are the orders of the reaction with respect to the concentrations
o , . . st

»

.
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of A,B, etg. ln order to eva]uate mn..., Tp {s measured as a function

of concentrations {f A,B, etc. For two simple sites A'and B, . . '
..the rate constant can be written as.
. | _ : '
b . & . ' -
N AT u"[u RN - /(2r217).
t\ _//',_-- v\\m‘h—i /

where [L] is the concentration of the added ligand, kll is the second order

rate constant and k is the first-order rate constant assocrated with solvent.

k$ can be defined ¥% follows:

o N - kg = k,[s] o (?-28)

where k] and [S]GHZ“M'%LCQA omkn rate constant and solvent co\}entration .

2

_ A plot of TA] versus the concentratlon of added Yigand at a particular ‘temp-
P 3,
eraturc can provide k kl or kII respectively In the study of hindered.
internal rotation of C-N bond in thioureas, Pa and pg are measured from the
intcgnatcd areas of two reconances of "inside" and "outside" protons. and
| (v - vB) Tzn and’ TZB are obtained from the frequencies and line widths of

similar resonances under a completely slow exchange situation {i.e. from the

limiting spectrum). Application of equations {2-16) and (2-11) a]lows the
. - . ‘, ] .
estimation of lifetines A and g from which the rate constants for internal

-

rotation can be calculated. . -

, (2-7) ACTIVATION PARAMETERS o/fTNB o
¥ . . !

Determination of life times at varions temperatures directly
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7, ' - - & .
. ) + ' ' . ’ - ‘
provides the enthalpy AH" and entropy as® of activation for exchange of a

ligand between coordination sphere and the bulk of the solution. In a uni-

molecular rat;é process, the first order rate constant can be related to

free encrgy 6f activation as : G{
ky = 1/t, = (KT/h). /RT (2-29)
and’ . _ ol
' * £ L :
o6} = ot - Toas) | -\ (2-30)
- Therefore, e ' I-f"
Ky =1/t = (KT/h): e -(af/RT) + aSY/R
k :
3 = (k/h). o~ (aHE/RT) + “51"_‘
n (kill). - la/ing, - (ma‘;/m) * :.'.'.;,':: . - (23
or, : S
) . ’ * : * % ’ Fi .
In k] -In (kT/h) = - AH]/RT + AS]/R ) , (2-32)

-

where k s the Boltzmann's constant, h. the Planck's constant and T the absolufe

Y . - T ‘ -
tepperat: respectively, i.e. (k = 1.3805!(]0 16 erg.deg. T, h = 6.6256x10 27
erg.sec. and R = 1.987 cal. d'eg.']mol'].) '

A similar equation can be written for a bimolecular exchange process, i.e.

]

Ink;q -_ln('kT_/h)- = - oH ]/RT + As”/ﬁ" - (2-33)

™~

A plot of ('Ink* - 1n(kT/h}) against the reciprocal of the absolute tempera-
. ture alloks the 2@- sHT/R) and the 1nterd§pt (a5T/R) from which the
activation parameters AH* and as* can be calculated A'I ternatively, these

paraméters can be obtained from a direct estimation of the free energy of

S - . . -

N
o




activétion Adk. Thus,
| | . ,
In k* = 1n(KT/h) - 4G /RT
Ink* - In(kT/h) = -ac /RT
-6 = R.T.(1n k* - In(kT/h)). - (2-34)

where

k* = k; or, ky; \

= . ’ ¢ o
A plot of AG s against the absolute temperatures yields the required activa-

-

tion parameters. The procedure adopted in the pfésent'work has been to first
investigate the mechanism of the 1igand exchaﬁae]_ | reaction by examining line
broadening in the slow exchange region and to thé;/calcu1afe activation para-
meters from data obtained in the fasp‘exchange region. In thé slow exchange

+ region, the line widths for an associative process of thé type: .

B * *
ML+ L — ML L ——— ML + L
n ~— n - n
are given by
- 1o ¥
TC = (L] :
and _ 1 I
T = k[MLn] | I

For a dissociative mechanism'bn the other hand

T;] = ‘k'

and 1
BN

ML, LT
-Qua]itative observation of the variation of.fhe free and complexed,ligandxline
widfhs with ligand concentration therefore determjnes the predominant mechanism. -

Double resonance and pulse NMR methods are also availablefor studying

the ﬁrocesses.but have not been used in the present work.

\ -

¢ ‘ : ' R
. . 'em
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(2-8) SOURCES OF ERRORS
| )

Errore nay arise from either mathematical sources or experimental
sources. Mathematical problems occur when the theoretical model is an
oversimplification of the actual ‘system studied. They also arise when
the theoretical model '{s adequate, but a simp]ified approximate equat1on
is used beyond 1ts ‘region of accuracy. The further one goes. from the region
of validit} for the approximate expressions, generally che larger'willnbe)
the error, which thus w{11 usoa11y be systematic in character._Some equa:;
- tions which re]ate to the exchanoe rate require'aporoximat}ons. and the 
accuracy of such approx1matfons depend upon the nelat1ve value for the o e
eichange rates/ as compared to the chenical shifts, -the coupling constants,
the natural 11ne widths in the absence of exchange all assumed in units of
sec.'I or Hz. Neglect of this dependence as frequently has been the case,
leads to appreciable, systematic errors. A detailed discussion is referred
to the paper by Gutowsky et al. 116

Another prob]em associated with the use of equation (2-17) for exchange

rates-=below the coalescence temperature is. that for commonly encountered

chemical shifts the range of accessible rates is rather limited. So, if one

is seeking activation parameters, the temperature range is correspondingly
short, and systematic errors 1n.the rates or temperatures can'produce quite
large errors fn the apparent entha]py and entropy of activation. Because

of this, it is desirable to obtain exchange rateS\above the coalescence temp-
erature, when only a single line is observed. - ‘

The experimental prob]ems can be classified as arising from 1nstrumentaf
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i

fnstabilities, calibration errors, or other inaccuracies in_the measure-
ments, and spectral distortions. Examples of instabilitfes.in steady-
state workare temperature drifts,-frequency changes, magnetic fleld drifts,
and variation 1n sample spinning rate. |
Temperature fluctuations and changes are 1mportant in the measurements
The mayni tude of errors nl1ch result from temperature fluctuations depend
upon both the heat capacity and amount of sample present. It may also depend ‘
upon the spinning rate. | There may be 2 loSs in resolution proddced by
changing the temperature of the samp]e several factors contribute including
the changes fn sample position produced by thermal expanﬁion. and perturba-
tions in -field dL§tr1but1on produced by changes in bulk maqnetic susceptibil-
ity. Such loss in resolution has gentrally le ss effect upor peak separation
~ than upon line shapes. ‘Thus the reso]ution'must be “peaked up" at each temp-
crature; moreover, if errors are to be avoided, the reso]etton shoyld be the
same at each temperature . - )
Most of these effects were considered in the present work. f;btrOpic
shifts were large and they were measured within the experimental error of
150 Hr and'the1cqrrespoE§i>q line widths within 110 Wz . These measurement;_
were made at various concentrations of added ligand above the coalescence
temperatures. The temperature of the samp]es varied within *3° for each experia

ment.
| Taking into cons deration the various sources of errors noted. above,
we cons1der that rate constants may be obtained with an §bsolute accuracy of
approximately S0%. Since many of these errors are of a systematic nature.'

. _
‘comparisons of relative rates arve considerably more reliable but we would




not-place significance on differences of less than 10 or 20%. Errors in

the activation parameters have been estimated graphically. The quoted

1 -1

mole

errors are generalfy in the range tZ ‘to 3 cal.K for the entropies

of activation and :0.6 to £0.9 k cal. for the entha]pies of activation.
These quoted errors make no allowance for the systematic\%ec\prs discussed
above. fThe absolute accuracy of the data is therefore less than indicated

by these errors. We are however mainly concerned with comparisons between

different exchange processes and the data suffices, fqr'thii purpose.

-
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CHAPTER III
48

-

SOLUTION STRUCTURE AND HINDERED ROTATION IN THIOUREA

AND SUBSTITUTE THIOUREAS ~ \
- A ' ) :

This theijs discusses NMR studies of metal complexes of thiourea
(tu) and substituted thioureas (Rtu) *in some detail. Before describing
these rqéi]ts it will be necessary to present some préliminary NMR work
on the t iehreq l%gands themselves and this is the intent of the present
chapter. There afe two aspeets which require consieeration Firstly we
need to know the assignments and chemical sh1fts of the various ]1gand
protons before proceedlng to an analysis of the spectra of the complexes.
Secondly a’rate process occdr lp th1oureas which'is associated with
restricted rotation about the C-N bond. It will be necessary to disen- o Jiv
tangle the effects of this rate process from those of the rate processes
- concerned witﬁ ligand.exchaeee. It is alsgiof interest t cohpare the
barriers to rotation of free\Pnd cemplexed thioureas. FOJ over a decade,
NMR hgs been successfully applied with varying‘!eVEls of ﬁephiitication
f;o_such similer problems ass:;jgﬁed with hindere9 internal .rotation in
amides and thioamide557;62, .

/

thioureas have not been.eﬁtensively

~examined.

{3-1) STRUCTURE

-~

Thiourea is fairly so]ub}e in acetone. The proton spectrum of it

does not appear to heve been previously examined in ‘'solution although

117,118 14

there are reports of so]1d state NMR studles. N‘NMR study has

‘ .
also been reported. ]]9 A vecent study dlscusse§ restricted rotation in




#

N-methylthiourea (Mtu) using NMR as the experimental technique and the
resalts of this study will be discussed below. The structures of urea

and thiourea constitutes a classic problem involving tahtomerism but there’

is now a consensus n* - -+ . that structure'l rather than II is correct
(Fig. 3-1). | .

| NH, N H &

S =C HS—-C
‘ . \ ) r . \ )_l'i
NH, - NH,
| _ 11 II

‘  Fig. (3-1)

The it wm spectruin of +hiuurea in sootonc-dg js'consictent with structiic "
I, having a sindle proton peak at 380 + 10 Hz to low field of TMS. On
.cooling to-70°C, this peak splits into a doublet of equally intense lines.
| This is stif{ inconsistent with involvement of the tautomer iI and a
more'reasonable'explanetion invokes restricted rotation about the C-N bond
-arising from contribution of structure III- Such a structure woulc be
planar with different environmenté for the “inside" ane “outside™ hydrogens.
Restricted rotation is scarcely surpr151ng since it occurs in many other
amides. G1ven this exp]anat1on, the interpretation of the spectra of N-
- methyl thlourea, N,N' -d1methylth1ourea (Dmtu) and N,N' d1ethy]th1ourea
"(Detu) follows natura]ly. There are three possible conf1gurations for each
of these derivatives with the exception of N-methylthiodrea and N- °

&
naphtylthiourea (Nptu) which have only two possible configuratfons (Fig. (3-2)

!

and Fig. (3-3)).
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‘R \H Lo N,
, b Hy
cis-cis i — cis-trans ‘trans-trans
Fig.(3-2)

N-methylthiourea‘is less soluble ‘in acetoneéd6 At room temperature,
the H NMR spectrum of 1t shows a broad signal due to NH protons and a sharp

s1gna1 due to CH3 protons. On cooling the solution '

to -29°C, both NH and CH, lines split into two separate-doublets att;ibuted
to “inside" and "outside" NH or CHy protons arising from restricted rotation

about the C- N-bond This is the compound studied by Tompa, Barefoot, and

-

118
Pryce. Their work was carried out in a variety of solvents uhich did
not include acetone. He have chosen to work in acetone to maintain con51s-

tency with the metal complex’ studies. However, the spectra in acetone
us
: genera]ly agree well w1th those reported in other solvents. Tompa et al

based the: CH3 assignments on\the following ‘two factors. First, mo]ecular

W

models 1ndicate that the trans isomer 15 expected to be less favoured than

SEH o

the cis“torm because of steric 1nteraction between the trans-methyl and the
_ trans-hydrogen. Therefore one’ would expect to find two unequal doublets 1n

the NMR spectrum. Second, the CH3 protons cis to the thiocarbony] group

-

N
are expected to appear more upfie]d than the CH, protons.onqthe.opposite
1,4' R - . , \_"

: 3 - . \
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Fig. {3-3) H NMR specfra of thiourea ligands; A, thiourea; B, N-methyl-
| thiourea; C, N,N'-dimethylthiourea; D,1-Naphtyl -2-thiourea.

/-



,;ide.bécause of anisotrOpic diamagnetic shielding Sy_thiooarbonyl gr‘oup.”g
With this reasoning, they asejgned the high field Iioe of CH3.doub]et
to “outside® CH4 ahd the low fiefd*ljne to "inside" CH;. They found that
the high field line is more iﬁtense%than the low field line. However. in
+ thepresent study we found“thaththe high }Te1d Tine of the methyl doublet
is relatively Iess intense than the low field line. 6n steric
groundsthe isomer w;th “out51de“ CH3 group Ic1s 1somer) is more stable
than the isomer with "inside" CH3 group (trans isomer). Therefore, we
as51gn the "outs1de“ CH3 group to low field 11ne (more intense) and the
"inside" CH3 group to high field 11ne (less intense). A reverse a551gn—
ment is made of the NH lines and the difference in the a551gnment made
in the present and previous study probably arises from a solvent
effect. |

4 Tompa et al. also assigned the two resonances in the NH reoion to-
the NH2 group and the NH group respectiveiy. This does not appear to
| be correct s1nCe the NH protons clearly participate’ in the same exchange .
process as the CH3 protons. Rotation about the C-N bond does not exchange
the NHZ‘and the NH protons; It seems more reasonable to a551gh the peaks
to “1n516e" and “outs1de“ protons as was done for the unsubstituted thiourea.

The fact that the barries to rotation we obtainfrom studies of the NH

'protons rees well with that obtained by Tompa et-al from the CH3“resonances

substantiates this assignment. - N
C.N. Rao et aljzo have reported normal coordinate analyses of '
N,N* d1methylth1ourea and tetramethylth1ourea (Tmtu) Two distinct bands

in the C==S$S stretching region are found due to strong vibrational mixing.
;b- .

/

I
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)The C-N bond of the thiourea and its derivetﬁves possess appreciable
double bond character, and the molecules take the nearly planar form.
The most striking feature which can be extracted from their study is
that such rotamers in solution can be distinguished by their‘NH stretches.
The higher N-H'stretching frequency was assigned tothe cis.feomer and
Jower frequency to the trans isomer N,N'-dimethylthiourea and N,N'-
d1ethy1th10urea show one sharp N- H stretching mode due to the cis isomer
in sol1d. In various solvents, houever, both two peaks due to cis and
trans isomers are observed and the relative intensitids of the two peaks
vary Hlth the nature of the solvent indicating the presence of an equll-

ibrium between these twg. The energy differences between these two forms

| —

are reported to be of the order 500 + 200 caly. unlel

Turning to N N'-dimethy]thiourea, the !

H NMR spectrum shows a
singie‘NH line (398 + IOHz) and a single methyl peak (168 t,SHz) to low
field of TMS. This 1s consistent with either a trans- trans structure or .
a cis-cis structure or a rapid exchange 1nvolving two or more structures.
On cooling to -26°C, each resonance splits into a doublet of unequal L
intensity arising from the contrfbution of cis-cis or cis-trans isomer.
The trans-trans isomer is most un]ikely due to ster1c‘reasons. On further
cooling to -50°C, a limiting spectrum consisting of two NH lines (intens1ty

© ratio 1:2) is obtained. It 1s noticeable that the high field 11ne is
relatively more intense than the luw field line. The reverse is true for
the methyl resonances.. We he]ieve that cis-cie structure is relatively .
more stable than the cis-trans structure. It is therefore more reason-
able to aSSIgn the high field line to “1n51de" NH and low field line to

" “outside” NH. "A similar assignment is made for methyl resonances a]though

Tompa et a].wou]d have made the reverse ass1gnment on the bas1s of their
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arguments. The corresponding'N.N'-diethylthiourea shows similar

1H NMR spectrum shows a |

" pehaviour. At low tempévatures, the
doublet of NH resonancee_in the ratio of intensity (1:3). The less : -
intenSepIine (low field). is assigned to “outside” NH and the more

- intenselline (high field) to "inside" NH. 1-(1 naphthyD-Z;thiourea

- js, however, exceptiona] The 1H NMR spectrﬁm.of this compound at

| room tenp rature exhibits two NH resonances and. the naphthy]qroup
attributed to restrﬁcted rotation of C-N bond. - It is possible that
a single 1sOmer with "outside"naphthyl group i; present in so]ution
duc. to-the higher barrier of rotation.l ATl the chemical shift data’

for thiourea and alkylthloureas are- summarized in Table (3-1).

- - .Y . s

u

(3-2) H NMR LINE BROADENING STUDIES

o

-

The NMR® technique has proved to be a powerful toobl for the study
of internal rotgtion, The relevant theory was considered in Chapter IL. |
* The expected behavieur of the spectrum is shonn in Fig.(3-4). Thiourea
gives a coafeécence temperature of approximately -40?6.' Above -42°c, it
is found that the line nidth of the signal decreases as’the solution is
warmed, The temperatnre range of -18°‘to -38°C is the‘optimum range for
kinetic measurements.‘ Since this is the fast exchange region. equation SRS
(2- 25) shown in Chapter II -js applicable. T, aLd Tog are obtained from
theblimiting Spectrum at -50°C where ‘the exchahge process is completely
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Table (3-1)
Chemical Shifts of Thioureaand its Related Ligands in Acetone at Various . -
. Temperatures (56.4 MHZ) ’ ‘ '
a'l-‘t.efer_'em:e = TMS
.—27°C-' A [ow Temps " -CH3 'CHZ- Naphthyl :
Ligands : : _ . .
_ . N- H*\\\#_ N- H : . _ - ,
FL . : Hz- = | - Hz Hz \
421 £ 5 R - :
w M —380 410+ 5 - B R - .
| . (-70° C) ' ‘ L e 1.
a a4y s| aesree)y| - | -
L Mtu ¢ -389 + 5 -189(-30°C)] - -
| (-30°0) | 167('3o°c) .- e
- Tdso x5 | -es@e) | - -
Dmtu ~398 » 4173 5| -167(-30°C) - -
| (-30°C)- [ -w61(-30%C)}- -} -
o -436 + 5| I
petu * | =390 &1 412 + 5| - 66(27°C) | -196(27°C) -
| ’ ) (60°C) - 66(-60°C) -198¢-60C)} =~ - ° -
. / ssaed - | - | -e3s(27°0)
| Nptu . 7] o521 s -409 1 q - - "‘ -435(-80%C]
1 .-386_t ooy | -
Tty - | wer(reo | - -
I »- a7ieoc). - -} -
r A —— A'\‘,;:\ I -

Tu t.hiounea Mtu = N-rmethylthiourea, Dmtu = N,N'-dimethylthiourea, Detu =
/ N.N'-diethyh;hiourea_. Npi;u = ]-(]-Naphthyl)-Z-thiourea, Tmtu = tetramethylthiourea
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Fig.(3-4) ]H NMR spectra of Thiourea at various temperatures




. -

frozen out, i.c. from the measurements of linc widths of “inside” and

"outside” resonances (Fig.3-4). The cffective -tranverse relaxatlun times
l; at various temperatures (1.05 -18° to -38°C) are obtainedf{run the
o measurenenits of the line widths of the average signal at these tcmoora-

tures.  For thiourca, the site popu]atfons Pa and Py are equivalent as thc'

intensfties of both "1nsido“ and “outside" NH:resqganccs in;the.limitino
Cspectrum are equa].'_By-usiog the'additional)rolationsishuwn in ihe . .
cquation (2—11).'Lhe I!fetimes @f the pxchonging protons (a) and (b) can
be obtatned for'varioos'temperaturos. Plotting the variation of these
li{etimes Jérsus the reciprocal of the absolute temperature enabics

actl, wati(m parameters for the hindercd 1nterna! rotalion of C-N bond to be . -
found. In the case of substituted thioureas. however. the intonsity of

each NIt resonance is bt equal. In suc; cases, the sitL populatidnr of

H{a) and H(b) "are obtainoo by takipg the ratios of 1n;ensities of the 7

’ ¥}

signals. The qétf&ation energy is found to be 7.+ 2k calelnmﬂi}. Table "

(3-2} summarizes the results. ¢« - .

_The barrier associated with the partial double bond character of

¢-N bond givesrise to at least two physically distingurshablc“isaucrs in’

1

substltuted thiourcas. Below - 50°C, the "H NMR spectra of both N‘N'

dimethylthiourea and N N‘-d1ethy1th10urea show two sets of NH resonances

in the ratio of intensity of l:g_and 1:3 7espect1vely attributed to "out- N
: sido" and "inside" protons arising from rostricted rotation. Using equa-
tion (2-25) and following the procedure shown in the case of thiourea,

kinetic parameters for the exchange of "1qside" proton to "outside" proton
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K . x. | __ Lo
.ﬁma_mﬂw-mw Kinetic Parameters for Interna. mo\ﬂwio: of C-H Bond in Thiourea ) : )
ﬂ L] N ‘ -
- | Linewidtn | 4z= | P L - - .
t°c | . of Pa=p _ : IR T B 1 3
average ATB Tr+.nwy ‘A ‘B 2 L]  dn 2t T %., mm
Kt : . . sec - .
27 | - '~ 0.5 - - / - 5x10° | . 6.20 3.33 | |
-13 | 20.1 0.5 wm.mx.a-\ el o | a2 . 3.92 | , g
-24 23.5 0.5 | s50.6x1073N~gr.3x1073] 40 " 3.68 4.01 | 7:2 Keal mol™!
; - " - 1lw i J Iw [ 1
26 247 | 0.5 55.9x1 2 ..mxs,m _ 36 3.5 é/ \ N
-32 27.6 | 0.5 se.00107 | 30007} 29 3.30—/| 4.8 |
M m ﬂ L ! .
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can be calcu]ated Taking the example of N N'-dimethlythiourea. the follow-

ing possible equilibr1um can be written for three dlf?erent rotamers.

CH, | I
=g A ot P
PLE N)-s — e
I——N\ CHy — T CHy— N\'
CH3 R 7 - ”B |
X _ - o
1 N B b g nr N

It is obvious‘thag_proton a} differs froh proton (b) in its
magnetic environment. The relative enerey of each rotamer will depend on
the offect of hydrogen bonding by the eoivent and 1.3-trans-trens steric

| intoractien of CII3 and the proton. The sthEture JI1 is unlikely on steric:
qrount, and the most probab]e structure would be 1. .Therefore, the most
1mportant dynamic equilibrium that éxists 1n solution should involve both
structure ! and Il, where structure l WOU]d be in a-larger proportion
o A plot of in } Versus "Tz provides the activation energy of inter-

" conversion (Fig. 3-5) and the results are summarized in Table (3-3). . -

3

. ~ 7 (3-3) DISCUSSION 4

From the data in Teb’e (3-4), 1t is appérent that the barriers to .

et
.

internal rotatﬁoﬁ 1ncreasl'1n the order

. . Tu < Mtu > Dmtu < Detu << Nptu

R The numerical values agree quite well with the reported 9—12 K.Cal. of N-
methylthiourea 1n different so]ventg It should be noted that the rrier

for the "1n51de" to "outside“ exchange differs from that for the "outside"
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F"igure (3-5): Plot ¢ ‘nkvs T [Dmtu)
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. A,.mEmS-uv Kineti¢ Parameters for Hindered Interna* R
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~

ation of C-N Bond in N,N'-dimethylthiourea

Linewidth pgleptig) | Paliateg) Eaay] Ea(e)
ﬂon . O% 2_..— . .ﬂ.P + .—.W k l.— ) = dl‘ xmmn_ xnm._
resonance | PB PA 7 =1g =ty mdmm W omor ' mo1”}
GOMHZ © S A . |
7% - 0.33| 0.67] - - - /o
3] 3 0.33] 0.671 1.69x10-2] 5.57x1073| 1.13%107% | 180 | 53
27 | 34 0.33] 0.67] 2.11x10°2] 6.96x107> | 1.41x107° | 144 5 | 1041 8:1
- 20 | 37 0.33] 0.67] 2.5310°2| 8.34x10" 1 .69x10° | 120 [ 7
. 3| 3 33| 0.67] 2.81x10-2] 9.27x10° | 1.88x107¢ | 108 | 88 |-
‘ . "
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A

e

Table(3-4) Kinetic Parameters and Activation Parameters for Thiourea and Its Related Systems(+27°C)

-

»

»

Inside i Outside KH {Insi.e ik Qutside !iH cis :
: . _ to C[oales-
Compound Ka . kg Eaia) . Ey(3) Remark 1 ¢rans |cence

) . mm.nL sec”! K.Cals.ro1”! | k.Cals.o01™) _ | ratio |Temps.
Thiourea (Tu), | 5 x10% | 5x 10 7.2 | 7z2 sEx0 | 1 |-42:3
xl;ﬁ:%_ul - N N - . .
thiourea(¥tu) | =4 x 10 =7 x 10 9 -1 -8 =1 LE = 121 =2 29+ 3
Znum_iamﬂmgkui N 2 N . N ) c . .
thiourea(Dr:tu) | 4.10°-6.10 7.10°=11.10° 1 10-- 1 3 =1 LE=2:1 2 -26°+ 3
N,N'diethyt- s . , , ‘
thiourea{Detu) | 3.107-9.10 m.._o...mn..._o 12 - 2 9:2 LE=322 3 -40°+ 3
Fnapnthyl-2- _ . )
thiourea(liptu} stow ~ slow hizh high T e > +27°
Tetramethyl- \ Single
thiourea(Tmtu) - . - - - line up

# ) | to ~90 - ?

1 ! \

re ' 1 v .

.\




“1ﬁside" process in unsymmetric thiourcas, This reflects the differ-

ence in energy between the two distinguishable isomers The values of

mein” -r '

around 2 k cals, obtained for this difference seem quite reasonable.
This diffurenceQQE:g%yiously much larger for tth-naphthylth30urea-com-

pound. 1t should be noted that the possibility that the observed raic

process is a proton exchange involving adventitious water.rather than 4
_kustricth.rotat{on was considered and rejected. The acej.one-d6 Qsed

cuntai?s 0.2 - 0.5% of water (see Cﬁépiér 1v) buslthe water resonance . ‘:T“
is scparate from thoSe‘of the NH protons and doesjnot parallel the tcmp-
erature dependence of the latter. The rotational nature of the procéss
is further confirmed by the observation of exchange betyegn CH3 groups
on N-methyl and N, N —d1methTythioureas ' ‘ - J .

.r-"b-

It is interestingdto notice that the frequency factor (A) for

106 to 10" sec.”t Th1s figure is indeed comparable with those

(,previOUSIy reported for dialky1 acetamide in-the literature. 35,56 It ; \\'
is also noticeable that for alkylthioureas the - frequency factor for ‘

"inside" and “dutside“yprgton‘differs by mlogsec.'] which is attribh;ed

hlndered rotation in thiourea and its relattd compounds varies from

to the différéﬁﬁe'iﬁ=rate constants‘kA and kg.

.-
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* CHAPTER 1V

STRUCTURE AND LIGAND EXCHANGE OF Co(11} COMPLEXES
OF THIOURCA AND SUBSTITUTED THIOUREAS

(4-1) INTRODUCTIOH

—
-

NMR studies of kinetics of lgand exchange ﬁfoccsscs'ih transi-
“Lion metal complcxes have- becn an extensive field of investigation The
muiu1ity of these studles carlied out 50 far have involved charged species

4,71-75 A Vimited amount of work has been carried

in aqucous solutions.
aut on ligand gubstituéion in "tetrahedral® divqlgnt first-row transition
metal complexes in non-aqueous solvents. These sthdies8779] include .
‘(nmplexcq of the type ML X, where M can-be Fe(11), Co(11) and Ni(11)-and .
fthv exchanging 1igand L can be triarlyphosphine1 Z‘plcOline or hexame;hyl-_
phosphoramide and X-is a halogen. Studies of this sort are extremely fmport-
ant it. the understanding of mechanisms df‘honmgenepus catalysis, since such
mochan;sms involve a sequence of ligand exchange steps. {nformation on
~Tigand 1hbi11ty can be obtained by NMR for systems in which the lif6t1mbr'
-of a gliven spec1es is in the time range 10~ -4 to 102 sec. We have therefore
“undertaken a detailed examination of some thiourea complexet of Co(lI) and
Ni(II} in a non—aqueous solvent. The NM&_]ine broadening technique has

been employé& to study the kinetics and mechanisms of such Iigapd-gxchqﬂqw _

processes.
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The major part of the present chapter 1s concerned with two .
topics. The first portion involves a structural study of Co(II) complexes
of thiourea.and its-relateo systems in acetone-d.. The effect of'nmdrfica-
tion of the ligands is djscussed. NMR paraneters.and thermodynamic'data-
for ligand dissociation are presented. The second part considers the
Vmochanisms and kinetics of rapid 1igend exchange,processes.f Activation
parameters are presented. and used as a basis for a quantttatioe discussion.
These parameters wtf] be compared with those of the corresponding In(11)

systems which will be discussed in Chapter, (VII).

- e

. (?-2) TH}OUﬁEA'COMPLEXES

fhiourea (Tu) complexes of to(ll) N}(II) and In{11) were -apparently
first studied by Rosenheim end'Méyér 121 Their work was extended by Cottonh‘\\‘a
et a1]22 who reported Co(Tu) XZ(X =C1,Br), Co(Tu) (C1o )Z.Co(Tu)3 S0, and
Co(Tu) (NO )2 All thesg complexes were studied spectroscopically and
' magnetlcally Co(Tu)2C12 gives a non- conductlnaifplutlon in nitromethane.
The v1s1b1e and near infrared spectra 1nd1cate that both Co(Tu)éEl?\and
Co(Tu)28r2 are tetrahedral. Co(Tu)4(0104)2 solutions contain the tetra-
hedra] Co(Tu):+ ion which tends to be solvolyzed in acetone. The visible
and near- -infrared spectrum of Co(Tu) (C104)2 with excess of free thiourea
in acetone solution shows the presence of typical tetrahedral Co(Tu)4
The spectrum of solid Co(Tu)q(C104)2 is very similar in the visible except
for the increased widths of the absorption bands. ' |

.
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| The/ magnetic and spectroscopic data for Co(Tu)3(SO4)2 are
strdhg]y indicative of tetrahedrol coordination of the cobalt 1on.]23 .
‘ The infrared spectrum indicates coordination of a sulphate ion through
one oxygen atom. Co(Tu)4(N0 )2 shows anomalous behaviour .in its electron1c
and magnetic da}h Electronic spectral data are quite consistent with
the postulate of a tetrahedral Co(Tu)4 ion. Although the compound_Js |
so]uble in a number of organic solvents, theré were colour changes indica-
tive of reaction or solvolysis and the soﬁut1on structure may therefore’
differ from the solid state structure. jihe obSErved magnetic moment 4.75
B.M. does not correspond with that for Co(Tu)Z+ (4.5-3.M.); it is, however,

quite consistent with the occurrence of an bctahedral coordination group

made un of four thiourea sulphur atoms and fwo -nitrate oxygen atoms.
\ .

T S A

v}
(Co(Tu) EONOZ)Z) Infrared spectral data a inconc]usive and do not pro-
vide ony 1nformat10n regarding bond1ng of/nitrate group. The correspondlng
O Ni(Tu) (N03)2 showed 1nfrared absorptions for 1on1c nitrate 1ons however.

-1

Studles on the 1nfrared spectra from 400 to 135 cm~ ' of a number

of meta] complexes of thiourea have been made. 123 There are no skeletal

vibrations within the ligand mo]ecu1e1 24 below 400 cm ]. A considerable

amount of structural information js available for these compounds and

’metal sulphur- stretch3ng v1brat1ons can be studied. - Flint and
Goodgamem_3 reported Co(Tu)212~along with other analogues. They suggested

Co(Tu)2 2(X =C1,Br) retain in the solid state the tetrahedral structure

they have in sojution. The reflectance spectrum of Co(Tu)2 5 is so much

1ike those of its ana]ogues as to suggest a tetrahedral structure for th1s

complex. Magnetic~data1for.this compound corrected. for temperature—

s

H
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dependent paramagnetism are in good agrecment with this conclus{on.
Funthcr studics onﬂcb(ll) compounds';ith thiourea have been
reported by Pakinam Aska]ani-;nd Bailcy‘zs who studied a number of
substituted thiourea ;oﬁplexes of Co(ll). These c;mplexe; were Co(L)2X2
(X—Cl.l!r).(:o(l.)a((‘,loa)2 and Co(L)j(N03)z where L=Mtu,Dmtu(litu=N-methyl-

thiourca,Dntu=N,N'dimethyl thiourea) respectively, They were characterized

_using infrared, visible spectroscopy, and magnetic susceptibility. It -

Was again coﬁcluded that thiourea and its N-substituted forms tend to
uurrounq Co(lj) ions in a tetrahedrai;geometry; Infrared evidence for
sulphur hnnding of thiourea and its rélaied ligands was presented. Cd(Mtu)zx2
and Cn(mﬁtu)zxz(FECl.Bri complexes are paramagnetic with three unpaired
cloct}ong. The chlorides are non-conducting in ni;romethdnc and the anions
afc believed to be cooédinated. The comﬁBunds C0L3(N03)2 vere suggestéd.

to have one fonic nitrate group on the basis of infrared data. A1l per-

A .

chlorate compounds are 1:2 electrolytes like the Unsbstituted compounds
. 3

J L

in acetone. Obtica! gpectra in acetone in the visible region indicate a,

typical tetrahedral species of COL2+-1on.

A4

(4}3) FXPERIMENTAL SECTION

: f ' 22
The following ;ompounds were synthesized by literature mcthods? '
124,120 : " .
D '
Co(Tu)2C12 ‘Co(Mtu)ZClz
T : Co(Tu),Br, Co{Mtu),Br,
Co(Tu)ZI2 Co(Mtu)?l2
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v - .Co(Tu),(NO,),
Q » Co(Dmtu)zcl2 ."Cq(Tu)q(Cl%)2
Co(Dﬁtu)zﬁrz Co(Mtu),(C10,), .
Co(bmtu),l, - Co(Dmtu),(C10,),

-

‘ Co(L) (where L=Tu,Mtu,Dmtu and X=C1,Br) were prepared by reacting

Jsto1chxometr1c quant1t1es of meta¥ salt and the ligand in hot organic so]-

vents such as isopropanol for Co(Tuk}z. cHel -etﬂano] for Cojﬂtu)zx2 and
methanol for Co(Dmtu)ZK2 respectively. For all perchlorate complexes,
isopropanol wé; Qsed when L=Tu,and Mtu, and CHCI3-ethan61 when L=Dmtu.

Al hot solutions were heated for 30-60 mins., and cooling in ice withqvig-
orous stirring to help ‘initiate éryétal]izationwy They were thsﬁ filtered

to romave the-ynveacted matariale A1 anlid hrnducts vove. recrystillized

" usually from the solvents ysed in the preparation. They were thoroughly

washed with anhydrous ether for-several times and dried in vacuum until

pure.

- - &

A1l starting materials wefe purchaséd from Fischer Scientific Com-

pany. A]fa Inobganics,‘and Pfaltz and Bauer Inc. Pro&hcts were characterized

. i bf their melting points and visible spectra, all of which agree well w1th

data in the literature. - They are shown inthe Tables (4-1) and (4-2) respect-

.ively. Co(Dmtu)ZCl2 i; very sparingly soluble in acetone and ‘NMR data is

not reported for this reason.
Co(Htu)2 2 and Co(Dmtu)2 o do not .appear to have been reported

previous]y. - They were prepared by the s1m11ar‘procedure.

"-

b Y
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Co(Mtu),1,

) stofchiometric quantities of CoI2 ZH 0 and Mtu were dissolved in a mix-
ture of chlorofonn and aethanol1:3 by volume and the. solution heated for
30-40 min. The hot solution was filtered and allowed to evaporate‘;t ' :, ;f T

~ room tvmperatuae for several days. The dark green oily 1iquid obtained

L WaS waqhed several times with etper and the(remaining ether pumped of f.
Ihe-rehulting dapk green liquid was dried in vacuo over P40]0 to give a.
cryst ulline solid. *The melting point of - the product vas 80-82° The
visible spectaum shows the triplet of bands character1st1c o' unumhedral
Co EOuplexes_(IQBOO.'l3900. and 13050 cm ]).

L T Co(Dﬁtosziz E f. i e | -

4
The: procedure was simi] r to the above~except that ethyl'alcohpl

.:wa% used as a sulvent. Melting point of product was 113- 115°C ahsorption

bands ohserved at 15500, 14500 and 13800 -], ANl compounds were dried: -

over'aiaol0 under vacuo before using NMR spectra were obtained with a

a
., =

~ Varian DP 60 spectrometer operating at 56 4 or 60 MHz and»equipped with,
+ A varlable temperature p*obe Acetone- h6 was dried over 2 molecu1a|

" sieve and redistilled. Tetramethyl silane was used as an 1nterna1 refer-
S~ 'y o .

ence throughout.

S
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Table (4-1)
T . ’ .
Melting Points of Some Co-Tu Mtu ,Dmtu-Complexes
t IS . ' ' ) .
Compound Observed* | Literature ‘ : *
melting melting
. point(°C) | point(°C) - 2
Co{Tu),Cl, 146-147 148
Co(Tu).Br, - w2 - | 3
2'_2 o . - ,
- Co(Tu)ZI2 . 1 - 170-172 "172-174
Co(Tu)a'(N03)2 127 e .
i | co(mtu),01, | 123124 125
cQ(Mtu)ZBﬁZ\ . -89 | 89
| Colttu),l, - - 80-82 - .
Co(omtu),C1, | 220, 222 ot
ColDmtu) Br, [  178-179 179 e
- ’ . . S o T - 7 ., ) .
Co(mngy)zlz . 113-115 IR R

-
]

*oﬁtained using Reiclart Hot Stage M.P. apparatus,l

& L
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Compound' Observed band Literéture,band
positions an”! positions an”}

) = “ T3
Co(Tu),C1, 16207 16200
15037 ) 15000
o s e 1maa 13800

Co(Tu),Br, 15873 15600123

\ 14749 14600
‘ | 13966 Y 13900
Co(Tu), 1, 14925 7 150023

: 13947 13800 :

e e N30 _..d3ego o0
Co(Tu)4(NO,), 16129 16000'
‘ " 14705 - - 14500
... y_ 13698 . 13700
~ Co(Tulg(ci0g), | 15625 15600' 22
f , _ 14705 . ~14580
) 13888 13890
Ca(Mtu),Cl 16232 -
- 15151 1500 120
etk Na088 LN
Co(Mtm),Br : 13927 -

22 13157 149001 2°
Cslmn ). 12500 et
Co(Mfﬁ)zlé-- 14814 | - |

.. , 13888 C - .
o) 13054 I TR
- Co(Mtu) ,(C10,), " 16129 -
4 e 14598 15100125
- )| 13698 I
f i
Co{Dmtu).,Br, - v 15455 - ,
'z 14534 14600 |2
R 13793 -
Co(Dmtu),l, 15576 -

sl 14556 e

) A -y
Go{Dmtu),{C10,) 15267 ' - -

SN2 e 5 14400‘??4-

= 13812 Ce
“ '

" Table(4-2) Visible Absorption Spectra of Co(I1) Complexes

/
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(4-4) STRUCTURAL STUDIES IN SOLUTION
‘ .

J
//

Some twelxerpojlﬁ) complexes have been examjned. All these
comp]exes'are pafamagnetie Two structura] conclusions have been drawn
from the magnetic and spectroscopic studies reported 1n the literature.

It has been concluded, most]y from infrared data, that they are all bondcd

through the su]phur atom. They are also thought to have tetrahedra] or
distorted'tetpabedrad;geometry’about the metal atom. The only cases where
this has been challenged are Co(Tu)4(N0 )2 for which six coordination

Was suggested]22 and" sorie comp]exes of sto1ch1ometry Co(Tu%X for which.

. five coord1nat1on was postu]ated 126 HoweVer Iater workers]23 127 con-

. il

cluded Lhat Uivosu courounu, i alse tetzaht rai oy oaatotttd tetraliedral,

in so]ut1on Spectroscopic stud1es ‘have a1so shown: that An solvents such

....u--

as acetone, these compounds are partly dtssoc1ated although no quantitative

i} results have_been reported In compounds such as Co(Tu)zm2 where there ,

- is a cho1ce of>d1550c1at1ng 11gands, conduct1v1ty studies indicate that

it is the thlourea which dlSSDC1ates The oresent results are entirely
‘ compat1b1e w1th all these conclusions., -
Figure (4 1} and (4- 2) show some representat1ve NMR spectra of
) £o(11) th1ourea complexes "As.anticipated for paramagnet1c compounds,'
the shifts are much larger than those of the diamagnet1c zinc complexes
In alJ cases, there is a doubling of the resonanq attr1butab1e as before <4
‘to-restnicted tat1on about the C-N bond There|is no collapse of any

'Vof these doublets p to the boiling point of acetone. The large chemiéh]

tate quantitative measuremen Zf%{jdtidissoc1atwon

shifts greatly faci




73

N H,0
. 1000 HZ |,
| ] 1
B “NH T=+27°
. I‘I“. __—AT . .‘ . - . (ﬂ.) . ‘:’
| ¢ ' | |5 ' T
H.D TMS
. ”
L‘
Hg.osqw |
o TMS
¢ 1\ T -
Ve 1)
N
4

' ?igure -(4-1}

H NMR spectra of Co(Tu)2C12 at 56 | MHz

R
(a) ” H NMR spectrum at 27°

“

(b,c,d) = with excess ligand at various temps. {(b,d) = fast
:,excha ge, (c) = slow exchange) :

j‘ . - * . . ) ' L T
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and liqand exchange equilibria of these compounds. Addition.of free
ligand to these solutions at room temperature 1eads to a s1ngle set of
resonances at an average position demonstrating fast exchange This is
fNustrated in Fig (4-1(b)). Cooling a solution containing complex and
|1ee ligand loads to. thd appearance of both contact shifted and'freo
ligand lines (Fig.4-1(c)). The ligand exchange process has become ‘slow.
Hleating such a solution averages the two N-H lines (Fig.4- 1(a)). Ligand - IR
.. dissociation has been. followed by rotation about the C- N bond The fre-
quunLIOS of the resonances are concentration dependent demonstrating :
d|ssoc1at10n of the thiourea.  The quantitative behaviour of the N-
met.l.lylthiourea and N.N'-dimethyl thiourea comolexes is s1mt1ar. . Room
temperature spectra are shown in Fig. (4-2). |
| . Before procéeding ‘with any anntitative anaifsis of these spectra,
we must first deal with two posstble difficulties. Firstiy.it may be w
, notod Lhat all the spectra show a small resonance attributable to water
' nrosent.In the acetone-dﬁ. Since water is 1tse1f a potentia1 ligand, it
could play an 1mportant ro]e in the system. Additioh of water enhances
~ this resonance but does not affect the tine due to acetone d5 Therefore}.

t

thore is no fast proton exchange between water and acetone under the condi-

Llons of these experiments The amount of water in the original solvent R
_can thetefoie be est1mated from the 1ntegrated 1ntensit1es of the reson- . ﬁf/~
ances obtained by add1ng measured 1nérements ofﬂwater &blues of between

1 and 2% were obtained. Acetone- h6 can be obtained somewhat drier w1thout

too much dlff1cﬁ{ty and a samp]e was shown to_have 0 3% water by comparative

13

integration of the acetone C sate]]ites. In acetone_hs, resonances in .

b

: . A . .
! : ’ ’ ' : . ’ m
& . ». . i . .




T=4+27°

~S00HZ - . >

R
. ' -

SOV
T™S. 3}

. 1000 HZ .
L A

— LI

-~

Figure (4-2): TH MMR spectra of Co(Dmtu),Br, 4nd Co(Mtud,L1, at 27°C

] ' . . . . ’ )
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‘tdo diam;gnetic region are largeiy obscured by the solvent but {1t was
» shown that the isotropicnlly shifted peaks of cobalt thiourca complexes
occurred in the same positions in this solvent as in the acetone- ~de 5
The effect of addlng increasing amounts of water on. the thiourea and
water resonances of Co(Tu)ZCI2 -and Co(Tu)ﬂ(CIO“)2 has been investigated.
The thiourca.resonance is not affected initially but then moves powards
its diamagnotic position when a large amount of water is added. The . =
watér rcsonancc-injtially occurs at its diamagnetic position but is Phifted “
to low ficld if a large cxcéss_of water is added. Fast exchange'df both
water and thiourca betwvéd'coordinated and free-eﬁvironments is indicated.

On a mole fraction basis, a 40- fold excess of water is ‘needed to disptlace,

huli Lhe Liivured oi CO\fU)q\L104)2. AL -bu L. both exnhdngu equillbf:ﬁ /
are siow‘igf'the coordinated water appears as a broad line at about -7000 Hz
from TMS~This is consistent wi th literature values for the shiftof
\wat;r-co@plexes to Co2 in other solvents 128 ‘These results are not-con-

+

, sijﬁcnt with an cquilibrium of the type

&x co_(fﬁ)zclz +HO (:o(Tu)(l|I?.Q);C12 toTu L (41) )
with an equilibrium consﬁantsindébendent of solvent composition. “For such
a situation of excess of one of the ligands must always lead to a decrease
in the average shift for that ligand whereas the water shift is~increased
by addition of water. The situation is ralher that the comp]exing abilities
df‘fﬁiOUrea and water depend'strongly on the nature of ‘the solvgnt sys tem,

*

& .

C L 129
%hgjmilar conclusion has been reached by Shﬁifman et al.”" from electro~
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chemical studies. At low condentrations~of water, the water fs a very

pnor.ligand and does not compete :ch thiourea. At higher concentra-——-' -
“tion it competes‘moch more fayorably At the 1-2% level, thé'observcd-

<hift from the diamagnetic position is less than 5 Hz and since the full '

contact shift of water at room temperature is ~5000 Hz and there is fast .
exchane, a negligible amount -of water is complexed. We can.‘thereforc\

nnqlvct the vquilihrium (4-1) under these- conditions. A plausible o &

rationalization of these observations is that if the cobalt is i"ormally/7

nvutial. i.c. if the chloride ion is not dissociated from Co(Tu)2Clz.
Cwater, is a poor ligand ( Nith increasinq dielectric constant, therc is o
L Oe ionization and water becomes a better liqand Hater obviously
rnirnt"ﬂ <amerhet more fivor.hlw in the repchlarate rnmnlnx vhich if.‘,‘-:}
charged. In any cvent, wercan safely disregard small percentages of "
water provided its resonance occurs WIthln a few Hz of its diamagnetic
.pnsitinn. | ‘

The second'point which deserves'some preliminary-considcration .
CUHCLTH Jthe coordination number of the cobalt. The consfnsds .- =

a5 we have noted above, is that only four coordinated tetrahedral species

' are present in solutions of cobalt thiou{ea complexes Swaminathan and
iiVing ]30 however( have studied cobalt perchlorate thiourea in 95” ethanol
and concluded that Co(Tu)6 is an important species. If this werertré

case in acetone, it would invalidate the analysis of the data given in Tablo |
(4 3). The coordination number of the cobalt in solutions containing

cxcess thidurea can be obtained in the following manner. The limiting shift

for thiourea fully complexed to cobalt can be'obtained directly at low
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lghlv(4-3).CoorUination numbers of Co complexes

— -‘:(‘“-
[ ColTu)yCl, | | ' céiru)q(CIOn)Z_ ’
“latal c;‘u; Observed Calcd. | Total cond. Observed Caled.
. Tu{wg/ml) shift(tiz)® coord.No{. Tu(mg/ml) | shift(#z)*] coord,No.
3.0 S99 | 39 - 7.74 -1353 3.6
’ Y - ('\
4.6l L -1620 3.8 874 | »-1228 3.3
/ !
.61 -1291 3.8 9.94 | -nzs 3.5
bl 1 -11gb 3.9 1094 - 964 3.3
forew | -923 | 37 | 1. - 862 3.2
P | o128 | -797 ] 3.2
-/ .
) Wb .
‘ \ <

*Shiftls are muasu;nd relative to the free'lfgand Lo

. S




- tvmp;raturos. where the exchange 1s slow, andlindtrectly at higher temp-
eratures.  Glven this Hmiting shift, the fraction of {hiburea'comp]exed
}n any fast exchanging so]ugion-is readily ;htatncd from the observed
| lvﬁhtdct shift. Knowing the Lotnt thiourca concentraFion. the number of
“melen complvxvd can be cnmpared with the numbcr oftmoloq of cohalt present
and a coordination number obtained. A fcrie' uf rcsults for Co(Tu) C12
~and Cn(ru)a(Clﬂd)é edch in the presence of excess thiourca is given 1n.
Tahle (aﬁj). In all cases, the total coordination number rcmaingﬁsomnwhat
hetow four. There is, howcver. a possible }1aw in this argument. If the
limiting shift of a five or six coordinatvd spLCIQS was substantially lc
than Lhdt of tJﬁrfour ggordinatcd species, low apparent coordination numherq
wndlduhu obtained. 1T thls were so, thndgh, at’ low tomperatures.-we' ' .
would obtain o different (sma]ier) Himiting shift in the p?esence of excess
thiourea. Fxpcr{ment show" that this does not occur and that at 80°C excess
lzqand mclvly increases Lhe free ligand resonance without shifting the com-
plexed resonance.  We therefore agree with the conciusions of.Cotton and

>

_ cnﬁworkurs.] ae Ha]l and Hnrrocks,‘zyiand Maneces et aL.I3] that five or N

hiqhbr coo1d1natinn numbcrs arec not 1mpovtant for these compounds in solu-
“tion. This' does not prcclude the prescence of small concentrations of quch_
pecies Nhlch might act as 1ntormcd1atcs in, thc exchangc process We will. .
alvo express some reservations later chout the situation at very low tmm)—

eratures for one compound. However, it seems reasonable to attempt initial

analysis of the data on the basis of four coordination,

On this assumption, the principle equitibrium présent is . - : j
Co ui X, +§- —> Co(Tu)$X, + Tu ... (4-2)
'2*2 — >"2 e .

e - . . . - ' ) -
7 L . .

>

- R}
- . . A . . 'Y :
T - . v . .
P . . - -
) - I ' - : . ' N - - Y
- . . . T . i ’
. ’ . - . n- N )
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-

where S represents a solvent molecule. 'In some cases {1t may also be

necessary to consider the further dissociation

)
C

cO(Tg)§x2,+ S == CoS,X, + Tu ... ga-a)

In the fast exchanqe situafion, if the degree of dissociation is
small, the shift of thv undissociated compound may be obtained by DLDLLInq '
the observed shifts against the reciprocal of the square root of the con-
cﬁhtrdtinn. Rewriting the equation (4-2) in a simple form,

———

c(l -a) . aC ac .

" ) . ) ' . 9 -
, where ¢ and « are the concentration and-degree of dissociation of the com- |

“plex, so that the following éXpressions will hold .~ - .ot

P

2c(1 -a) + ac _(;\ - 3 - .’ - i}

number of moles of complexed Tu

f /

number of moles of free Tu = ag °

total number of moles of Tu = 2¢(1 -a) + ac + ac .

. : ‘é Ty . number of moles of comp]exed Tu
- fraction]cqmp exe to taT"humBer of moles of Tu ™ -
"N . . 2c(l i) + aC’ Co
- (i,,«* - 7 Ze ~a} *+-ac + ac -~
. . , ) i l’ N :
= (] - 0/2) .. . ‘ -




I
8l
The observed contact shift Avo of the complex can be related to_the '
fraction compléxed : - ( : i
v, = fractionkcomplexed X Av
e where avy is the limiting shift of the cémplex. Yherefore, -
avy = (1.-4q/2) av e e (4-a) =
The dissociation constant K of the above, equilibrium can be shown as
K o’ (4-t;)
=)
' e 172 -
Since « is. very small, (1 -a) =1 and a = (K/c) .so that . »
1[2} ‘ L

v, = AVL{] - (l/Z)(k/c)

Generally.;for_a‘complex of type Co(L)qu, the obsérveq shift av, can
il N . é - i ': X . -

be written as . .
™~

avg = v (1 - )kl /8 DD (ase)
such that if (]/cV2 » 0, vy - Ay . - | )
A typical plot is-sﬁown in Figure (4-3). “In the slow eichéqe sitpation at 10@{
tcmperatyres.,the'limit%ﬁg shif; is obtained directly; If thisianalysis is
correct, the limiting shifts should plot against 1/T throughout the ﬁempgrqture

range. " Figure (4-4)_$hows.the$e p]ot§ for Co(quzx2 where, X=C1,Br,1.

/ - ;
. l|
.G

; :
. .
. . . . " )
- . Lo - "
. N .
¥ :;i ' I‘ r -
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It may he noted that there 15 some 1nd1catlon of non- 1inear1ty at the
]owest temperatures for the bromlde and_ 1od1de The perchlorate and
nitrate complexes show similar behav1ourﬁv~wlth one exception, the Mtu
and Dmtu complexes closely paral]e] the’ Tuscomplexes ~The exception is
“‘_ Co(Mtu)2 5 which appears to be anomalous in both. the concentrat1on and *~
temperature dependence of the sh1fts It is believed that thi¢ dis-

N

crepancy arises from poor experlmental data resulting from overlap of )

dlﬁterent resonances at certain concentrat1ons and temperatures It

s possible that the sllghtly anomalous shifts at Tow temperature 1nd1cate '
the. fdrmat1on of new and d1fferent complexes. ' More probably, they simply
Jrepresent a "norma]" deviation from Curie law behaviour'- However, the '*\ :
general consistency of the h1gh ahd low temperature data leads us to
'bel1eve that the values obtained for the l1m1t1ng shifts are reliable. | o

. i
61ven th1s reassurance. we may’ then use the ]1m1t1ng shifts to

calcu]ate the degrees of dlssoc1at10n and equ1l1br1um constants for reaction

¢

(4-2) for a]l cases whére we have fast eXCha;oe The temperature depend—
' ence of the equ111br1um constant g1Ves va]ues of AH and AS for reaction (4-2),
Some experimental- data for the cobalt complexes is given 1n Table (4-4).
-L1m1t1ng shifts, equ1]1br1um_constants at room temperature. and,va]ues of
a4 and AS for all the compounds examined are given\tn'TabIe (4-5). The
data at low concentrations was then re-examined to investigate the effect

of the second d1ssociat10n (Eq. 4-3). In all cases, very small valués (10

- - 10~ -%—were obta1ned for the second dlssoc1atton cdonstants. Differences

S
r

H!

. between the values for dlfferent compounds a;g'probably not signif1cant

v : .-
x ~ - . },

. <, r‘" . /

.
-
.
. . LA . ) AT ,
. o Ayl ) ) )
. o . . 1‘_. L},ﬂ . . - . .
' ' S L. R YN,
’ . : . : ?ﬂ ' : . .
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- (4-5) DISCUSSION OF STRUCTURAL DATA.

(4-5a) ‘THE NUCLEAR'MAGNETIC RESONANCE SPECfRA
| The chemical shift data for these comp]exes is collected in Tﬁb]e
_ (4-4). A1l the NMR data can be readily’ 1nterpreted on the asswnptlon
that thiourea is bonded to the metal through sulphur and rotatign about the .
‘c-N bond is completely restricted. The high fielq resonance is signifi;
-;cantly broader than the 1ow field resonance. éince the predominant relexa-
t1on mechan1sm is likely to be d1po]ar 1nteract1on with, the unpa1red elec-
trons on the cobalt, .the hydrogen closer to the metal wil] be broader. A

mode]_gmves_dlstances of 5.88 and 4.62 A® for the "inside" and “outside”

-

.~ .hydrogens, respectively. The high field line is therefore assigned to
e 2 . ' ' - - . '

the "outside" position. Fdr~a]1 Dintu complexes, two hydrogens and two

“methyls are obsenved. Both methyls are‘shifted to low field but the Tess

shifted line is hroader This is therefore'aSSigned to the outer position.
'Co(Mtu) C1, and Co(Mtu)q(mB}l)2 both show two methyl resonances and three [
hydrogens, two to low field and one toj high field, under approprlate COndl-

I
tions. Presumably we are d1st1ngd¥shﬁng between hydrogens H and Hb in

N

structure (3—2) The re]at1ve 1ntéh51t1es of the various lines suggest
that isomers with "outs1de“ me thyl’ groups arehpreferred as m1ght be ant1c1-
lpated on .steric grounds. The enhanced barrIFr to rotation on comp]ex1ng
the th1ourea suggests that ionic structures sueh as (3 2) make a greater
contribution when the th1oureas1nteracts with a p051t1ve1y charged metal
ion. Th?s seems not unreasonable. The or1g1n of the 1sotrop1c shxfts is

not unambiguous. The choice Ties between a dlpolar mechanlsm which requires

I
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the complex tp.be magpetically anisotroptc;\:.contac;‘mechanisp which,
requires delocalization of spin density td the ligand or a combination

of the two. -Since the ground state of tetrahedtal Co(II) s orbitally

‘non degenérate the magne%fz/enisotropy might be expected to be sma]]

and the ‘dipolar sh1fts correspondlnglyanot 1mportagt This argument IS.
however, far from water-tight since there are low-1ying excited states.

we are more 1npressed by the observation that octahedral Ni(Tu) (C]O )2
shows a 1arge sp11tt1ng between "1n51de“ and "outﬁ?de" NH protons In

this case, significant dipolar sh1fts are very unlike]y and the d1fTerence

- must arise from differing contact’ 1nteraction. Thus a]though it riffggﬁt1ng
to pjstulaté that the dlfference in shift of the "1ns1de" .and “outside"
hydrogens arises from d1fferences in the (3 c0520 1)/r term in the express-
jon for d1po]ar Shlfts this- exp]anat1on w11] not hold for nickel comp]exes
and\therefore seems less 1ikely for cobalt complexes He prefer the poss-
1b111tyathat the d1fference)ref1ects the difference in electronic environ-

" . ments resulting from differing hydrogen bonding interactions of the two ~
hydrdgens. Effects of this type do.not appear to have been reported pre-
viods]y.- Itzis'interest1ng'to notemthat'Piovesana and Furlani'32 have

i irecent]y suggested that the infrared Spectra of these comp]exes provide |
' ev1dence for intra-molecular hydrogen bonding between an “outside" hydrogen
and a. halide ligand. - ThereLpre possibilities of.delocalizing spin into

both the ¢ and orbitals of the Tigand. Since both- high and low f1eld shifts
are observed, both types of deloca11zat1on may be contr1but1ng. It is qu1te
plaus1b]e that the relat1ve contr1but10ns should depend critically on the
energy of the NH bonding orbital relative to that of the molecular orbital

[
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contqinind tho uhpairéd electron and hence on the hydrogen bonding. Iif
s also/interesting_tHat the contdct sh1ft§'change smoothly in the series
~C1,br, and T with the low fie]d shifts‘deqreasing and the high field shiftﬁ
increusing- Attempts have beon mode to explain similar trends observed

in Co(ll) pyridine and hexamethy]phosphoramide complexes in tq£$s of changes o
133a '

i the meta] ligand bonding.

however been cha1lenged‘33band an altgrqative gxp]anation_based on steric

The significance of this corre atlon has

factors put forward Either t}pe'of exp]anation could be app)ied to the
puoqent case and we do not feel that we can add much towards the resolution

- Sof this particular controversy.

Fa
(‘ . N

(4-5b) LIGAND DISSOCIATION

- . 5
Tho‘eduilibrium constants of Table't4-5) showlthat the degree or
dlssoc1at1on of a]] three series of complexes depends on the anion present .
_- and 'increases in the order C1 < Br < I < 6104 Thq_d1ffer3rces between
. corresponding compounds of Tu, Mtu, and Dmtu ard relatively small but
1nd1cate that tne Dmtu perch]orpte is least d1ssoc1ated fo]]owed by Mtu and.
: Tu in that ordEr. The data of ‘Table (4~5) also show that the entropy term
,'igiat least as important as the-enthalpy term in determining the amount of
' dissociat}on. The indioatod errors are obtainodiby least squares analysis
of the data The results with aqueous acetone have indicated that thiourea’ -

becomes a poor ligand if the positive charge on the gaba]t atom becomes

o L]
large" Presumab]y back donation to the a* orbitaf//akes a significant con-

A -

,. tribution to the bond strengph. The signifitant]y lower values of &H for >




Table {4-4) Observed isatropic shifts for Co(11)' complexes®

£ D s
. - . 1sorcopic shith - L
Compound Inside " Qutside Inside Outsidey
‘ U IR N~ CHy | N ey
T
Co(Tu),C1, Clae0 | v 200 S
ColTu)br, -2215/ + 820 ﬂ}\ RN e :
C?(T“’z'z *-198p T oe1500 S -
%o(Tu)4(N03)2 ] -en | v208 -
Glllg(€10), |- -ire6 | a3 e
S0, -2 -1026 565 |
“Todtitu) Br, 868~ | emas | -um 136 X
(2} LR ¢ .
Cotha) i, _-1ss2 w18 22y | -7
. N IS v/ S RN ,
Co(Mtu) 4 (C10,4)5 - +1459 . -1.750‘ -851
. -N15 :
Co(Daitu) Br, asn | - aus | ,-78
Cofbmtul, 1, s +2540 1276 134 @
Cobutu) 4{C10,4), | -1078 #1723 21697 " ago2 .
\/ —‘._:)/ ] “ '

asnifts in Hz at 66.4 M Hz from THS. A1l solufiops 0.02°1 in acetdre-d
* - leipecatuie JVoL, 7 o\

3

Table (4-5) Cimiting shifts and thermodynamic dpta for Cobalt compiexes

. ' -4 J -
Coopound | Av"( ' xm ‘HikTal/n .. . * "_
Co{Tu},Cl, . 1l -a87 . V.46 +3.5 2 (;.4 -5.8 ¢ ;.5 )

- Co(Tu),Bry -1982 + 2.82 +4.0 ¢ 0.4 | 25 15
Co(Tu), 1, 1684 - 386 4.1 0.8 4928
Co(Tu) (N03)2 1 -1362 ) |- 14.4 . 4.6 1 0.2 wz._g_:-'o.g .

Co(Tu) (10, g | 1 © 53,5 "42.9 + 0.4 40006
Colitu),C1, | -1925 ERk: 43,21 0.5 EX TR AT
Co(Meu) br, -1646 129 | 39:02 | 45 0.9
Co(rgtu)zlz | -1047¢ 4.09 L 11
ColMtu)icro,), | -te3st ™ |- 3.7 429+ 0.2 .72 06
Co(Dmtu) Br, | - 9971  2.06 +2.3+ 0.1 8.9 : 0.5

. Colbmtu), 1, -1220% - 3.66 +3.3 + 0.9 -5.11 3.6 .

- Co(mtu)q(cw"); 1585 ' z§.~4 22.7:04 | -2.2:16

..v is Jimiting shift in Hz at 56.4 H HZ measured” from free hgand

KD obtained fron equations a = n(l -av/av)s Ky 2C/{1-4): whers o = fraction of
complex dissociated, n = number of thiounea molecules in complex, av, " ob;erved shif}. -
av = limiting shift

Himiting shift of {5y resonance. Other limiting shifts refer to RH

sLine overlap leads to questionable temperature data
. » .

L2
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the ionic perchlorates is consistent with this picture He tentatively

ascribe Jlfferencas in AS to variations® in the hydrogen bonding inter-
"

actions which determine the stricture of the second coordination sphere.

- (4-5¢c) MECHANISM OF -LIGAND EXCHANGE-PROCESS R _7
_ T ] i -
Some deductions regarding methanism from the variation.of the fine

widths with concentration have been discussed in Section (2;8). Chapter 1.

- L
-

If the mechanism of ligand exchange is associative, i.e.

. . . * ' * > ‘ ; : * | . '
. co(Tu)nxz + Tu —— _ Co(Tu)n-'.‘-g’xz “__.__.___'T‘—-"L CD(TU)nxz + -Tu. .

-

it can be readily shown that \\\

ft

. | -1
* where Te and T are the 11fet1mes of complexed and free ligand and e end
r[‘ are a measure of the respect1ve Tine widths under conditions such that
separate llnes are observed for the two environments prever. if we have -

a d1ssoc1at1ve mechan1sm, it follows that

\ ' !

L

k[Co(Tu)nxz]tTu]']

L

NI -
Q_‘\ . \*' ';" + -

"




“We cannot d?stinguish between a dissociative mechanism tholvtng a'iower !
coordination’nCmber for cobalt and one in Which the -coordination numher |
is maiptained by substituting solvent molecu]es The latter ts much more
11(e1y and the observation of the second type of kinetics most probably

1nd1cates that the rate determining-step for thiourea ligand exchange is

Cp(Tu)nxz + sJ_ — [CP(TU)H_I(S)Xé]' + Tu

o
4

This is then followed'bx fast'reaction of the solvent containing compﬁex

'V.With free thiourea It is apparent that the key experiment is to determine

the behaviour of the line widths as a function of free ligand concentration

Ht.low temperature. The results.of Fig (4 Sa) show very c]ear]y that both types .

of mechanism must be considered. Thus, the lines A and A' for Co(Tu)2C12 show

,that"the'1ine width of the complexed thiourea resonance is independent of free .

th1ourea concentration whereas that of- the free thiourea decreases w1th added
ligand. On the other hand, 8, C, and C' 1early demonstrated that the Tine- Y
widths of compiexed Mtu and Dmtu increase with added ligand. -Eo¢ Tu chp1exes.

a d1ssociat1ve mechan1sm predominates. for Mtu and Dmtu complexes, an associat1ve
\

mechanlsm is more important. Most probab!y both processes occur for all compltexes.

and only the1r re]ative contributions are changing.

Finally we draw ‘attention to the spectra of Co(&ntu)4(C104)2 shown
in Fig (4- 5b) These spectra were obtained at-—éﬁxt‘and the’ sharp resonances:
. at the free ‘ligand pos1tions show that free ligand is not 1nvolved in fast

- exchange wi th the complex. However, addition of free 1igand c]early shifts -

"

the po;?tidns of the compiexed.ligand lines.. A fast equ111br1um between ..

-

complexed 11gand and ligand in a fifth coordinérion position or gnkouter

Y
[N

1S
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Figure (4-5): Dependence of line widths in free ]iggﬁﬁ_poncentrat%on
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and low temperature NMR spectra of Co(Dmtu)q(C104)2 in the presence of

excess Jigand (@, b, ¢ .represent increasing amount 6f_ligand).
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' sphere site 1s indicated} We cannot distinguish between these possibiiities:
s in the present cases This 1s the only complex in the present: series which
shows th1s type of behavior with thiourea as the competing ]igand but .we
Shall report in the{Appendix more suostantial Evidence for the existence .
of such type of complex in exchange reactions between diacetamide complexes

and free ligand.‘

(4-6) KINETICS OF LIGAND EXCHANGE IN COBALT ‘(I1)

COMPLEXES OF THIOUREA
o :S {“‘.!-' . " B
s’&‘ C' . ... | ! -
Ligand exchange‘is a process fundamental to all of coordination chem- t'

istry and as such has been‘the subject'of 1ntensire investigation. A large
proportion of tHis area has been reviewed previously and the reader is
referred to Chapter I. Since.ljgand exchange is pertinent to the under-
standing of the mechanism of homogeneous catalysis.‘Our intérest lies in

- labile complexes of thiourea and substituted thiourea with Tirstirow transi;
tion metal ion. The relevant theory associated with it has been discussed

in Chapter Il -We are particulaz;ﬁi}nterested in enquiring how the liqand ex-
. ‘change rates vary with changes in transition metal jon, in geometry. in
ox1dat13n state, in substituent on the exchanging ligand, and in the nature

- of non- exchanging ligands The present chapter is concerned with quantita-
ﬂtrve measurements on the ligand exchange reactions of Co(II) complexes. In _' i
the. subsequent chapters. ligand exchange in these complexes nill be compared ‘
with those in thiourea complexes of nickel and zinc.

Ligand'exchange studies have been previously made for. three series - .




order exchange process with an -activation energy of around 5 lccal. and a

of tetrahedral cobalt complexes to ootain‘rate data. Pignolet and

Horrock587’89 have examined‘the tigand exchange reactions of'CoLZX

[N

2' J

'comp]exes where L is a phosphine and X a hal1de don. They found a second

~order {associative) exchange mechanism and report enthalpies of ‘activation

metg™

in the range 5-10 kéal .. and entropies_of activation in the range -20 to
\. . ﬂ'\.].-‘ . . ~ . -

- -

-30 caJ?FLHe'nTII compare.these results with those optained with analogous

thiourea complexes later-in the present sect1on ZhhdahI'and Dr39088,91

.have stud1ed a similar .series of hexamethyl phosphoramide complexes. Measure-

ments on these compounds were restr1cted.by tne narrow temperature range

t ' .

-.accessible for study.. However\\they were able to demonstrate both a second .

mela™
N

.

fwrst order d‘ocess with a. hlqher actlvation ehergy of around 15 k‘ca] They

considered. that this second process 1ndjcated a dissociative mechanism involv-

ing a.three-coordinated'cobalt intermedfate The same author588’9] have also

studied the klnetics of 11gand exchange in CoL2C12 (L = 2,p1coline) and -found

Mole,"’ \

. an assoc1a‘twe proces.s ‘with aAH = 4.8 kca‘l .3 AS -14. SCd'lf- Thus 1t

appears from thest stud1es that assoc1at1ve kinetics predominate with rather
small entha1p1es of act1vation and rather large negative entropies of activa-

tion but tnat there is a poss1brl1ty of a f1rst order exchange process.

AN

(4- Ga) LIMIT 0F EXPERIMENT AND HEASUREMENTS OF
RELAXATION TIHES L -

. » -
~, .f

- A1l Co complexes are paramagnet1c and they havg tetrahedral or dis-

torted tetrahedral geometry They show very large chem1ca1 shifts and their

isotropically sh1fted resgnances are inherently broad relat1ve to a free

Iigand 11ne. As a result, AEasurements of their line w1dths in the inter-

“\ .

g
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.ned1ate 11gand exchange reg1on are 1mpract1cal and are therefore, _
restricted to the use of the low temperature . (slow exchange) and h1gh temp-
erature (fast exchange) regions. The high temperature reg1on is preferable
as‘haslbeen discussed.previous1y and reasohab1e ap?roximations relating the
life-times 1n'the different environments te the oﬁeerved Tine width are
given by equations (2-11) an%'(Z-ZS)‘in Chapter I1.. These equations are
app]icghle in the temperature range -30°C to-+10°C. Below -30°C? the ex-
change broadehing is tuc excessjve'fbr accurate measurements. Above +10°C,
the effects of additional 1ine broadening due to the onset of free.rotatton
about the C-N-bond of the‘uncompfexed 1f§and Lecome significant. Thus,
-30°C te.+10°c is the preferred temperature range for\&uantitative measure- - »
NS since Lo in tne quaiily 0V spectra Wn tevus ef signal'to noise rat{o .
and the accuracy of the temperature controls are super1or to those in the |
+ slow.exchange region. The strategy is therefore to obtain eua11tat1ve mech- -~
anistic uata'at~1ow temperatures and quant1tat1ve rate data at high tempera-
tures.. However, there remains the problem of obtaining values of TzA'and'TZB
- for use 1n equation (2-25}.” We may obtain valuee'of these relaxation times .
d1rect1y from the line widths at the extreme Iow temperature end of the measure-
ments where the 11gand exchange is too %low.to affect the line w1dths. There
| remains the prob]em, ‘though, as to how these line w1dths vary with temperature.
This prob]em is not too serious ‘for the free ligand line width, TZB’ since the
range of free 11gand 11ne width is re]atively sma11 compared with the line
w1dths for the. lfgand exchange situat1on and they can in any event be =
obtalned by d1rect measurements on thiourea solutions over the temperature

,/

b : . I

N . | . . . .
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. range in question. The values for cdmp]exed ligand T,, present more of a
qrob]em. Theqretica11y, the situationlis rather complicated. Some previous

jnvestigators have assumed that the. 1line widths of complexed ligandé\will

decrease with increasing temperaturé aceording to'the relationshipss’g]

. o a : “.. | ‘o
logavy,, = 3 L (4=F)
Such a relationship will hold if the fine width depends on the rotational
cqrrelation time of, the molecules in solution which is the dése for most
relaxation proeesses However, for cobalt (ri) complexes, 1t has been shown

that T2 is deternfined by the electron spin relaxation time (T ) of the

_metal rather than by mo1ecular tumb11ng 'TT may however, itself depend

.

- on the correlatlon time for tumb11ng 1n solut1on. Spec1f1ca11y for tetra-

¥

13
hedra] cobalt (11)LamMar has shown that the electron spin re1axat1on time

‘-is determined by coupling of the zero-field splitting with the molecular

motion according to the equations o .
.~ l l &
1 32x% (DZ) [ ._Z_Z_T b ] {4-9)
. T1e, > -1-1.2- 1+ we T 14+ 40.15 ;l'\ : _
In this equat1on D is the usual zero-field sp]1tt1ng parameter 1 is the mole- ..

\
cular tumb11ng time and W is the Larmor frequency in radians _per secondV#or

_ the e]ectron sp1n measured at- the magnetic f1e1d used in the NMR experiment.

2 2 >> 1,+l-¢ L and if wz 2 <«< 1, Tl—-& t. Since the nuclear

spin relaxation t1me becomes shorter as the e]ectron sp1n re1axatlon time

0bv10us1y if W

rbecomes larger,. and becomes smaT]er with increasing temperature in the

first case, the NMR line should become narrower with 1ncreasing temperature
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' and in the second case, 1t should become broader LaHar est1mated mz ? h
"20 for a spec1f1c case but th1s Value 1s suff1c1ent1y close to unity to make

- the. genera]12at1on to other cobalt complexes in d1fferent so]vents some- * .
' what hazardous Indeed, Frankel1 has found that for so]utions of Co2 |

in water 1/T for the protons 1s v1rtua11y 1ndependent of viscos1ty imp1y1ng
no dependence on rotat1ona] correlat1bn time and Zumdah] ahd Dragogl .have

- reached a s1m1lar conclu51on with regard to’ the Iigand protons of cobalt- ‘
hexamethylpIOSphoram1de comp]exes. In th1s laboratory, we have observed
that the line w1dths of some s-d1ketone complexes of V(III)vary very little
over a wide range of temperatures]36The relaxat1on 51tuat1on 50F3these octa-
' hedral V(IIT)complexes should be qu1te simildr to that for tetrahedra1 Co(II).L
iol mcasuucmcuts |nsu|v-ng Lie hdz p:otons of Lh;oulea, Lere 15 an add|L1oQa1
":compllcatlon in that relaxation processes ar1sing fromf1nteract1on with the
quadrupole moment‘of the nitrogen can also contribute to the line wadth
Transition. fronga sharp s1ng]et at 1ow temperatures to a broad singlet at-

‘l

hlgher temperatures and eventua]ly to a reso]ved triplet is expected 137 |
In the light of the abovepd1scuss1qn, it did ‘not seem dé;1rab1e-to.-
obtain the'1ine widths of the comp1exed thionrea by extrapo]ation from higben
" or lower temperatures as has been done by previous 1nvest1gators. Neither .
'1s it p0551b1e to obtain th1s data by direct measurement-of "the th1ourea 11ne fﬁg
w1dths of so!ut1ons te,wh1ch no excess th10urea ligand has been added-since
the dlSSOClatIVE equ1]1br1um (4 2) has been demonstrated Equilibr1um constants
-for is reactlon are houever, relatively small and the chem1ca1 shifts of

_comp xed tblourea have been obtained by plotting observed shifts_against

(1/32) where c -is the concentration baf}-complex: When 1/vZ = 0, the -




thioorea agalnst (l/ v*) and extrapolatjng to (IIV' = 0). Essentially, .

L¥3
. . ooy .

concentra&ion of free ligand is zero and equation (2- 25) indicates that
] f—— . The line. widths for complexed thiourea can there ore be obtained
?

-

by plott1ng the observed line widths for,solutlons without added excess

therefore we have replaced the temperature extrapolatlon used by previous.

" investigators to obta1n the limlttng line widths with a concentration extra-

“Lion reqarding the relaxation mechariism.

polatlon and, regard this as the_more reliable method since it is based on '

. an expeuimentally’established equilibr1um rather than a theoretlcal considera-

7

]

(4-6b) LIGAND EXCHANGE KINETICS

A solut1on conta1n1ng paramagnetic metal lon-Co complexed by

~ m ’ <

L(Tu, ltu ,Dmtu) and wi th excess of free llgand L \ undergoes the exchange '

" réaction _ C e N : : A

'1‘ . \- A ’ T .. . ‘ .
W . B - S

The NMR spectrum of L will show ‘the effects of this rapid exchange.‘ Analysis

of the NMR data glves the lifetimes TA and 'B for complexed and free’ ligand

'.,nolecules. These parameters must- be related to the rates of specific reactions

L

From qualttatlve measurements 1n the previous section (8- Sc), at slow exchange

region, it has been previously demonstrated that two mechanisms must be con-

4

51dered The first of theése is exchange via a solvated intermediate and the

Eal Second of these is direct exchange by an associative mechanlsm, f. e

. s

S » . ¥ . R L !
. ‘ b N .
. . . . . 3 .
s . ) .
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Co(L)ziz- +5 —= G, + L

Co(L),X, +L —=  Co(L)(L)X, + L

lhe first veaction can be broken down into various steps in order to produce
. A : ‘

the relatfoﬁ—involving kinetic parameters. Thus,
C”(L) X . s M. ¢ W) ~Za Co(L)(sIK, + L ?(4 4)
0 it 0 — el 0 ' + - '
272 2 2 2 ‘
LT LT .
A : : ' 8
Tgrward rate | = kylCo(L) X, 10s]

[
" [Cn(L)zxzﬂ i [5]
\tr SRIOULLIT - -

-and ItA'I"- RI[SJ

M
'

t -

Backward rate. k_p[Co(L)($)X,1IL)

, ) |
E_.‘,[(:o(l,‘)i"s'ﬁzjtn = 1/k_2[.Gg(L)(s)x2]

AW C IO 1 I (a-1)

e tB
. ‘ .

. ) o . K N f )

If X is the equilibrium constant for the reaction, then ‘ -

[CoL)(s)X,IL] ( -
K * O IEH |

R
: . -
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K[Co(L),X,][S
.‘[Co(L)(S)XZf = -[33 2115
- Co(L).X,1[S]
Therefore, ral b Kk_, il ;EJZ?E ! ﬂ (8-1) -

The direct replacement reaction of L with L* can be shown as

) ; . ‘ .

L)X, +L —3x co(L). (L)X ks, L)X, +L (4 5)
Lotlig%y — 2 = 2 * -
. -3 3 e
A . - B
. . * h“"
FOfward r?te = K3[Co(L)2X2][L ]
| TCo(L),X,] -
Therefore, L '-—';-"jijl-aqr—', and 1/1A = 'k3{L*] ‘ '
k. [Co(L)X,][L ] g N
X3 2
_ [L] | = ¢ ¥
T, = ,and 1/t = ky[Co(L).X,]
B L kgleoll) 8,0 B3
. Thus, the total T;l and r§1 can be written as - ’//_//“
ril = kyIS] + kgLl
- . o), X,1Is]. -
4 g = Kkt * k3[Co(L)X,]
: 4 Kk s] | - ]
-i.g., o TB] = [Co(L)2 2] D_1f%%__' + k3] . (4-3) “

» Since there, is no-evidence for any experimentally measurable concentra-

tions of five gpordinated complexes, it is assuﬁed in both cases that the

™




overall rate of 11gand exchange is ‘determined by -the rate of ‘formatijon of '
. the five-coordinated 1ntenmed1ate ln the above re]ations K], k_, andAmv_f
kg are second order rate constants and K. is the equi]ibirum constant for |
the overall reaction (4-4). k] and k3 may therefore .pbe obtained from the
* intercept and slope respectively of a plot of 1;] versus {L]. From equa-
tion (4-j), k_, and k, are obtained as the slope and 1ntereept of a plot e{iw"
xé]‘versus'[L]'?. The'equilibfium constant K 1s known from previous resulte.
The two values of k; obtained by this analysis provide an indication of the
likely systematic errors in experiments of this type."Free energies of activa-
“tion of the react1on ‘may be calculated from equation (2-34) Entha1p1es and

entropies of act1vation are obta1ned by plotting AG+ against temperature

r

(4-6c)  RESULTS

B

Measurements have been made on eight complexes of the type C0L2x2

]

in which L = thioarea, N—methylthiourea and N;Nldimethy1-tbipurea'and X =
- C1,8r,1. Limited solubility ;n acetone preventedﬂas from obtain{ng data
?or'the compound with L = N,N.dimethyl-thiourea and X = Cl. In each case,
the primary data collected compyised of a sei of line wiaths and line posi-
"tjons obtained for seven cencentrationskof;ﬁefal'complex to each of which
‘was added free ligand at five different concentrations. Measurements were
carr}ed out over the temperature. range ,-30°C to ¥10°C. For the thiourea
complexea; mEasurementsqwere.made on the ]pw field C;lqoo to -2500 HE frqm
fTMS at -60 Mﬁi).line associated with thelinside NH profon. For the\methyl

- and dimethyl ligands, the lower field CHq resonance was. used.

The data was analysed using equation (2-25). As indicated above,

\ ;
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Table {4-6}: Kinetic and Activation Parameters from LU Hnoﬁimn_»u
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1/T,y was found by extrapolating the line width to (1/vz = 0) at each temp-
erature. Several of these pldt; are shown in Fig. (4-6). We note that the
' NH line width decreases from approximately 100 Hz at -20°C to 60 Hz at +10°C.
The width of the complexed thiourea at -80°C is 100 Hz. On the other hand,
above.10°c,'the liﬁiting line width again increases. It is obvious that thej
temperaturejdependence\is by‘no means simple exponential. Over the-BOLC ‘

to +10°C temperature range, the wxeff;:f the CH resonances are in the 15

to 40 Hz range. e\ligand line widths were measured directly at the diff-
erént temperatures and/ vary from 20 Hz to 40 Hz. It m&y be noted thet the
‘exper1menta] lin€ widths 'l/T2 vary from 200 ‘to 400 Hznfor ‘the NH and from
60 to 200 Hz for the CH3 resonances; The: l/TZA;and ]’TZB terms in equation
(2-25) therefore contribute betueen 10% and 50% ‘of the total width depending

on temperature and concentrat1on The chEmicaI shifts of the complexed 1ig- .

__ ands and of the free 11gands are known We may therefore calcu]ate the frac-
tion of ligand comp]exed (pA) and the fraction free (pB) directly from the

observed average shifts. Equations (2-11) and (2-25) npw-g1ye TA and Tg-

.y - -1
A typical set of .data is shown in(lable (4-6). Typlcal p]ots of rAI and g

used to obta1n the rate constants k -2 and k3 are shown in Flgures (4 7)

'I’
and (4-8). F1gure (4-9) shows some examp]es of the p1ots of AG versus T
“(absolute) used to find the activation parameters. . Finally, rate constants

at room temperalure and activation parameterS'fdr the three ligand replace-

ment reactions for all eight complexes are gathered together in Table (4-7).

a




. | 103

- 320

280 . \9 ) L
. | "ﬁff | | | % | o

240+

120

B8O

aof-

-

-
-
—

: oo
\\\\ | _ o /9 |
: . . *~ .01 .
Figure (4-6): Plots of tine widths (Av‘:) Versus —v:——[CO(T\J)zclz and
, c _

"Co (Mtu) ,Br,] - | ' . -




-.1G4

1

[

. S
- ColTulCly

36
- ' 32
28

- 24

2.0°

1/{Tu)

- N et
Plots of ‘I‘;lapd 1‘1’31 versus [Tul and [Tu)l for Co(Tu)} oCl,

-
-
.
L

I



T .

— ‘ CO‘TU);Cl:

-

M2 [
NGy -
134 .
26l
) /.
ColTul,Cl, (b) 98
4 lp !
1 77 94} .
whl- 90 as’ -2822eu
A As:,- -21*2eu ok .
Gt 86
| IL— NG NN WS DAY SR R
60— 30 822w T T %0
T*(abs) y | T (atn)
) ; |

Figuee (4-9): ' Plots of AG's versus T (Absolute) ...[Co (TulCl,]

- -




106 -

-

(4f6d) DISCUSSION OF KINETIC DATA

The ‘data of Table (4-7) shows a number of interesting factors.
We note férst that two term expressions for the rate of substitution of
§quare-plapar'coTplexes of platinom‘are dquite common. One mechanism jﬁvolves
substitution by a solvent molecule followed by replacement of the solvent
by 1ncom1ng ligand and the second term is a. simple b1molecu]ar Tigand
exchange. Th1s s1tuat1on has ot been prev1ously reported for tetrahedral
Co(Il) complexes. .The first order term reported. for Co(il) hexamethyl-

phosphoramides was considered to represent a dissociative mechanism. We

consider thot the'"first,order“ term observed in the present

certainly involves prior salvent substitution and this concl Hion is strongly
supported by the ]arge’pegative entropy of -activation for fhe process. A
dissociative process should lead to a positive entropy of act1vat1on and

this is indeed found to be the case for octahedra] Ni(II) th1ourea complexes.
The rate constants for this process have accordingly been reported as second

order constants to allow dlrect comparison with the other rate processes.

The three different react1ons for which data are ava11able are: Sk
. (a) Co(Tu),X, +S —— Co(Tu?zsxé | F] ~ JOZ nole’]fec.j]
| ‘f (bl_;CoLiu)ZXZ +\Tu ;———+ Co(Tu)3X2 o kq v 105 mo]e’?sec.']
(c) Co(Tu)Sx2 + Tu ———f+ Co(Tu)25X2 Tk o 102 moleTleec:bk“/}

The three reactions have very different rate constants. These rates

- y

5

Y
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’

_xEmin and >n£<2.:o= Parameters for Ligand Exchange in normxmﬁmuonv
- . . / -, - . .. ' .
o = |
. =x i . . v : ;
Compound 3 aHy” bmn_n k / ‘E_.r pm... k X >:.r .pm.r kg
. | TR ) H 3 3 3 k2 H S .
B | - | - | o1 lsgss!
mol , K.cal.. | e.u. mol | K.cal. e.u. mo1 K.cal, g.u. | m
. sec”! mol”] | sec™? aod.,L sec™) sS.L N .
Co(Tu),C1, 1.8x107 * | 3,6:0.6 | -36:2- | 3.5x10° | 1.3:0.6] -292 3.4x107| 0.9:0.6 | -21:2| 5.6x10°
Co(Tu),Br, 1.3610% <[ 3.5:0.6 | 73722 2.6x105 | 2.9:0.6] -24:2 | 2.3x107| 0.640.6 | -23:2| 6.5x10%
Co(Tu), 1, 1ax102 | 3.0:0.6 <382 | 1.6x10°| 3.2:0.6] -24:2 | 4.4x10%-0.2:0.6 | -29¢2 3.4x10°
Co(Htu),C1, 1.5x102 | 4.4:0.9 <3853 - | 2.9x10° | 2.3:0.9| -26:3 | 2.5%107| 0.5:0.6 | -2322 6.8x10°
Co(Mtu) ,Br, 12102 | 4.120.9 | -35:3 | 2.3x10% | 3.1:0.6 -25:2 | 2.4x107| 0.2:0.6 '| -26:2 3.7x10°
ColMtu), 1, 3.7x10" | 4.0s0.6 | -3822 6.1x10 | 3.8:0.6] -23:2 | 2.2x10' 0.0040.6 ) ~2522 1.3x10°
Co{Dmtu),Br, | 4.3410' | 3.6:0.6 | -39:2 g.9x10% | 3.5:0.4| -24s.2 | 1.9x107| 1.7:0.3 | -22- et
Co(Dmtu), 1, 2.5x10' . | 3.8:0.6 | ~4022 a.5x10% | 4.820.6] -2002 | 1.7x107(¢0.7:0.4 | 2822 | 1.0x10°7

e.u,= nmg.xL. mo1 .-
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s my be compared with the second okdér rate constants for square-planar
_pTat1num comp]exes (100 - 10 4mole ‘seca ])and those for Co(II) hexa»— ,

thy]phosphoramIde comp]exes (~ 10 ) and Co(Il) phosphines (m10 ). Since
the prev1ous tetrahedral cobalt data refers to ana1ogues of reaction {b),
it is apparent that the thiouea complexes are the. mos t labile yet studled
We note at this po1nt that the two sets of va]ues for k3 agree;é%?\ in order’

" of magn1tude and in relative values for-d1fferent compounds There is a

=

ﬂisagreement of’approx1mate1y a‘facton of 2 in absolute magnwtude which in
all probability reflects systematic errors in the equi1ibr1um constants and -

line widths used in the calcu]ations

T~

We turn now to a cons1derat1on of the activation parameters The
mole.
entrop1es~of activation all “fall 1n the range -20 to -40 eal*%’ _which is very

.similar to the values found for associat1ve exchange for Pt&jl), Pd{I1), Ni(lIl),

- and Co(II) comp]exes reported in the literature. The greater 1ab11ity of ‘the
i

present compounds is due very largely to lower entha1p1es of act1vataon He
also note that for all series of compounds of Co(II) and Ni(1I) of stotch1o-
metry ML2X2, the: exchange rates fall jn the order C1 > Br > I, This order

has been found for a]l the CoL X., series thus:far examined. The rat1ona11za—

272
138

tion or1glna11y suggested for. the phosphine complexes was that stronger n

.
bonding resulting from dn to dr electron donation to the phosphjne was to

N

be expected because 1~ was a better v dqpor than Cl Thistwou]d Tead to

1 \.(,

greater difficulty in break1ng the phosphorus-cobalt bond. Pignolet and.
. Horrocks87 questioned this interpretation since they found the rates depended
more on AS than aﬁ* In ‘the present compound the ol va]ues do indeed

1ncrease 1n the right order but since the rate determ1n1ng step is format1on

~ of the five-coordinated complex rather than ]oss of 11gand this earlier

LA

r
[}
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intevpretatfon dods hot appear to be correct, Again 1neagreement with the
phosphihe reso]ts, eubstifuhioh'oh'the exchanging 11gand has relatively |
little effect oh the rates. Ekchange is somewhat slower for the methy] _
substituted thiooreaﬁiand this is mainlyfdue tollarger enfha]pies of activaJ‘

-
-

tion. - P

x’\

Perhaps the most 1nterest1ng comparison is between the activat\on

parameters fok the reactlons {a), (b).and (c) The average enthalp1es
" of aotivafion
. b mele™

and 0.5 kcal f r (a).

ight examples of each reaction are 3.8 kca] 3.1 kca]
nd (c) resPectively The corresponding'average

)
MI. matg~! m.l.

entroples of a watton are -32 col k, -24 K and -23'cal k Reaction of ace-
.-tone_wfth po(To)2x2f1s_slower “than reaction of thiourea with Co(Tu)zx2 largely-
becaree of the locq’faVQUrahie antrony of activation. On the other hond reac-
:'t1on of th1ourea with Co(Tu)ZX2 is slower than react1on of thiourea\gith 7
_Co(Tu)SX2 almost entirely because of the very Jow {practically" zero)aenthalpy
of actlvat10n in the 1atter case. ' Thus it seems thetwthe entha]py of activa-
tion is predom1nant1y determined by . the nature of the metal complex but the
entropy is determ1nedahy the nature of the 1ncom1ng 11gand ‘
.Finally, it is 1nterestfng that the va]ues of AH (from Table (4- 5))
are.qu1te similar ‘to those AH for‘the same reéactants. The values of AS on :

the other hand are.quite small ‘and may ther positlve or negative where- ;~'

* ‘ .
, as the aS 's are all large and negative. Thus almgst the ent1re act1vation

‘barrier arises from the'entfopy term (i.e..ﬁhe enthalp of the transition

state is virtually the same as that of the product}. This ohservation is
. ; - . o ' .

of course consistent with the very small aH 's observed for the reverse

reaction (c). a _ . ' o
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" CHAPTER V . - S
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" STRUCTURE AND LIGAND EXCHANGE -OF. NICKEL COMPLEXES.

(5-1)  INTRODUCTION
‘ hecent ;tudie§39'14 have led to the preparation and.characterlia- '
- tion of a considerable number of complexes of Ni(II) with thiourea and
substltukgg;thToureas: Most of the complexes oF N1(II) with th1ourea so
-far reported 1nvolve six coord1nated N1(II) " These complexes are of the
type NI(Tu)GXZ(X 0104,H03,Br 1), N1(Tu)4Cl and (N1(Tu) (NCS)Z) In the
. case of substituted thiourea complexes, a variety of.solld-statestructures
rwith'octahedral,‘squarelplanarrand'tetrahedral geometries have‘beentreported.1
it appears that the energy separat1on of the different structural forms is
' '.often qui te small’and that stere%phemlcal changes can be brought about bj ; |
sllgh changes {h the nature of ligands. : It has also been reported that \
the Ni(]I) ion atta1ns different stereochemlcal arrangements depend1ng on’

-

~.the nature of the an1on and the preparat1ve cond1t1ongﬁql . In tﬁe present i
study, Nl(ll) complexes of seVEral thloureas w1th halide, perchlorate, tetra-
fluoroborate and hitrate an:ons have been exam1ned in solut1on NMR has been .
used_as. the. pr1nc1pal exper1mental tool. These complexes, l1ke the,corres-

ponding systems of Co(II) exh1b1t rapld l1gand exchange in solut1on. ﬂThe:

s1tuatlon lﬁ/more‘compl1cated forathe nlckel compounds, although in that,
; complexes of different geometr1es may co—ex1st in’ solution. As a result

,.110 | RS o ’ . Tl
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the observed NMR shifts may involve the averaging of different metal com-
plex environments as well as the free liganﬁ. First we shall make use of

_ these shifts to extract the structural 1nfonnat%dq_on these systems part-

*

jeipating in structural and sﬁin_equilihria. Second we shall investigate
the 1igand dissociation and finally, the kinetics of Yigand exchange processes

" “in solution.

- B , ) ’ \ .
(5-2) PREVIOUS .STUDIES OF NICKEL THIOUREA COMPLEXES
A

142,143

Nardelli and co-workers showed that Ni(Tu)4CI is octahedra]

145

with trans chlorine atoms in the inner sphere. Oliff ™~ studied the infra-

rreq speéiré of Ni(Tu)GXZ(X=C104,N03;Br).Ni(Tn)J&{X=C1.Br) and Ni(Tu)z(NCS)Z.
He .reported that bands in the 3200-3500=cm”1 fégidn are assocfated with N-H

bonds in these complexes.. They do not seein to be shifted .significantly on
coordination. By analogy with urea complexes, where both N- andJOlcpordina-

tion a}elfouﬁd, this region of the spectrum can be used to determine the

donor atoms in a given complex .~ Cﬁordiﬁ“tion by oxygen introduces little |
‘change in the spectrum with. respect to that of free urea, but N- coord1nat1on

- causes a splitting of these bands and a decrease in their 1ntens1ty The

latter does not appear to happen for thiourea complexes, so that bonding

* " through sulphur can be inferred in all cas;; | _
¢ _The sharpening of these bands noticed by Yamaguchi et al146 for g
;'Ni(Tu)é(NCS)z appears to be restricted to that compound. The broadening

of these bands in pure Qpiourea is attributed to a conéiderab]e amount of

hydroéen bonding,142’]43hich is absent in Ni(Tu)Z(CNS)Z. The gepenﬁ11y .




——

ll%

*

" broad nature of these bands for.the hexa- and tetra-thiourea, nickelz(li) |

complexes. is very-similar to’that observed in free thiourea, so that con- |
. . . l_'/‘

siderable hydrogen bonding must also be present in these compounds. It is

not clear whether intramolecular or intermolecular interactions are involved.

132

Piovesana and Furlani have claimed to have demonstrated intramolecular

hydrogen bondxng in Co(;:52C1 and there could be similar possibilities in
the nickel complexegfi The structure of N1(Tu)2(NCS)2. with its planar -

_N1(Tu)2 un1t allows - very 11ttle scope for such hydrogen bonding

The B N C-N stretch1ng ‘mode, found at 1476 an -1 , in free thiourea,

'.:shou1d be sens1t1ve to coord1natiod\:hrough sulphur, because of the increased

_double-bond character of the C-N.bond. This is clearly seen in the series:

-1 1

free th1ourea 1476 cm-
-1,

; mono- cootdinate thiourea, Ni(Tu)G(Hos)z, 1488 cm

1

N}(Tu)4C]2, 1500 cm ' ; bridging thiourea, Ni(Tu)z(NCS)z, 1518 cm

Three A, modes (C-S stretching, C-N stretching and NH, rocking) give
-1

rige to absorption in free thiourea at 1416, 1090 and 733 an . Coordination

\

will.lead to a decrease in the C-S stretching frequency, and an increase in
the C-N stretching frequency. The experimental frequencies result from

“hybrids" of these three modes, end the effect of coordinatidn on. the fre-

quency depend on their reIatiVe~ue1§htings in each "hybrid". Thergfore,

the bands at about 1100 cn~! show an increase on coordination (1090 } 1100 -

+ 1115 cm ). 1nd1cating that the C-N stretching mode contributed more than

the C-S stretching mode.” In the 700 ! region, the reverse is the case

(733 » 718 ~ 702 cm'l). The 1400 cm -1 band was also louered on coordination.
The bands at 1350 and 832 cm'] for Ni(Tu) (N03)2 were assoc1ated
with the nitrate group. As they were not shifted from the positions for :

In-pneed ~tulv shows the eV1‘ence of 1ntra_gleculﬁr hY*?O—
‘an bandine but it is <till doubtful in the X-rav studies.

-
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A

“normal idn!c nitfateng this group was not coordfnqted to the metal. This .

. copciusi n had also been reached by Cottoh et al! 22
‘ itoqrdination qfribiourea to nickel caused §hif}§ of certain infra-

red agsorptfon frequencies,.notably at about 1400, llod. and 700‘cm'].
WHiqh;coufd be correlated with changes in double-bond character of the C-5
and C-N bounds. Such changes imply‘increased imbortance of charged reson-
ance-contributions of the type ﬁHZ:C(S;)-NHé. énd.henqe an effective nove-
nent of electron density towards the sulphur-nickel bonds.
_ - Magnetic moments, infrared, and elgcfronic'§pectra indicate that )
infgolid, all comb]exes'qf type.Ni(Tu)4Clz.Ni(Tu)GXZ(X=Br.I) and.Ni(L)ﬁxz
(L:Tu,mntd.betu‘and X=C104?F4. 5nd N03) are ﬁctahédral and the type
ui(upgu)zkz(x~br,l) i? lc»rdhud}ai geoetry, These resulls reporicd are
sensitive to the medium in which they are examined due to solute—splyent
interactions. Therefore, prevjous studies were carried in solid and the
spectra of solid compounds were taken as the tfﬂ? electfonic.spectr? of
the complexes. | | _
| ; Octahedral Ni{11) complexes are qagnetically isotropic having an
orbital singlet ground term, and the jsotropiclshifts shown by such com-
pounds arise from contaéi interactions. Tetrahedral Ni(11) éomp]cges have

arbitally degenerate ground terms, and hence it is to be expected that there ~

will be a dipolar con%ribufion to'théir_shifts. This orbital degénericy':

i§ removed in complexes of Tess than tetrahedral geometry (as in the

!, £ . )

CNi(ID) complexesﬁ‘and this usually results in predominantly contact ynter-
) - .. 145

actions. The theory of this case has been discussed in the literatdre.

n . . , .

LY

-
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The magnetic featuréﬁ of Ni(11) complexeé have been studied extens-
ive]y;149‘ It has Qeen shownlfhafﬁwith a few eiéeptfons, éi] octaﬁedral
Ni (1) complexes with two unpaired electrons éxhibit moments rahging from
2.9 to 3.4 BM depending on the magnitude of the orbital contribution. By
elongating one of the.axes of an octahedral comp]ex,'the limiting étrhcture
of- the complex will be a square-planar confiéuratjpn. Simple considerations
suggest that thjs structure automatically woufgijoduce a diamagnetic Ni{Il)

'comp]ex. However, Bi’ﬂlhausen]s-0 had shown that a very weak.sqﬁare-p]anéf

| crystal field will, still prgduce'a paramagnetic .complex depending on whether\

- the energy of separation of the uppermosi d orbitals conﬁaining two unpaired
- electrons is greater or less than the energy necessary to cghse electron
pairing. 1his séparation is determined by itie pature of the two ligands

and bx'the'degree to which surroundiné molecules - either solvent or other
in a crystal 1attfce,' Magnetic measureﬁe&ts indicate 5 1oweriﬁg of the
mo;ent (0 ; P < 2.7 BN) undersud\o.gituatioh. The last structure of Ni {11}
which deservés considération is‘fhg-gggtahegréfTEonfiguratiqn. A1l Ni(II)
complexes q{th'tetrahedral configdfggﬁﬁﬁ p0$sé554nagnetic'moments varying
from 3.3 to 3.8 BM depending on the orbital contribution. A regular tetr;-
hedral complex with four ligands should have a moment between 3.5 to 4.2 BM

and gou1d have an orbitally degenerate ground state. Any deviation from

a perfect'symmetryhmay causk: a lowering of the magnetic moment. qu over

fully apph‘edMg for structﬁral

2

. 2 decadesewnR technique has bed
equilibria ith]vingJSpecies of At geometries and therefore we shall
be adopting it to investigate the solution chemistry of some thiourea com- .

'plexes_ of Ni(11] in the.followiﬁg sections.

3
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(5-3) EXPERIMENTAL SECTION -
: The following compbunds were synéhesized by the ljiefatdre
@ethods. A mixture of stoichiometric ampuntsof thipufea or alkyl-thiourea
) a;d the appropriate Ni(II) salt in n-butanol was cohcentrated on a water
bath until the presence of a solid was noticeab]e; The light gréen.prd;
Hucts vere séparéted upon cooling. The, solid waé then collected on a

filter, washed with ether and dried under vacuum. All compounds were re-

crystallized from the sblvent uaed in the preparation]22’140f14]'144’]45

Ni (Tu) ,C1, A N(Tu)glBF), o
- Ni (Tu) B, Ni(Tu)éﬂC]Od)z - Ni(Detu)(BF,),
NT)gl,  + Mt{omtu)glc1o,), Ni (Tu)g(NOg),
- -Ni(Nptu)zBr2 NT(Detu)B(C104)2 ,N1(Dmtu)6(303)2.
.. NilNptul I, Ni(Etu)g(C10,),  Ni(Detu)c(NOg), .

Starting materials were purchaséd‘?rom'tﬁe companies listed {n
the chapter'iv, égction (4-3). onﬂuéts were characterized by théfr rmelting
point and visible sgectra, all of whféh ﬁgréé well with data in the 1itera-
ture. A11\compounds were dried over P4010 under vacuo before usihg. MR .
sbéétra were obtainea with a Varian DP-60 spectrometer operating at 56.4 MHz
and.equipped with a variable temperatu}e'probg, Acetone-d6 was used as
purchased. TMS‘was used as an internal féference throughﬁut:

¢ ' -
- Magnetic measurements were made in dried acetone-h6 following the
. : , y ‘ _ J
literature methods]S]' The solvent-was placed in a cdpillary tube which

was placed coaxially inside a normél NMR tube containing a- dilute complex

1A
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solution of known cbncéntration. The tubes were spun as is usual during

NMR measurements. Under these circumstances for a dilute solution. the

susceptibility of the paramagnetic solute is

. 3 . oAf
FrrEw vt

where f is the frequency of the proton resonance, Af_is the frequency
d1fference (Hz) between solvent and so]ution lines, m, the mass of solute
and x is the solvent susceptibility. Diamagnetic corrections were made

151,152

following the standard texts, .and effective magnetic moments (spin-

only) calculated by thie equation.
T 1/2
].l'eff. = 2.828 (XC.T)
where X, is the corrected molar ansceptibility‘and T the absolute temp-
erature. The aéetone resonance does not shift relative to TMS on the addi- .
tion of Ni(I1) thiourea complexes and may therefore, be safely used for
susceptlblllty determ1nations

w

Conductivity measurements at 25°C and -78°C were made in a glass
cell with electrodes wh1ch gave a cell constant of approximate1y 29 cm ];
The conduct1v1ty cell was immersed in an oil thermostat maintained at 25°C
. or in dry ice-acetone mixture maintained at -78°C. ‘The solvent used was
dried adetone and ‘the conduttange of solutions\weré measured witn a Wayne-
Kerr ﬁniversal Bridge. operating at 1000 cps. A detailed procedure is
desered f the Ph.D. Thesis "The Fluoro-Sulfuric Acid Solvent Systen"

submitted by John B. Milne.'>>
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5-4) GEOMETRIES OF THIOUREA AND SUBSTITUTED THIOUREA COMPLEXES
OF N{(11) SALTS IN SOLUTION

_Niékol (I1) forms many complexe¥ with octahedral, square planar,
and tetrahedral geonntrfbs and a smaller number of flve-coordinatddlcbm~
puumln"'4 with other stereochemical arrangenments, It is generally con-
Csfdered that a coMﬁ?na;ion of ster&é and.electronic factors‘detenuines
whirhthf the three .conmon geometrfes is assum;; by a. diven comp;und Steric
tactors clearly operate in the sense that bulky ligands are most IdVOutuh1e
a to l|ltahvd|al qconmlry and lcast favourable to octahedral geometry. Jﬁhv

mode of .operation of electronic effects {s nuch less, clear in spite of

155

cextensive diceussion of " the subject. The ‘present studies of thiourea <+

*complexes have thrown some)light on this question. .- .

(5-4a) GLOMLTRY OF COMPLEXLS OF Ni{11) HALIDCS

_ — ‘ ) .
Complexes of a variety of thiourca 1igands associated wit. ai(11)

halides have buén cxamined. A1l these compounds are paramagnetic The 'H
NMR speclra of thc 1igands have bcen discussed in Chapter 111. rviduncu

_ from inftarcd data indicates that coordinated ligands arc bonded through thu
\UlphUl atom. In the solid Ni(Tu)4012 and Ni(Tu)ﬁxz(X-Br 1) arc thought to
have an octahedral geometry. while Ni(NthJZXZSXHBr.I) has a tetrahedral
geomctry. Soluti&ns of Ni(Tu')4Cl2 in acetone are non-conducting at.all tomp-
eratuses. This indicates: dissociation of thiourea lnd retention of chloride

ion. The maqnetic moment of a solution of Ni(Tu)4Cl2 has been determined by
LU

\
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151

~ar NMR mothod. It is found that the nnment varios frnm 3.5 (+ 27”)fto

1. n M (- 90‘) indicating a tutrnhedral complex Ni(Tu)ZCI2 in solution  The
‘n NMR spoctra of this Lomplex {n acetone- d show two sets of resonances
“attreibuted to "instde" and "outside" protons of coordinatud thiourca. Uoth
refonances appear to‘low field of TM5. The extreme Inw riold line iy,
nuui&ﬂﬂd to "inside" protons while the other Vine close to the diamagnetic
isj?-liqnnd‘s(qnaI 15 ass fgned to-"oulsidc" protons following the nrqqnuntc
|udﬁﬁb{?nrd tu Chapter IV.' Both‘nyo temperature-dependent. Figure (h-4a-1)
- hown u&nv rvprcséntglivv spéctra of-Ni(Tu)4612 . The shifts are much larqer
\Tﬁﬁﬁ'thpav of the diamagnetic Zn(11) complexes. Al thcﬁu"shiffs could arise
trom the iantrupié contact interaction.- Applot of the shifts versus -the
reaiprocal of the ahenlite }nmpnrnfhrn virlde _a <trafoht 1ine indicating
the presence of a single speqics'ht all temperatures wh{cﬁ must be tetra-..
hedral. The 1n NMR spectrun of ﬁhis compound in acetone-d, shows averaged
comples and Tgand resonances at + 277, but at -90°, the chemical shift of
the extreme Iu& field Tine is too lﬁrqc to pormit ;voraqing with the fiuand
Lvuunantv. “The second peak, which has a smaller chemical shift rematns as
an nvvraquﬂrnsonanco (see Fig. 5-43-1). Thera 15 né change in colour of
the snlution on coo1inq 't frrom room temperature to -90°. The solubility of
Nf(IU)d(l e extremely low in acetone and a saturated solution of |ndcfln1to,
ennxvnt!ation hax to be used in all the experiments, A stddy of ligand
ox;hanqo with the cxce<< of free thiouroa is impractical sinci{insolublu
'Ni(Tu)QCl {s precipitated upon addition of frec l1gand solution.. Thus the
situation for this complex is relatively simple and all the datadse consi%t-l

ent with the presence of only tetrahedral Ni{Tu),Cl,.
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Ni(Tu)GBr2 is fairly soluble in acetone. It has a moment varying
at +27° to 1.2 at -94° Solutions of Hi(Tu)‘GBr2 have a small

conductivity at room temperature which increases at low temperature. " At

Two show contact shifts\(-6219 + 20 Hz and ~1138 + 20" Hz) respeetively
‘ -

attributable to "inside" \and "outside" protons of paramagnetic complex.

Iﬁe third resonance.is a doublet consisting of two lines of equal intensity .

at -500 * 20 Hz assighable

from TMS at 56.4 MHz. The d amagnetic complex must be ionic sihce its forma-

tion is accompanied by an incrgase in conductivity. On adding free ligand

I
tha 1H MMR spectra shnw averagi o.of "inside" and "outside" hydrogens of
/.
th1ourea at room temperature.

‘1S extreme]y fast since rotation|about the C- N bond only occurs in the free

llgand However, slow exchange dccurs at -90°.  Addition of free ligand to

-

>
frequency for free Tigand. The ines ass1gned to the diamagnetic complex

remain sharp ang distinc% for. the free ligand peaks. These two species are
therefore not in fast exchange. The paramagnetic peaks at ~ - 60Q0 Hz' and
-1100 Hz which are relatively weak are further broadened. -Fast exchange with
th1s “compound therefore occurs but since fgee I1gand is preSent 1n.1arge
excess, the exchange has relat1ve1y little effect on the free ligand line
width. - .

“ At room teberature. the solution is ‘only very-slightly conductlng.
The magnetic moment is 3.6 BM and the NMR spectrum is similar to that of

the chloride. Therefore, we deduce that tetrahedral Nl(Tu)ZBr2 is the

[V

-

a diamagnetic complex. - All shifts were measured

his observatlon indicates that ligand exchange

“

a so]utlon at -90°C leads to the ppearanceof a new NH resonance at the correct
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principal species. At Tow temperatures, a diamagnetic speeies appeare. -
The concentration of this species is decreaged,by adding MeqNBr indicating
that the formation 1nvolves jonization of Br~ as ;s also indicated b( the \
-increased conductivity " This diamagnet1c‘complex could therefoﬁe-be either
h](Tu) Br' or Nl(Tuo . But we sha]l show below from studies of N1 (Tu) (6104)2
that in the presence of excess Tu, N1(TU)42 is completely converted to octa-
hedral NI(TU)G at -90°C. The present diamagnetic species must therefore
be Ni(Tu) Br'. There remains ‘the question of assigning the 1ines observed
at -6219 Hz and -1138 Hz at -90°C. These are quite simiiar to those of
N1(Tu)2c12 at th1s temperature and can therefore be reasonably assigned to
a small amount of tetrahedral N1(Tu)28r2 |
Ni(Tu)gly has o mwieni of 3.15 Bii av 27° wiich fu‘l; to 0.8 Bit

-75° and rises again to 1.36 BM at -94°. “1ts conductivity increases at
lower temperature and is Qreater than that of the bromide at all temperatures.
The contact shift shown by the “inside" proton appears at -1641 Hz from TMS

at room temperature. On cob]ing the complex solution to -5°, the resonances

disappear.” On further cool1ng, they reappear again but slowly moving towards

" the ~diamagnetic free 11gand position. This reflects an-increase. in the con-

/

centrat1on of é square- p]anar species -as the temperature of the solutlon is
decreased. At -90°, a change in colour (brown to blue) 15 observed. A plot
of contact shifts versus the rec1proca1 of abso]ute temperature gives a non-
linear curve (Fig. 5-4a-4). This is also true in N1(Tu)68r2 and indicates
the presence of N1(Tu)3x at low temperatures: F1gure (5-4a-2) shows the

effect of temperature on the p051tion of "inside" NH proton of the 1odide

-compound. A summary of results are shown in Table (5-4a). These results

N
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Figure (5-45-2):. 1 MR spectra of Wi(Tu)GIZ,dt various temperatures.



Table (5-4a) :Contact Shift and Magnetic Data fon;Cpmbléxes

of Ni(II). Halides

. 1 . ) N
AN expresseJ in kcals moh;l and AS ™ <af "k ~ole T

LI

| Triplet 3
Gompound Contact shifts of Moment S:;glgt )
- Temp ["Inside|"OutsideiTemp | Meff | aH, |.as
{ﬁ:./'j‘- NH NH ’ ! BM .
| 21°| -2307| 57 | 37° | 3.5
. "2?) -3020{ -95 |-14° | 3.6
=38 | -3651| -75 |-25° | 3.6 |~
2| o0 -aziag. -iso 1370 | 3.6
* -65° | -5057 |~-245 |-45° | 3.7 | - | -
Hi (Tu) €1, -75°| -5308} ,-245 |-50° | 3.7 |
‘ -84° | -5499]| -287 |-61° | 3.7 .
: -92°} .5529| -286 |-75° | 3.9
1. 7190 [ 3.9
- __—-1\ -
|-94° | 3.8
" anl shifts measdred,(?om-frée 1igand -l W\\ \
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Table (5-4a)

- Contact Shift_fgf | Moment Triplet ¢ Siﬁqlet.
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- _ KH : BH_| __
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indicate that ot room temperature, the solutions contain a mixture of té£#a-
hedral Ni(Tu)2 o and square-planar‘ Ni (Tl.i:‘l+ As the temperature is lower d
the proport1on of the square-planar compound lncreases as does the con-
duct|v1ty.j -An experiment adding (CH3)4NI to the solution at -50°C de-
creased the diamagnetic fract1on. At the very Towest temperatures, the’ .
ﬁnnent aga1n increases. He‘bel1eye this indicateS'the formation of octa—
hedral N1(Tu)6 - No contact:shffted resonances are observed at -90°c.
Th1s is consistent with the results reported below for Ni(Tu)G(C104)2 o
“Steric cons1derat1ons are extremely 1mportant in favour1ng—tetra-\
hedral geometry We have synthes1zed Nl(NptB}zxz, (uhere X=Br,I and
Nptua1-{1 naphthy]) 2-thiourea) where a large naphthy] group is present to
' 140 thise compounds
provide such an_effect. Holt and Carlin " proposed that .- 1 have a tetra-
hedral‘geometry in so1ution on the basis of optical an magnetib datat We
have extended the1r study by usang MMR as an experimental too] ' In acetone-
d , -both compounds show 1sotrop1c shifts attributable to “inside® and "out-
side” protons of th1ourea. The observed shifts agree wel] with those found
for tetrahedra] N1(Tu)2 2- There are only two NH resonances and one naphthyl
group at room temperature (F1g 5- 4a—3) However, at Tow temperatures. three
NH' resonances of which two due to "inside” and one "outside" protons are
observed as in the case of tetrahedral Co(Mtu)Zx2 in the Chapter V. A11
these signals are temperatuféldependent and p]ots of the contact sh1fts . “
versus the rec1proca]s of absolute temperature provide a straight Tine up
to -80°C, indicating the presence of only‘a tetrahedral species. The magne-

" tic data by NMR confirm this.postulate. Both con;act shift and magnetic

data, however indicate the presence of a small amount of square-planar
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N 1}
- -

comp]ek 1s'gheatest'for the i{odide. The_resulte are shown in Table
(5-4a). ' | . !

In all of these casesy there 1s some displacement of thiourEa by .
solvent acetone (particularly at high temperatures) which can be conveniently‘ )
mon1tored by NMR, but this is not pertinent to determing the geometry we
have made similar 1nvestigations Q??h Ni(Dmtu)4 2 which gives similar results -
to confim the above pattern.. It is also expected that other N-substituted.
thiourea complexes WOdéd exhibit similar behaviour.

(5 4b) GEOMETRY OF COMPLEXES OF Ni(IT) PERCHLORATE AND
TETRAFLUOROBORATE

Prev1ous 1nvest1gators,]40 ]44 have reported that complexes of
type N1(L)6 2 (where LeTu,Dmtu,Detu, Etu and X-C104, and 1.=Tu,Detu and X=BF4) U
_in acetone are 1:2 electrolytes The electronic. spectral, magnetic and '
infrared data 1nd1cate that they are al] suiphur-bonded complexes. However,
most of the data was obtained in the solid state and thetstructure may not
“be the same in solution.r They all have a light green colour. " Magnetic

~ mements and electronic spectra clearly e}ﬂbsify them as octahedral complekes

‘in solid. Their infrared spectra show that the anfons are in the fonic /
. 3
form. 144 They dissolve in acetone yielding deep green conducting so]utions /
/.
forming 1:2 electrolytes. The spectral and conductivity data have been \Q\'

interpreted]40’144 in terms of the-fo]lowing equilibria:

Ni(L)g(X)y —> N1L62 s X"

NiLE? ﬁ NLEZ € 2L O (5-4b)
+2 +2 - N
NiLy ™+ — ML ST ¢+ (4 x) L | \ -

N
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uhere x+ty=6.

The species NiL is a square-planar- compound which absorbs at’ 17000-

156

18000 om -1 in the opt1cal spectru ho tetrahedral species is reported

in solution In solvents which are better ligands than acetone. they yield
/

N only solvolyzed 51x-coordinated species. The present work deals with the

study of geometry of these compounds in solution as a funct1on of temperature;
it is of prime importance to solve this problem before praceeding to a study
"of-ligand exchange processes'which will be discussed in the last section of
this chapter. .
The Th R spectrum of Ni(Tu)G(C—lO4)2 in acetone-d¢ shows a single
broad Tine at -880 Hz from TMS (Fig. 514b-a). Averaging of free and com-
plexed lioand obviously occurs but there is also the poss1b1l1ty of a rapid
exchange between paramagnetlc octahedral NI(TU)6 and’ d1amagnet1c square-
planar N1(Tu)4 . A value of 2.3 BH is found’ for the magrietic moment in
acetone at room temperature which is lower than expected value for an octa-
hedral spec1es This directly confirms the prev1ous postulate of the .
equilibrium (5-4b) at room temperature. On cooling the solution to -30°C,
the moment is found to increase. This is the: oppos1te behaviour to that :
found for the halides. The IH NMR spectrum at that temperature reveals two
sets of resonance at -1552 Hz and 2394 Hz respectlvely from TMS in the low
field attributable to "jfiside" and “outside" protons of coordxnated th1odrea B
in fast exchange (F1g. 5-4b-b). On further cooling, a 1ntermediate exchange
situation results and both lings are hardly seen down to -96°C This indicates
the formation of Hi(Tu)6 at low temperature. Similar ohservations are made
for thie correspon ing tetrafluoroborate ‘compound. 'Thus,afrom the Iy HHR .
and magnetic data, it can be concluded that both octahedral and square- .

L. . I .
' ) . =
———— e B :
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planar species are present in rapid equilibrium at high temperature ano on]j
octahedral molecules are preseht at low temperaturee.ﬂ The magnetic data
provides no evidence for a tetrahedralmooecies. We would anticipate a high
moment (3.8 BM) for such a species. Ni(Tu)zél2 has a moment of 3.8 BM,
Ni(Tu)Z+ would have a structure closer to a Eerfect tetrahedron than.Ni(Tu)ZCI

Since the h]gh moment is associated with. the orbital degeneracy of a symmetric

tetrahedron- Nl(Tu)4 should have a moment of at least 3.8 BH . This is not

" so in perchlorate solutions and the moment at -96°C is 3.1 BM which is a

typical value for a N1L62

Ligand exchange is slower and direct observation of resonances of
"inside" and "outside" methyl protons is possible for Ni(Dmtu)G(c.104)2 at
low temperature (Fig. 5-4b-d). These resonances are found at -1063 Hz and

-713 Hz from THS at -104°C. At this temperature, ligand'exchange is completely

frozen out and separate resonances observed for free_and’ complexed N,N-

d1emthylth10urea. The moment of the resulting solution at that temperature -

ﬂ\\s/§,3 BM indicating octahedra1 Hi(Dmtu)6 . These two lines arise from the

restricted rotation about.the C-N bond of coordinated\}igand. There is, how-

' ever, only one line obéervab]e for protons_bonded to nitrogen. This is

assigned to the "inside" position. Normal1y.‘an'“inside“ proton appeafs

at low field and an "outside" proton appears at higher fie]d. We cannot -

. . detect the “outside“ proton in this case. It could possibiy be over]apped

by the two methyl resonances or be too broad to be observab]e. THQ\::;;es-
rt,

ponding tetrafluoroborate cannot be isolated and we therefore do not
its NMR spectra. All the perchlotate and tetrafluoroborate compounds exhibit
a rapid equil1brium between octahedral and: square-planar species at high temp-
erature. However, at low temperatures (i.e., beiow -60°C) they all form a -

single paramagnetic species NiLzz The ligand exchange 1n Ni(Tu)+2 leads

i
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to line broadening but is too fast to allow observations 1n. e slow
o exchange region. However, other alkyl substituted derivatiJ£:\§bgyb
an.exchange process which is completely trozen out. The shifts are-
sunmarized in Table (5-4b). .
| The shifts observed for octahedral sgecies NiL;2 arioe'form iso-
tropic contact interaction. A normal stra%i: line is expected if the shifts
are‘plotted versus the\reciproca1s of absolute temperature provided tnat
there is a single paramagnetic species. and there is no change in geometry.
Experimentally ooserved shifts are plotted against the receiprocals of
absolute tem?erature and are:Shownfin Fig. (5-4b-1) It is obvious that
there is non—linearity in each plot indicating a change of geometry due to
\&\thc square-plonay octahedral equilibrium. -
In the case of thiourea complexes of Ni(II) ha]ide we have considered
the p0551b111ty that the diamagnetic compounds may not be four-coordinated

One might argue that they could be diamagnetic, five- coordinated Ni(Tu)5

or N](TU)4 . 'We consider these assignments-iess likefy for‘several reasons.

\l!

At room temperature optical spectra consistent with square-planar Ni(Tu)4
139, 140 The

have been reported in the solutions containing Ni(Tu)G(CIO4)2
susceptibility and ‘NMR data show that diamagnetic Ni(Tu)52 is not formed at -
low temperatures in these solutions. At -90°C the relative inten51ties of

the “free ligand” NMR peaks of Ni(Tu)sﬂr2 agree better with the ratios

‘expected for Ni(Tu) x*than they do for NI(TU)4X . MWe a]so find that this

complex exchanges 1igands by an associative process. A dissociative mechanism
mlghlthave been expected for a five-coordinated compound. Although not

conclusive, these argumehts incline us against postulating five- coordinated

- ’

N

complexes.
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.Table (5-4b):Contact Shift and Magnetic bata for Ni (Ly(crgy ~

»

'Coq)om&. Contact Shift (19) . Magnetic Mocent | Thérwodynamic Datsa | -
Temp |“Inside” [*Outside™ Tesp Yets aH A5 .
. : BN _ .
o | | & 49° | 2.3 ]
~17° | -033 |} -60 32° /2.3 -
KILNN ETEEN BT g |21 '

-46* 1-1528 | -15 -4° 2.1
€2° |-198 -5 |-11¢ |29 -

1

M (Tu)g(c10,), |-80° - - -38° 2.3 }-2.6:0.6]-15.3
oo | - S I P
- SUOE ISR €22 |27
-ne {8 i
-90* 31 ;
‘ o N R
_— e ‘ —— e * b

4 Contact Shift(?-h)luagnetic Moment Irhermodynanic Dat o
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-18° { 372 |-210 |-102 27° | 2.3
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-85° | -4179 ;-781 [-434 | -63° | 31 | . .
-95° | -4328 |-8s8 |51 | -7 | 3.2 . ’
) 104* | -4477-|-650 |-3¢4 | -88° | 3.3 I
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_Table (5-4b) 0 \
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Compound . Contact Shift(uQ Hagneuchata Therfodynamic Data o~
Tewp ;:g;-- CHyl Oy | Temp Verg | C 8H AS .
1 8K
‘ 20 “1272 100 a2 | 3re | 1y :
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e v— . . 1. i
Compound Contact Shift{from ctu){¥agnetic Moment {Thermodynamic Dat]
I A = P T e
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We believe that the significant generalization'irom'the résults on o

all the Ni thiourea complexes is under identical conditions (solvent

acetone, —90°C excess ligand present) the neutral complexes are tetrahedral
Ni(lu)2 2, the monopositive ions are square -planar Ni(Ta) X ,. and ‘the di-
positive ions tend to be octahedral Ni(Tu)G He suggest that the gebmetryaﬁ
Cis determined by a competition involving enerqgy gained by forming more or .
stionger bonds versus energy lost. through interelectron replusion between'l
bonding electrons, Bond energy is maximized in the series octahedral >

-]

squarerlanar > tetrahedral . Interelectron repulsion 1s minimized in-the ‘.
series tetrahedral < square-planar < octahedral., lntreasing:the:positive.
charge on the metal‘increases'bonding energy for either ionic or covalent
bonding and this gradually becomes the, dominant ‘factor. Competition be tween '
: ~d clectron repulsion and ligand field stabilization energy isﬁgéncourse the -

~ dominant theue in.crystal field theory The role of interelectron-repulsion

"a
be tween bonding. (anlfﬁone pair) electrons in determining molecular geometry

has long been advocated 157 it seems reasonable that similar factors should =”.'

play a part 1n the sterochemistry of nickel. It is noteworthy that ‘in cases

A

:whore there 1s an equilibrium between square planar and tetrahedral complexesr)

(e. q 'y aminotroponeiminates) electron—withdrawing substitutents, which will
o~

increase the positive charge on the metal, always favour the square-planar

. 148 A summary of all the results is presented in the Table (5- 4a) "

- .
- N [1

(5-4c) GEOMETRY OF CONPLEXES OF Ni(Il) NITRA
Nitrate compounds ‘of thiourea and substi tuted thioureas of stoicho-
o m9£ry Ni(L) Lno ) _have bheen investioated by optioal o

122 144

nd-- infrared spectra The results of these '

-~

et
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. studies show that in the solid they are all sulphur-bonded and nitrate groups

- are not involved_in the coordinati n. However, they fonmlnon—conducting '

. “solutions in acetone indicating dissociation of thiourea and retention of

nitrate ion in the coordination sphere. ‘ ‘ : v
1

© At 27°C, the 'H NMR spectrum Ni(Tu) (N03)2 in acetone -d¢ (Fig 5-
-a), exhibits a broad line at -1419 Hz from\Tﬂsf/'The solut1on moment\ S s

measured by NMR shows u ff- = 2.8 BM 1nd1cating the presence of an octa-
hedral. SPECIES On cooling the solution to -17°C, H NMR spectra shows two
“sets of resonance (-3954 Hz and 890 Hz from TMS) attributed to "inside"

and "outs1de" protons of coordlnated th1ourea. The solution moment increases
to 3.0 BM. At -31°C, the Tow field line starts broadening but the high field

11ne still remains sharp, 1nd1cat1ng a slow exchange _The_sikuation is againm. -

normal to -60°C where the Tow f1e1d line reappears at -4538 Hz from ™S
(Fig. 5-4c-b}. The magnet1c-moment (g eff. = 3.3 BM) at -BO°C , indicates,
© that it is a typical: octahedra] species of either Ni(Tu)4(N03)2 or
N1(Tu5 (S) (N03)2 (where X +y=4) in solutldh\\ The, Tow field-line is temp-
erature dependent (-4718 Hz at -80°C) and the shifts are predomlnantly con-
tact in or1g1n (Fig. 5- 4c-c) Data arising from contact shifts are summar1zed' .

in Table (5-4c). The so]ubillty of NL‘TU)G(NO3)2 is 11m1ted Separation of  °

sotid-crystal results upon addition of free l1gand ﬁowever, he solubility

increases as the size of substitutent R increases.” .
A

Ni(Tu) (N03)2 < N1(Dmtu) (N03)2 <, N‘I(Detu)G(NO:;)2 .

a

iH NMR spectrum of Ni(Dmtu)G(Nos)2 at room temperature ind1cates a

fast exchangé in SO]ﬁtiOﬂ< Ithhows a~shara;methyl'resonance at -333 Hz from

~
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T™S. Ther;'is no observable N-H resondhce in the low field. The splution
.noment (m off. ° 2.8 BM) indicates the presence of an octahedral species of
either N1(Dmtu)4(N03)2 or Ni(Dmtu), (S) (1103)2 AT -25°C, a broad line attri-
putable to NH resonance is observed at -1688 Hz. The average methyl resonance
is shifted to -480 Hz from TMS. All the shifts are measured at 56.4 MHz. At
-98°C, a limiting spectrum consisting of three lines (-5764 Hz, -5125 Hz and
.3819 Hz) attributed to three different -NH protons and three lines (-1375 Hz,
‘4]75 Hz and -736 Hz) attributable to methyl groups of coordinated ligand '
{Fig. 5-4c-d) (u of f. = 3.3 BH). The ligand exchange and rotation about the
¢c-N bond are both known at this temperature We therefore expect to see
separate resonances from the njnside" and “outside" groups. There is also
" the possibility of cis and trans 1somers of N1(L)4(NO3)2. Addition of
ekcess of free ligand brings about the collapse of some lihes giving
a 1H NMR spectrum which is a typical spectrum of 11(Dmtu)6 at low tempera-
tures (Fig.. 5-4¢c-3). It could be possibly,due to the: formation of N1(Dmtu)6
,by the rep]acement of both NO3 jons with excess Dmtu. FolTow1ng this observa-
t1on the assignment of the lines in 1H NMR spectra of Ni(Detu)G(N03)2 comes
out)natura11y There dre two sets of NH resonance in the lou field (at -94°,
-5053 Hz and -4671 Kz from TMS) and 2 group of CH,- and CHy- Vines of which
CH, lines are shifted relatively larger than the corresponding CHs Tines.
" Addition of free ligand yields a spectrum wh1ch shous a typical pattern of
the corresponding perchlorate or tetrafluoroborate compound under similar
condition. .

AR nitratg/Eompounds show solution momgnts (2.8 BM at room tempera- |
ture and 3.3 BM at -90°C) which indicate the fogmation of an octahedral

species. Contact shift data can be interpreted similarly [Fig. 5-4¢c-1)].



141

. N{Tulg (NO, L, -
{0)

(b)

: K S ' -446H+:
Figure {5-4c-a,b,c): "H NMR spectra of Ni (Tu)s(ﬂoz',‘)2 and Figure (5-4c-d,e}

1 \ |
H NMR spectra of Ni([lntu)ﬁ(NO:;)z at various temperaturesl. (Solvent: acetone-

dg) @ S N h
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Table (5-4c):

1

H NMR data for

) nitrate complexes.
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Complex Temperaturesand contact shifts
Temperature 27°C | -17°C | -46°C | -74°C| -93°C
°c N g )
— -
Contact shift
Ni(Tu)s(N03)2 NH from Tu ~1039 } -1579 | -3843 74330 -{883
Saturated Soln. (Hz)
Temperature -27°C }{ -17°C | -33°C ] -62°C ;?a'°c
coeg - ;!
Contact !%ift P~ -5366
of ' '
Ni (Omta) 5(NO5) | NH from Dmtu 7 -1 | -1909) v | -4727
Saturated Soln. {Hz) L -3427
| Temperature 27°C -15°C | -47°C } -80°C| -94°C
0 -oc | : ..
=~ | Contact shift -4663
- v . of
Ni(Detu)ﬁ(N03)2 NH from Detu { :
0.06 M ‘ - -1255 | -2502 | -3189 | -389Q§ i
- (Hz) - -4281
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.. Conductivity data indicate the dissqciation ef L and retehtton of NOS. Coqéai‘
binations of these data.give a direct evidence of an octahedral species in
éolution at all temperatures. The resths are summarized in Table (5-4c).

4

(5-5) STRUCTURAL EQUILIBRIA
{

The isotropic shifts®869 described above may be used to obtain
information on the 1lt//jum between the diamagnetic.and paramagnetic

species p}esent 1n,Lo ution. The temperature dependence of the shift is

given by the expressi' of the form158 ' ) \
o . S(S8) gyp [(a6/RT + 1T (5-5-1)
(i}

. o ’
where AG is the free energy difference between the two species. 4G can be

found from the temperature dependence of the contact shift 'or.alternatively

e solution SUSCEptibilities i.es - ,

- . .
a6 = RT ln(——z- - 1), and" 26 = - RT In Ky~ (5-5-2)

\{) ‘ eff i

where p_ is the moment~ fbr a ful]y paramagnetic’ sﬁécies and u eff. ‘the observed N:

Y

_‘magnetic moment. Some confusion has arisen 1n this area from the use of an
. incorrect form of equation {5- 5-1)]49 resulting in AG values too high by RT
In 3 and S values too low by R In3=22 epfk fortunately the spin den-

4

158
s1t1es obtained- are unaffected by this error.

As indicated above, there 'is evidence for equifibria between octahed-

’ral, square-planar ‘and tetrahedral species in- these nickel thiourea complexes

L



in acetbne solutions. Equation (5-5-2¥ is used to obtain thermodynamic
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parameters from the magnetic susc ptibility data. For-the pérchlorates
and tetrafluoroborates. the rj?evant equilipria involve octahedral and square-
planar molecules. For the halides, we are concerned with equiiibria between

tetrahedral and squire-p]anar_speEiéwa\fon the 1odides, the octahedral
species becomes significant below —80°C.\\Data'obtained at temperatures

> -80°C was used to obtain the thermodynamic parameters for the .tetrahedral

.;‘n_ 4‘Q

square-pianar equilibrium [Table (5- 4a)]. Data for square-planar octahedral
equi]ibirum is given in Table (5- ab).
' It is found that the data for the tetrahedral square-planar equiiibria

Tare comparable with those of Ni(II) aminotroponeimineates]49.

For the latter
zficompounds. oH varies from +2 ‘to +4 k cal/mole and aS from +8 to +12 cat. K mue
respectiveiy. For the present compounds ,aH and AS are all positive as was

the c%;e for aminotroponeih?neates The values obtaiqsﬂ.for the halides
(AH‘= +2 to +6 k.cal-/mole and AS = +12 to +25=¢V£5 are somewhat higher )
than_those found for aminot oneimineates and this would be due to associa<
.iion(:solvation and formati;:gxi charged species. However, Ni(Nptu)ZX “

exhibits values closely parallel to those of some Ni(Il) aminotroponeimineates

in CDC 149 ~In comparison, all perChlorate compounds exhibiting an .

equilibrium between a diamagnetic. square-planar species and a paramagnetic

octahedral speices yield negative aH and A5 values {aH =-2 to-4 k cal lmole.
S = <15 to -22 aV¥ tsd;eflecting the formation of new borids with two ligands

(thjoureas). This is accompanied by a relaise of energy “and decrease og

entropy of the system [Taleﬁ(574b)]. The significant lower value of aH

" for these ionic compounds is consistéﬁt with the back donatjpn to the "

orbital which makes a coniﬁibution to the bond strength upon coordination of
i
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4 ‘_ .
of the two ligands We tentatively ascribe differences in AS to varia-
tions in the hydrogen bonding interaction which determines. the second
coordination sphere.

Ni(11) chelates of B-diketones containing bulky substituents are.
Afound to show, in solution, temperature dependent magnetic moments which
can be understood on the basis of an equilibrium involving monomeric

(square- planar. diamagnetic) and trimeric]60 or tetromeric159

(octahedral
paramagnetic) species. It is interesting to note that the size and magnitude
of the thermodynamic parameters for the trimeric Ni(II) complexes uhich have
been'obtained] 60 are similar to those exhibited by nickel thiourea_perchlo-
rates. TheIH NMR studies of the solution equilibria of Ni(II) complexes with
Schiff bases formed from salicylaldehydes and N,N- substituted ethylenediamines
~ have 1ndicated that large negative and positive contact shifts observed are L
associated with a 'similar square-planar octahedral equilibrium in solution.ls]
Direct estimation of AG values by using equation (5-5 1) for the equilibrium
show all aG's o be negative and to increase in magnitude as the temperature
. decreases dn agreement with the displacement of the equilibrium towards the
octahedral from low temperatures. The existence of‘sqch an associative equili-
“brium is readily comparable with the present thiourea® complexes,,and is simi-
arly reflected in the anomalous magnetic properties of the solutions.

The estimation of population difference between two spin states
" for the haldide compounds at 27°C has been made from, the equation (5- 5-2)
and the results indicate that about 6-12% of the total Ni present exists
a§ a diamagnetic square-planar species. At low temperature, -90°C, for
Ni(Tu)ZClZ! the 1igand exchange has been frozen out. .We may therefore

b - . .

1_‘."
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calculate the room temperature shifts for this compound {f Curie Law.
dependence s assumed. ‘This calculation indicates relatively little,’
replacement of iourea_by solveft in this compound. The room tempera—
ture observed sy ft decrease in the order Cl > Br > I indicating greater
replacement of thiourea by solvent for the iddide. This parallels the
results found for the anologous Co complexes. T

A direct measurement of the equilibrium constant for the replacement .

of thiourea by solvent in the octahedral complex from the concentration

;dependent shifts is not possible as a square-planar species NiL42 s

. additionally present in solution. However, data s available to estimate

the equilibrium constants for the square-planar ‘octahedral equilibrium At
Tow temperatures. the solutions become fully paramagnetic and the moments

are found to vary from 3 1 BM to 3.3 BM. Using this data, the molar suscep-

tilbility of a fully paramagnetic species at room temperature can be [

. +2
calculated. By using this calculated value for fully paramagnetic NiL6

" the observed solution susceptibility, the fraction of paramagnetic and dia-

magnetic square-planar species at room temperature can be estimated. The
results are not accurate but they are sufficient for a qualitative study.

They are summarized in Table (5-5d-1). It is obvious that within experimental
error, the equilibrium constants fdr perchlorate and tetrafluoroborate
complexes of tbio’urea and N,N' -dimethylthiourea vary from 6 x 10 4 to

9)x 10 while the corresponding substituted complexes show slightly greater
values demonstrating a larger dissociation. In short, a relatively larger
proportion of square-planar species 1s formed in the substituted compeunds
This could possibly arise from steric effect. Thus, the degree of dissocia-
tion of all penfﬁlorates and tetrafluoroborates largeli depends on the

<
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/s
- Complex Conc. | Fully ]ObservFraction|Fractiof -
- (M) Paramag. ] ed of of K
x"lx'IO‘E X;‘x‘éo‘_q Paramag. {diamag. cq
(27°¢) | (27 ,C/)A Species{Species
. I

' 2| \ ' 4
NI (Tu)g(C10,), | 3.2x10 4232 2205 | 0.5210 J0.4789 {8.7x10"
Ni (Tu)(BF 4), 2.0¢1072 | 3972 1825 | 0.4589 Jo.5410 |5.5x107%
Ni (Dmtu) g (€104), 1.9x1072 | 450 1822 | 0.4088 Jo.s952 |7.5x107
i (Detu)g(C10), | 18102 | 501> 1 1194 | 0.2653 0.7347 f19.6x107*
Ni (Detu)g (BF,), | 1.5x1072 | 4232  voss | o.2500 |o.7500 15007

™~ . B
Ni{Etu) g (€10,), 1.0x107Y | 4232 1653 | 0.3906 Jo.6094 [g.4x107*
Ni(Tu),C1,’ \“~c-\ | s96s 5063 - - |
Ni (Tu)gBr, 5.9x10°5 | 5658 s356 | 0.9466 |0.0534 |5.6x1072
N (Ta)g1, g.1x103 | asoo | 4085 | 0.9078 fo.0922 10.2x10°2
Ni (Nptu),,Br 7.52153 | 423 3072 | 0.9387 J0.0613 [6.5x1072
Ni (Nptu), T, 9.9x153 | 3972 3719 | 0.9363 J0.0637 ‘6.8:(]0'2

I&‘ .

.

Table (5-5d-1): Equilbrium constants for Ni(1I) Complexes in acetone-d.

" at 27°C.
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nature of the substituent group present and it increases in the order
Ni(Tu)g(NO5), = Ni(Tu)g(BF,), ~ Ni(Dmtu)c(C10,), ~ Ni(Etu)g(C10,),

:f < Ni(Detu)s(BF4)2 < Pi(Detu)s(CIO4]2

+ L)

The differences between corresponding compounds’of thiourea and N,N'-
dimethylthiourea are relatively small but indicate that N,N'-djethylthiourea

| perchlorate and tetrafluoroborate are most dissociated followed by ethy-
lene thiourea and the remaining compounds in the g?ven order.

All nitrate ‘compounds are paramagnetic and octahedral in solution
Theor ?H NMR spectra show broad contacted_shifted line indicating rapid
ligand dissociation. The -dissociation equilibria of these compounds’ in

_ o —

'acet?ne may be shown as follows:

~

MLgNoy), —= ML)zl + 2

N(ULH0), +ys == ML {S) (N0l + (4

t

where x + y=4and S i¢ a solvent molecule. The "H NMR spectra at Tow

temperature'indicate that there is a possib11ity of existence of equilibrium

to. N1 All nitrate compounds are less soluble-in acetone Therefore,

quantitative measurements on solution equiIibria are impractical.

by o T



(5-6) THE LIGAND EXCHANGE PROCESS
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)

" Tables (5-6-b) and (5-6-c) summarize the results of a semi;quonb:

tative study of Tigand exchange kinetics in these Ni(II) complexes.
Coalescence temperatures and the dependence of 1ine width on ligand and
_complex concentrations are reported, The latter experiments indicate .
whether assoc1ative or dissociative mechanism is involved as discussed in
Chapter IV. For the tetrahedral complexes Ni(L)zxz, 1igand exchange occurs
- through a bimolecular associative type of_mechanism and the rates decrease
in the‘series
HETu),C1, > M (Tu) Bry >N (Tu)yly:

A similar trend was noted in the analogous triphenylphosphane com-
plexes reported in the literature.ag'90 He were unable to ohtain data for
the series Ni(Nptu)zxz(x-Br 1) since they precipitatg,solid-on adding ligandL
For square-planar complexes, we have used equation (2-21) to obtain approxi-
mate rates from coalescence temperatures - .and find that both reactions proceed‘
by an associative mechanism but that 1igand exchange ra;es "decrease in the
order "'f s < oo | -
| 1 Ni(Tu) 1" > m(Tu)ag+
Thus the square- planar complexes apparently show the opposite halide.
dependence to the tetrahedral complexes. We suspect that this probably
_reflects ‘the difference in charge rather than in geometry Figure (5-5)
shows some representative spectra.of square-planar Ni(Tu), Br¥ with excess

l\gand.
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Tetrahedral
NH _

FiC_lure(S~:6‘) -!H NMR' Spectra of Nl(Tu) ﬁr [A= Ni (TubBr ,Bzthh
. excess of Tu(slow exchange) C=Intermed1atc Exchanc-e

N

(Solﬁ‘tlon warme(f) E" .



The 1ine broadenlng technique in the Illg,lt of fost exchange has
been applled to abtain seml-quantltatlve data of the klnetlcs of llgand
'euhanqn for tetrahedral Ni(Tu)z 2+ The experiments are llmlted for l'*ll(Tu)aC12

~and l‘h(Nptu)2 2()'l-.Br I) whlch are relatlvely less soluble in acetone d6

v

Heasurements were made on. the llne-width var\‘li:y)s of the "inside" proton

resonance. Measurements wore possible ovar_th temperature range of + 27°

"to -20°C. Over this tempereture range a solation of the complex l‘vll(Tu)6

) N
.

contains tvtr ahedral Nl(Tu)ZX “and excess of free. ligand Tu under rapid

"eulnnqe lt is therefore hrpractlcal to. obtaln llmitlng llne widths. from
R et .
3 plnt of observcd 1ine width versus l/ £ as was -dane ln the Tigand exchange

~ study of analoqous Coucomplexes. However. there remalns the. problem of

1 -1 -

qetting , 1) to fJHn the equation (2-25) though TZB would he directly

U2A
oht.nned from the measurement of the line uidth of ‘the free llgand fesonance

under’ the conditlonsmf the expriment A solution of tetrahedral Nl(Tu) 1,
at very low temperatuée (i.e. -90‘) wduld show a llmitlng spectrum At this

L

K
tomperature. the ligand exchange process is. completely frozen out and a .

measuirement ot the 1ine width of the complexed resonance is possible lt has-
™ been found that the line uldth of the complexed resonance (1 e. “1nside“ NH)

r " of tetrahedral Ni(Tu)ZClz at this temperature lsj'\-lsﬂ Hz (60 ﬂllz) This value
'is used in the calculations-of kinetic and actlvation parameters of llgand

. ouhanqe in tetrahedral Nl(Tu)zlz It may also éﬁ noted th‘“ “the observed -

-1
lino width (T—r) varles from 200 Hz to:480 Hz. and’ therefore the T2A

B , contributes between 4osand aog of the total width The results are of course, ..

.'ndt accurate but they are st‘lll meaningful enough to make a comparative study

—

" With those' of analogous Co complexes. Table (5-6-3) shows a surmary of ktnetlc '

R . oL
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data for Ni(Tu)zBrz.. Plots of .av vs 1/, 1, ¥s [Tu] and asﬁsvs'T(absoIUte)
are shown in Fig. (5-6-a). The variation of life-times with added ligand

fconcentration Jead to the bimolecular rate constants (hi ) summarized in

Table (5-6-a). A similar study ﬁas carried out for octahedral Ni(Dmtu)6(0104)2
using the limiting line widlm;.of complexed and free 1igand lines (mlOO Hz -
and ~20 Hz) respectively. All the measurements were based on the line width

of the 3 signal. The bimolecular rabe constants are found to_be l.5 X

108 mote™! se

. ] for Ni(Tu)2 2 f@spectively at + 27°C . The variation of
rate constant with temperature allows AH and Aélto be evaluated. - It {is found
that the entropy of activation (ogﬁ) for ‘the ligand—exchange reaction of
Ni(Tu)ZBr2 is more negative than that of Ni(Tu)2 y and that this determines N

the difference in rates. The enthalpy of activation (AH ) is actually smaller

]

for the bromide than'the 1odide. @This behaviour parallels that/for Co(Tu)2 2

reported in the previous chapter The findings of second order kinetics are

L

to be expected Qn this case, there is no direct evidence for a second mech-
anism 1nvolving prior solvent cooﬁdinatdon However, this does not preclude

the presed/e of small- concentrations of solvated spgcies'hhich might act as
I

probably, both processes occur for all tetrahedral complexes ﬁnd only their

B
-
'

relative contributions are changing

A noticeable feature 0 these results is that the nickel complexes

are more labile than the corres nding cgbalt ones. :The difference.appears |

to be primarily in the entha'lpies of activation [see Table(5-6-c} and Table

(4-7)]. It is note-worthy that both Ni(Tu)ZBr2 and Co(Tu),Bry at 27°C exhibit

-1 cac”] 5
different‘bimoleculan.rate tnnstants of l 5 x 10 mole ' sec and_3-3 X 19

'intermediates in the. exchange process.  We would. in fact, conclude that most =7
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\\,//?:ile (5-6-a): Kinetic and Activation PiZLﬂéi;rs for Ligand Exchange” in
° ° Tetrahedral Ni(Tu),Br, S .
. }

Line Conc. of LlSlope

Contactwidth Tu, | R _ P N ) ky =

?n;;t .(::) | x 10 Pa T | ] ’ mqle'l toc |

f}-{] MHz 1/2 ' sec - . sec sec"‘l )
193 | 185 0.0 |o0.96 |1.6x0* | 6.3x0°

1862 | 195« .| 4.1 |093 1a- |9 -

1764 | 218 6.2 |o0.88 |87- |15 |

1709 |'223 | 8.2 |o0.85 |6.9- 4.5 - | 8.4x10° | + 8
1w | 229 | 10.3 0,84 | 6.5- 15.4 - _

653 | 236 © | 12.4 . |0.83 |6.3- ~|16.0-

2019 | 257 0.0 - o097 |10 | 7.7x wj“

943 | 264 . | 40 0.93 | 3.7 - 2.7x100 \"

1848 . | 27 6.2 0.88 |1.6- | 6.3 -] 6307 0

1764 | 278 | 8.2 0.88 | 1.1 - | 9.ax 107 |

w22 | 285 | 10.3 0.82- | 9.1x107 [10.9 - Y

1695 | 202 | 12.4 0.81 -| 8.6x107° [12.0 - |

2090 | 320 0.0 | 0.8 | a0 | 2.1a0°

2000 | 33 |, 4.1 0,93 | 7.x107t | 1.axi0”

1940 | 348 | 6.2 | 0.9 | 4.0~ 25 - 1.

1850 | 362 . | 8.2 0.86 | 2.2 - 4.5 - [a.800° | - 8

1778 | 369 | 103 | o8 |1.5- | 6.7~ -

1723 | 375 . | 12.4 0.80 | 1.3- | 7.7~ | e
] —_— :

A1l 'shifts measured relative to free 1igand.resomance

4

[+
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.
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| )
Continued from Table (5-6-a)
. - l
aHt
k. ¢ 4 [1imiting Timiting
N ket . 85 Nine width [.. shift
mole” 'sec™! mo{e'1 e.u. [Hz(60 MHz) |Hz (60 MHz)
. . 6 _J i - )
| e2re 1.5 x 10°| . - - -
"+8° | 8.4x10°|4.6¢0.9! -15+3| 180 2000
oo | 63x10°| | T | o | 209
- - g0 4.8 x 10° 180 - | 2140
. L‘\T.',
e.u.=lc.al-.4('1.mo‘ld]-. \
i
.
»y
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nole | secT) respectively indicating a faster Tigang exchange in the former.

This is directly reflected in the difference in both enthalpy AH*and entropy o
ASF of activation. While a great number of factors affect the relative
activation energies, one factor in particuiar; the ligand field stabi]iza-

tion energy is expected to be different for cobalt and nicke] The 1igand -
field stabilization for tetrahedral cobalt (d7) and nicke] are (GIS)A ‘and |
(4/5)ut respectively, where &, is the splitting between the lower “e" and

136,162 a rough esti-

upper “tz” levels. By takino By for the MC]’E species,
mate for the difference in the ligand field stabilization enengy contribu-
tion to the grouﬂ&-state energies between the cobalt and nickel comp]exes is

3.0 k.cals. mole -1

This rough estimate 1s probably somewhat low, since the
_suiphur atom of thighrea causes a larger- ligand-fieid splitting than do ha]ides.
An estimate of the- 1igand fie]d stabi]ization .of the pentacoordlnate transi-
tion state is even more tenuous since the geometry is uncertain. However,

both trigonal-bipyramidal and square-pyramidai geometries cause approximately

- equal ligand field stabilization energies for cobalt and nickel cases. 27

Thus it is not unreasonab]e that the increased 1abi1ity of the present
‘tetrahedra] nickel  complexes over the cobait ones is at least in part due to *
ligand-field effects. The opposite trend, cobalt more labile than.nickel.‘is
generally observed in octahedre] complexes of these fons and can be explained ;

'by similar arguments. . ,
Solutions of Ni(L)G(X)z(X 104, BF4) exhiﬁlt a rapid equi]ibriumz: _‘
-between paramagnetic octahedral NiLs2 and diamagnetic square-planar NiL4
(L Tu,Dmtu,Detu). Therefore, the shift observed for ‘such a system is in

 average - frequency and it is not possibie to make measurements of reaction

’
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- »
~ rates at high temperatores. low -60°C, however, most of the equare-
planar complex:-NiL;2 is convented into octahedra]wcompIex NiLEz by associa-
tion as has been discussed pre iouslvi A 1ine;width varietjj> technique
with excess of free ligand in a slow exchange region 1ndjcat\$:that all
. NiLE2 exchanges via a dissociative mechanism. Application of foroula (2-21{
at their coalescence temperotures (Table 5-6-b) signtfies that the unimole-
cular rate oonstents kI is %n the order 2 x-104 sec"I at the eoaIesceoce
temperature. The lability of these complexes is found to increase fn the
order © R | | .

Ni (Detu)g (BF4) < Ni(Detu)g(C104), < N (Omtu)(€10,), < N (Tudg(BF,),

< Ni(Tu)G(CIO4)2

N

Thus in these)compounds the unsubstituted nickel complexes are more
labile than the corresponding substituted ones ;;?E‘behaviour also para]lels
that for cobd1t perchlorate complexes discussed in the previous chapter. How-
: ever, it is noticeab]e that a nickel perchlorate complex exchanges at a higher

rate relative to the corresponding cobalt analogue.

It is 1nteresting that this series of labilities parallels the 1igand
field stabilization energies of the thiourea 1igands (10.0q for Ni(Tu)6
8300 en”!, Wi (Dmtu)g 20 ggo0 en™?, Ni(Etu)g” = 8800 an ).

Direct evidence for a dissociative mechanism is provided by 1ine
'broadening studies on Ni(Dmtu)+2 with excess of added ligand. The 1ine broad-
ening effect is nicely shown within a fast exchange 11m1t when the “temp rature.
range is between -70°C to -78°C. The results are sumarized in the Table

{5-6-b). The most'ihteresting feature of the results is the pos1t1ve value
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Kinetic Parametérs of N1(II) Complexeé [Coalescence
Temperatures(56.4 HHz)] SR
Table(5-6-b)
, | .
Complexes 1 Mechan- Coales_c}hce . Rate .Exchanging Species
” fsm Temp.” | Constants| '
. o % . kl
N (Tu) 4C1, A - - ﬁ; N (Tu),€1, 1ess-4.§olubig
Ni{Tu) ¢Br, A 90° | 2x10° | wi(r)geet o
N (Tugl, PR B R O |
Ni(Nptu) X, . <A - = 1 Ni(Nptu)oX, less soluble
X-0r,1 g ) B . ,
Ni(Tu)(N0), | D - - N1 (Tu) (N0}, less
( ‘,‘)5( 3)2 ' ' 477372 soluble /
'Ni(Dmtu)G(Nol)Z - D ] -65° . 2 x -104 Ni (Dmtu)a(l*l(')a)_2 '
Ni(Detu)(N0,), | D 360 | 2x 100 | mi(petu),(N0,),
N \ "D - - (Tu) “extremely broad
| e 4 +2 .
.Ni(Dmtu)ﬁ(C10d)? D -77° 2 x 10 Ni(Untu)ﬁ‘
) - - ) +2
Ni‘(Detu_)ﬁ(cwq),, D . -58° 2x10 .Ni(Detu)G
v Y |
- - Ni(Tu extremely broad
Ni (Tu)g(BF4), D . o (Tu)g™ extrame :
i . . P i 4 . N )"’2
Ni (.Detu)G(BF4)2 D -‘.35a 2 x 107 | Ni{Detu 6
D -‘Di;sqcia.tive mechanism )
A = Associative mechanism .
; _E ‘ .




160

, Kinetic and Activation Parameters of Some Ni(IT)
. ’ .Complexes (60 MHz) .

Table(5-6< )

Comblex k| ! Ky Te_mp;! Mechan (AS' AH'_

_ ‘sec'] moie"sec" o Ydsm | Ceuf k. cals/mole
Ni(Tu),Cl, X R B I _ i
Ni(Tu)br, | - 1.5 x10% | zie) A |asi3]a6 e 0.6
Ni(Tu)_glé N A TR +2271°] A |- 9:3]6.8+ 0.6
wimew)g2 J1ox10t | -0 | -7 o ha2es) 140 110
A= Associative mechanfsm T . ] '

R Dissociative mechaism
: Solvent = I\ce’ton_e-h6 |
c.u. - = cal.K'l"_.Vrnolé.].d L 3 |

-4

tre =
.
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of entropy of activation (qé) which {s expected for a dissociative mech-
ﬁﬂsm and contrasts with the negative Aé='§ found for associfative processes.
txamples of such a process exhibiting a positi@e entropy of activation are
©well knpwnlﬁq 165 in the acid hydrolysis of somE‘metal ociéhedral complexes
such as’ [Co(NNJ)SN ] . [Cr(H20)5N3] , and IrCl . Their entropies of
activation vary from +14 e.u. to ¥19 e.u. which compares very reasonably
with the present result. T
"All nitrate compounds also exhibit a dissoctative type of mechanism.
The first rate constants. k at the coa]escence temperatures are in the order
2 x 10% sec -1 respectively. Ni(Tu) (Noh)z forms solid with added‘thiourea in

solution and {s therefore not accessible to study. However 1igand exchange

| Ni(Tu)Gkno3)2 >> Ni(Dme)G(Nos)z > Ni(netu)s(&qs)z

rate decreases in the order

This parallélﬁ‘the perchlorate and tefrafluoroborate compliexes.:
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CHAPTER VI
TT-ALLYLNICKEL COMPLELXES .
(6-1)  INTRODUCTION

Extensive studies on I1-allyl transition metal chemistry bave

heen reccnt!y made-by a number of investigators. 196"67 )

The results

- of these studies lead to the conclusion that al1yl metal system of Ni(ll)
vvidcntly plays an importgg} role and essential part in ‘many of the reac-

tions of unsaturated hydroéarbons. and takes part in extremely sterco- ;
selective homogenedus catalytic proce\:.ses.]66 167 A number of the com-

pounds studied contain thiourea ligands and it is of interest to compare

the structure and lability of these catalytically active compounds_with .

those of the simpler compounds described previously.

(6-2) PREVIOUS WORK
/

-allylnicket bromide [(IT- c )NiBr]2 and TT-crotyI‘)ckel bromide

166,168

[(TI- CH3 03H4)Niﬁr]2 have been studied spectroscopical1y - These

| 1

~ studies indicate that they assume a dimeric form in solid. The NMR spectra .
of the former complex tn c606 at 27° reveal a symetric pattern consisting of
two doublets and a group of closely snﬂced Tines (at least seven componcnts)

6
in thé ratio of intensity 2:2:1 rf.'speci:ively.]6 _This 1s consistent wit: the
- structure of [T-allyl group ;ywnetrica11y bonded to a nickel atom. The ﬂ NMR
r . . Ty, = : L

162 ' ) L
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spectra of”f}éétotyl comﬁiﬁgf}ead to the same conclusion. All complexes
exhibit a d}ﬁaﬁic equilibrium thvolving IT- and o- bonded species at-tigh
temﬁeratures.]6§ Later workers haye'synthesized a number of rI-allylnicke1
or I- cfotylnickel complexes with thioureas.'®? X- ray- structural etudies
" have been ree?rted 167 The H NMR evidence suggests that both allyl and
crotyl remain as a Il- bonded ligand in solutione.

(6-3) EXPERIMENTAL SECTION.

13 |

The following complexes have been synthesized.]7°'171
(rI-CBHS)Ni(Tu)ZBr . (IT—C3H5)N1(Np u)zBr
(T1-C4HgINT (Mtu) ,Br (FT-crotyl JR1(TY),Br
(I1- -CH 5)Ni([lntu)zﬂr (IT-crotyl )Ni ( tu)zBr

Except those of thiourea. a]] comp]exes have not been reported previous]y
'The latter complexes were prepared by the methods ‘closely analogous to
those described in the literature.]T A typical preparation was carried
out as follows. 172,173 _ o

A 250 ml double-necked flask with counter stream coo]er and Hg-cressure
.:safety valve was set up. The flask was fitted with a njtrogen line to remove
the air inside the vessel. 150 ml of nitrogen saturated benzene, 8.3 g of
a]lylbromide and 15 ml of N1(CO)4 were heated to 70180°C the so]ytionlffrst
turns ye]low-and then finally red with carbon-monoxide formation and precipita-
tion of nickel. o i . y ’

Ni(CO) 4 + CH,BrCH=CH —— (N(C4Hg)Br), + 800

- Ki{co), —a— N{ + 4CO

- * . . TN

A
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After 15 mlnutesmstandlng,-thedmlxture was refluxed with continuous °
flow of nitrogen for an hour The darh red solution obtainéd was cooled
to room temperature and flltered over a piece of glass-wool under nitrogen.
_The dark red filtrate was taken and. the solvent was pumped off on a vacuum
line. The dried sample was in dark red colour. It was washed with 3 ml

_of n-pentane and dried under high vacuum. The dark red substance was kept

-

1n a sublimation tube and 1t was allowed to sublime at a constant tempera-
ture of 80-90°C. This gave 1.2 g . of dark red alr-sensltlve crystal of

[(c HSNIBr]z - The corresponding [(I1- crotyl)NlBr]2 wis synthesized by a
. '
similar procedure‘

-allylnlckel complexes "of thioureas were synthesized by reacting

1 mole of I1- allylnlckel halide dimer and 4 moles of thiourea or aTkyl-
thiourea in a methanol solution at - §° under nitrogen atmosphere. They
separated as pure orange- -red crystalllne solids on coollng to -78° (dry

ice and acetone). In a similar procedure, complexes conta1n1ng crotyl group

-

' and thiourea or alkylthiourea were isolated.

" (6-4) THE NUCLEAR MAGNETIC RESONANCE SPECTRA o ‘

S .
This chapter dlscusses’ﬂﬂR studies of TT-allylnickel complexes of

thioureas. 1n some detail It 15 necessary to present some prel iminary NMR o

data before discussing the results. There are two aspects whlch require

consideration. Flrstly. we need to know the assignments and chemical shifts

~of various coord1nated llgand protons. Secondly. we are interested in any

rate processes assoclated wlth ligand exchange or molecular rotatlon which
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may «0CCur. ‘
The(qH NMR studies of cngvcucuzx and CH38H=CHCHZX have been pre-
viously reported. ]74 ]?5 Their NMR spectra in acetone-d are quite similar
to those reported in the literature. [Fig. (6-1a) and Fig. (6-1b)].
T-allylnickel bromide and IT-crotylnickel-bromide complexes have
been investigated in C.D¢ [Fig‘ (b-lc) andafig.'(6-1d)]."However. they have
not been studied in‘acetone The 1H NMR spectra of these complexes in '
acetone d show similar patterns to those previously reportéd in the
literature. 169 - The only difference which is noticeable is that the observed
‘ lines (two doublets and a group of ciosely spaced 1ines) of Tl-allyl group
are extremely broad, possibly due to a chemical exchange involving adimeric and
solvated monomeric species[(Fig. (6-2a) and FiQ‘W(ﬁ 2b)]. Beq'ﬂse of this
effect, the chemical shift data are different from those obtained in CcDg
_ (Table 6-1). | . y
The 1H NMR spectra of Rlili(L)zBr(R== -a11y1 II-crotyl),where LaTu,
Mtu Dntu; and Nptu in acetone -have not been previously studied in detail.
(11- allyi)Ni(Tu)zBrinacetone-d6 exhibits a iH NMR spectrum at -10°C con-
ﬁilt)ng of a broad line assignable to thiourea under a rapid exchange. On
cooiing to -30°C, it sp]its into a doublet ‘of equally intense lines attri- ) ‘K
butable to "inside" and “outside“ protons of coordinated thiourea [Fig. h
(6-3-a,b,c)]. The corresponding II-crotyl complex shows a simiiar spectrum
[Fig. (6-3-g)]. it seems that rotational barrier of complexed thiourea is
~ higher than that of free thiourea. The water resonance does not show A sian-

ificant shift from its diamagnetic position. ' Cooling the compiex solution does

not affect- the thiourea résonances but a; noticeabie change in intensity of

° the twp dagblets of the II-aliyl group is observed. It is possible -
( ' '

-~

\ . : - - i “
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FlgurG‘(G -2a): 1H NMR spectrum of: [(IT -C HS)NiBr]2

Figure (6-26): wiR-spectrun of [(T1- -GGt iery

Solvent: acetone-d6

167
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Table (6-1 '
1 e
o H NMR Data for [RNiBr], Complexes (56.4 MHz)
COInplex _ Ha' _Hb] Hc- Hd ‘ CH3 tc
[(n-calls')N1ar]; -270 | -154. | 123 2
T(n-cytgINierl," |-308 | 176 | 121 | e
[(T1-CHyCHy INIBr],| -263 | -148 | -84 | -148 | -35 27°
({TT-CHoC4H NIBr) 2306 | -160- | 101 | -160 | -46 | -19°
*solvent CGDQ J ’
g ‘fso]_vent acetone-dg 7‘ _ )
Al shifts measured from TMS = -
AN -+



| | ‘169

100
Solv ;
- .
_30°¢
. { ’
4 v,
~90°C '|¢’=! *h&ﬂj ‘;- ('d) -

.)Ni(Tu) Br'af various témperatures.
/ML,

) |

[ '- R ) C i - .
Figure (6-3-a,b,c): H NIR spectra.of (TI-CgH

-
N

Figure (6-3d): with excess Tu.

~ N
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that a change in geométry in allyl group mibhi také place at low tempera-
tures (below <80°C}. The phem1ca1.shff£ dhta are summarized in Table (6-2).

Turning to IT-allyl- or [T-crotylnigkel comﬁ]exes of substituted
thioureas [Fig.(G-ie) and Fig. (6-3h)]. the ipterpretation and assign-

ment come out naturally. There are two 11nés ascr to -NH or -CH3

groups of coordinated ligands arising from the restricted rotation of C-N

bond at low temperatures. TI-allyl and IT-crotyl grouq\show a sim{]ar
pattern as reported previously:r (IT-CaHs)Nith;u)zBr yields three reson-
ances attributable to two “inside" and one “outside" protons. ~The naphthyl

.group does not appear to be shifted from the corresponding free I{gand line

’ -
[Fig. (6-3f)]. R

A1l complexes form reddish brown solutions with £iZéd acetylenes

3CCH Ph.CzC.Ph, ‘and C1CHZC§CCH2C1. It is possible that coordina-

such as C
tion of these atetylenes might occur in solution. lTA;*Y;\RMR spectrd of <f
these salutions ‘sHow on]y_tﬁe,comp]ex resonances and that of "added acetylene. \K

Cooling theﬁ§£}ution gives\no add1t1onaf)év1dehce for cg@plexed acetylene.

(6-5) DISCUSSION

.

‘\‘ . .
~ (a) Ligand Dissociation R S
« [(TT-allyl)NiBr], . and [(TT-crotyl }NiBr],

complexes'fokm a more reactive species in acetong-dﬁ.' presumably it could

be due to‘the'forﬁation‘of a solvated monomeric complex. '

[RNBD, + 25— 2(RIN(S)EN)

+ A '
N e . - .
: , ., . , )
L ) . o . - . \
T . . . . . \

-
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o " S
Soly CH;

) N1_(Tu)éBr and (Il;cro'tﬂ)_. |

Figure (5-39. h):--iH NMR spectra of (r1-crotyl

Ni ( ‘tu)zBr in‘acetone—de;'
7 oL !

| ]
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. . . .
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o~ - - \.5 Table (6-2) ' _
- , ' 4 . : I : w -
¢ T4 MR Data for Complexes RN{(L)2Br Lo . . —_—
\ [1-allyl or IT-crotyl . ,_ B "~ Thiourea or Substituted Thiourea .
yj ; — . _T—1 -
Complex: 1w H 5 Tn. |en. | =inside”|"outsiag["Tnside”| "outside" | tc _
. . “ . U.. . n _n . w. . e == _. z: ‘ nrw ) . n:w‘\. ) . : . '
(TT-C4Hg N (Tu) ,Br -305 | -172 | -1H - | - 473 | 448 | - - -35° S
| (T1-C3HgIN (Heu) Br - - - | - |- - EET R

309 |-17a | e |- - 509 | w439 | 70 | 158 pe1r

: A 1 . : . .593 C ,

o1 |-1so] 54 |, -a7a f-aas |o< .. |-

aﬂg-wﬁunwxavz*aqcvmm« -289 | -159

(TT-CH,CoH, INi (Dmtu) Br| -295 | -160 - 97 | -160{ -54. S | o-me ) -2 | fise -2 "
. n...,/i..v.. w N . N . C. . ..
- " ! ; -
< " A1l shifts measured from ™S (56.4 MHZ) - . : L. g : : _
Solvent = acetone : \ | - - . . .
| - -
* _ e . .:Ill\\ ’
v Y - h.
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VI
R

- Fgure (6-3¢,f): th niR ;pect'ra\of (IT-aliyl) Ni(Omtu),Br and (n-ally?)

e

f‘”m“t“)zl“" in acetone-dg.

- ) ‘ *
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Conductivity data]7]

fndicate that orange-red (51-C5"5)"1L25r" 4

| ) . =0 S
oxists as (T'I-C3H5)N1(L)2 in methanal or acetone. A1V crotyl complexes
behave similar. ngand dissociation of these comp]exes can pe,cxpressed

as

(R)Nit; + 5 .(R)mz(sf"_

——]
(NSt = (R)mL(S)* v L
All these complexes are diamagnetic. and the shifts exhibited by
the ligand protons are extremely small relative to their correspondin&?
" free ligand posittbn. Therefore we do not feel that we can make quantitative
measurennnts on the solution equilibria o |

-'.-.

(b) Ligand [xchange Process

A qualitative study on 11qand lability of these complexes.havEtﬁben
. .

made;r The NMR spectrum of (I-C Hs)Ni(Tu) Br with excess free thioures
reveals\# single -fiH line attributable 0a rapid exchange The average line
remains sharp up to 90 and no free lio nd resonance {s observed (1 e. 1iqand gﬁ}

exchange remains fast). A1l other comp1 xes show similar behaviour The

ex is "soluble and we do not report fts data.

corresponding naphthyl
Previous eichange study with diamagnetic square planar Ni(Tu) x* could' pos-
‘Slbly predict that all these compIeXes woul? exchange through a bi-molecular
process. However. unlike Ni(Tu)3 , these domplexes undergo extremely L?st
chemical exchanoe down to 90°C and neither a compiexed nor-a free 1igand
line has been observed. At higher: temperatures the collapse of the "1nside"
- and "outside" 1igand protons ean be observed. The temperature at which this

‘occurs” is different for the various complexes as is fndicated below




A

qroup do -

1t is interesting to note that all lines attrihutable_fothe ﬂlolsl

175

RNi(Tu)zﬂr : :RNi(Mtu)zﬁr > RNi(Dmtu)ZBr 2> RHA(Hptu) B }

-17° -10°

{

~ This implies decreasing 11gand dissocfation alona this series.”

not show any significant change during rapid exchange. A’

similar hehaviour is shown by the crotyl complexes.




CHAPTER VII

b

STRUCTURE AND LIGAND EXCHANGE OF Zn{1l)
COMPLEXES OF THIOUREA

(7-1) INTRODUCTION

Relatively 'Iit.tle 1nformat10n 15 ‘available on the kinetics of
Ii‘qand exchange reactionsl of tetrahedral complexes of non- transition metals
~uch as zimir These reactions are usual'ly quite rapid and the NMR tech-
niques can be appiigd. lt would be of interest to. compare rates with’

those of corresponding To and N{ complexes.

4

(7-2) EXPERIMENTAL  SECTION.

The/ following complexes have been synthes ized by Hjte;ature
me tho ’ \. | .
\ C 2n(Tu),L1,.  2n(Tu)4(80;),
o | Zn(Htu)ZCl o Zn(ITu)4(C104)2. |

A

| Stoichiometric quantities of zinc chlor“lde and thiourea were dis-
solved in a mixture (water and ethanol 3:1 by voTume)and the solution heated
for 10 minutes- unti] a clear 501ut10n was obtained. The hot solut.i.on was
filtered and aHowed to evaporate at room temperature for severa\_days.
The white co'lourlegs. crystalHne substance obtained was, washed several times

-

with ether"ahd the remaining ether pumped_foff. The resulting crysta'ls were
> -

176
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dried {n vacuo over P40]0 to give a crystalline solid. Products were
characterized by their melting points which.agree well with data in the

_ 176
literature.

- (7-3) STRUCTURE
AN thiourea complexes of In(II) have. been investigated by infrared
spectra. They are all bonded through the sulphur atom.- They are_also

peeude - 23

thought to have tetrahedral geometry SpeCtroscopic studies have also

shown that in solvents such as acetone, these complexes are partly dis-

li\

soc1ated Conductivity data -ndicate that it fs the thiourea which

dissociates. The perchlorate complex js a-1:2 electrolyte. !

* The ‘TH NMR spectrum of Zn(Tu),C1, (Fig. 7-13) shows that the NH,

_ resonance has been shifted downfield relative to free thiourea. Addition of
free ligand shifts 'the resonance to high field indicating fast exchange On
cooling a solution of Zn(Tu)ZCl2 to around 0°C, the thiourea resonance is '
split into a doublet. which is attributed to restricted rotation about the
C-N bond-(Fig 7- lbl Cooling a solution coﬁtaining eféiss ligaﬁh to -80°C
gives both free and complexed ligand peaks, 1.e. the 1igand exchange’ becomes
completely slow (Fig. 7-1¢). The spectra of Zn(Tu)4(N0 )2 and Zn(Tu)a(Cloql2

are similar except that a;t:mperature of -25°C is necessary to freeze out

the C-N bond ratation in the nitrate and(?he-line,remains a singlet to

; .
¥ a .

—80°C in the perchlorate c s h Ty
Tq MR spectra of Zn(Mtu)ZCl2 in acetone-d6 exhibit ‘gimilar behaviour;

The NH2 resonance has been shifted down::eld but the CH3 resonance remains

4
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Complexed
Free

Figure (7-1) 'TH tMR.spectra of Zn(Tu),C1,
¢ : E

ace'c:.mef,d6

at 56.4 Miz. ‘Solvur.\t:ﬂ

&



. outside” methyl group 1s preferred as might be anticipate on steric grounds
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. 1 .,
u o . 3 .
. . k

.

unshi f ted relative to free iigand "At +8°C.5both"resonances are"spiit

{nto each doublet. which is again ascribed to restricted rotation about the
c-N bond. This fndicates that barrier of rotation is higher in Zn(Mtu)2C1
than in Zn(Tu)ZCIZ_(Fig.7-2). Chemicai shift’ data for all complexes are
'rcport.ed tn Table(7-1). i

'/ (7-4) DISCUSSION .
\~ .

(7-8a) NUCLEAR MAGNETIC RESONANCE SPECTRA

’

AlY the NMR{data can beJreadiiy int;rpreted oh*the'assumption that'- |
thiourea is bonded to the metal through. sulphur and that rotation about the I
C-N bond is compieteiy restricted at low tempenatures. A]1 complexes show'-

-two resonances, -one shifted to low fieid and one ‘to high-fieid. Since they :\
all are diamagnetic. the effect of the metal on the chemical shifts of - |
1igand protons s comparatively sma]i The behaviour of coordinated thiourea

should similar to that exhibited by a free iigand Therefore. the “out- e

oton which {s closer to thio- carbonyl group of the compiexed iigand

is asd¥gned to high fieid 1ine yhereas the 'inside" proton which is iess closef

to ‘the " thio- ca{bony] group of the compiexed iigand to iow fieid line. k\

~ Similar assignment”has peen made for Zn(Mtu)ZCI for which the {somers Nith

4

y
- N ° L. v v, N J

[ “ . " t
. 2

- a7 .
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+  Table(7-1) Chemical Shifts of Zinc CompTexess

180

M CH,

.Compounds -Room Temp. Low-Temp.'-Room Temp. | Low Temp.| Temp.

' {27°C) _ (27°C) ' °C

. -474 ° - -

Zn(Tu)2C12 -441 -457 -50
457 " | 166 166. _

Zn(Mtu)2012 -434 -4217 163 + 8
: . =455 -
Zn(Tu)4(N03)2 -430 -438 =30
In(Tu),(C10,), |  -456 468 , -60

I

A1l shifts measured fro

m TMS at 56.4:MH2;150TJent acetone-dg




o | PR T T

| T=48°C -

N . . . o . l \-\ - )
Figure (7-2) M NI Spectra of Zn(titu) {1,(56.4 Miz). * Solvent:
. X

acetone-dg’
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. (7-4b)  LIGAND DISSOCIATION . e

All complexes -are d1amaunet1c both in 'solid and solutions and
quantitative measurements on solution equ111br1a are d1ff1cult However,.
“the meaéured shifts from the free 1igand position clearly decrease iR the '
order: . _ - ) 7 N -

Zn(Htu)2012 Zn(Tu) Cl > Zn(Tu) (HO )2 > Zn(Tu)4(C]04)2

This 1mp]1es that 11gand d1ssoc1ation is also 1ncrea51ng in this ordér.

t .

This behaviour closeji(fiiillels that of the. ana1090us CO complexes.

(7-4¢) THE LIGAND EXCHANGE PROCESS

Some deduct1ons regardldq mechanisn from the varlatlon of the
line w1dths with concentrat1on of added 11oand have- been made. It has been "'-
found that the line width of the complexedljigand 1ntreases.w1th increase
in concentrat1on of added 11gand but the 11ne width of'free ]igaﬁq"fe-

mains constant This ind1cates that an assoc1at1ve mechan1sm predominates.\

The tempera ture at which coaiescence‘of free and ;omplexed ligand

Signals occurs is a qua11tat1ve measure of relative exchange rates. It

has been found that the var1at1on of this temperature is Surprisinoly

omal L ( 58" to -62°C) for Zn(Htu) L1y and Zn(Tu)ZCIZ (Fig. 7-3‘) The

.perchlorate complex does not shou coalescence down to -90° indicating

the 1igand exchange rema1ns fast. Estimation of x has been made for both

halide complexes at their toalescence temperatures and the bimolecular

3 1 '
rate constant (Il:.3 = ljr[Tu]) ‘is found ' to be in the order of 10° mole ~ sec -

AN \ ,_
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Fi 1, n . ‘ - '
igure (7-3) 'H NMR spectra of In(Tu),Cly with excess of free ligand

]

at low temperatures.
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Diamagnetic n compiexes do not show sinnificant temperature ,
depencence of their cﬁemical shifts EquatJOn (T—l) can therefore be )
emp]oyed to obtain approximate activation parameters Under the con-
dlt1QnS such that both complexed and free ligand lines (A andy B) are )
.observed pnd that the ligand exchange process s barely frozen out, '
the 1ife-time of the exchanging ligand can be re]ated to the peak sep- '
aration (vy - ¥ ) ofq;he two resonances by, S R
A. , : . . .
- LI ‘ " . . . . LA .
t KTA? b . | (1),
’ . - o E‘“[(VA - ¥ ) - (VA VB) ] ~
col .
' where‘(v | ) is the difference in frequencies o¥ the two' ¥, sonarices

ugder a complete exchange (i.e. -80°C). Al these parameter were

measured for Zn(Tu)2C12 in. the temperature nange of -60‘ to - 0°C

respectively [Fig. (7—3)} The Variation of life- with emperature

; hasrﬁ/en recordeaain Table (7- 2) The activation parameters were obtained
'{ by using equation (2 34) in Chapter II, and by plotting AG 's versys the ' :

absolute temperatures as shown in Fia, (7 -4).

It is interestinq to note that the entropy (AS = .-32 ¢ 3 cnl W wdle )

and enthalpy (nﬁk;AZ 2 + 0.6 kcailnnie) of activationare quite_51m11ar to’

those obtained for the corresponding tetraﬂedrai “Co a?d Ni. complexes dis-

cussed in Chapter IV and Chapter V. It is also important to know that -

'the-labi]ity of a In complex is comparable with those of the correspondinp

]
. paramagnetic compounds. ‘ o e

R
[
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Table (7-2): Kinetic and Activation vmqmmﬁﬁm?fu«oﬁ Ligand Exchange in ~c§5~2~ .
t°c cps: | , * 1 [v ut. x = d .om* | . T° ..px.. | as®
(ve m.cJ (v s ) AL TR LT S TR T | :
A8 AT VBl R o Mes. | keal ooy
(60 MHz)| (60 MHz) ~sec. .| ™1 Tsec .x.n&..ao:. Temp .
. coales-’ g b . . . 3
cence . . - T .‘ . ) A*
I R L 28 |s.0x10 |17 %107 8.5 x 10° 9.4 a0 |
-~ s o w/f . - .,.. ~ lw lw, N . ) B ' : ’ . . .-
| .--66° - B |6.2x10 1.24 x107°] 6.9 x 10 9.3 207, _
g0e | -} e |88 x107 | 2.06x 10-3-a.9x 102 | 9.2 203-| +2.7:0.4 -32:3 :
740 | - 6 h2.0x 1073 | 2.80% 1073]-3.6 x:10% . 9.1 wo | ,0 - - -
. .. ) - - u”_f.. ' . , R ,_M . .
v 1imiting] - . | » 2 "
s -80° ) hm - 1. - o - ..\ ) o 2 . ) e . . - - - .
- . i} . . ... | . v ._ . oo
. T, s — _‘ R - ﬁnom.&mnm:nm temp.):  T,* B - ] —17% (slow exchange)
A ‘ SR o o7 . 2 / .
. o .\M -..Tm... mv o »f . L ...\m.a:e_p - .gm.u - ?h - Vg ] - : .

mnom..ﬂmxu = 12.9, x eolﬁm_.: [Tu] = wo.m-x. E-m‘..__ﬂ LTul* = 23.4 x 1 o.-m M (total conc.) e, u.=Catl .xL .aommd.
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Ilw high- (cmgwr}\ture data of I‘Ii(Tu)l,)(2 and Co(m) X’ have heon

‘ lvilrnpnlnlt‘d to lowm‘ temperature for coﬂmrison purposos with zing

4 o

'mqmlvm-u It is found that at -62°C, the bimolecular rato canstants
ot 'ni't'kr' and cobalt cmplexps are at least 10 times arcater than those
Col sine wmplvxo* This 1S presimably due to & lower pm-
f
" in ".-_Ji’nr - than in nickol and cobalt complexes. despite the fact

that ‘cryﬂ:.t.ﬂ ficld stabtllzation effect, wou!d favour the reverse.

vy

«i

L

y

vihility of .fornmtion of an intennediate uﬂ higher coordinﬂt'lot\-nunﬂu"‘ .

)




A .‘ | . -.-..
. Yoy ' 7

SUMMARY OF RESULTS ON THIOUREA COMRLEXES
LY o ) ,

STRUCTURAL STUDIES

a) The Co(II) complexes were previously known to have tetrahedrai
qeometry fn acetone solution with some repiacement of thiourea by
soivent. Equilibrium constants and thermodynamic parameters’ fnr this .

N _process have been measured. The extent '¢f thfourca dissociation is

found to {ncrease in the order

Cl<Br<I<N03<C104

L

b)* The Zn(I1)’ complexes were also_known to be tetrahedral The - small

chemica) shifts restrict quantitative measurements but it has been shown

' extent of the N
that theLdissocimﬂon vonies with anion fn the same order as for Co(11).

c) The Ni(II) halides have beeh shown. to exist in solution as equilibrium’

mixtures of tetrahedral NiL2 2 and SQUare-planar NiL3 . The pr0portion |

of square- pianar comp]ex increases at low temperature. At a given temp-

erature, the proportion~of square-planar complex increases in the order

€1 < Br < I. At ver;llou temperatures, some octahedral Ni(Tu)6 is present

in solutions pf‘the jodide. * -

]

188
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) cOmp13xes of'N-naphth}1 thiourea are present tn solution only as'tetra~
hedra‘l N1L2X2 . e ‘- L | |
The perchlorate and borof1uor1de comp]exes show an equilibriun between
sduare planar N1L4 and octahedra1 NTL6 . Thermodynamic parameters for. o
the tetrahedralesquare-p]anar’and octahedra]asquare -planar equilibrium are
presented and the dependence of geometry on metal charge is discussed '

N1(IIS omp1exes with thiaaFEa»qu I1a11y1 1igands are diamagnettc B

end square p1anar 1n solution. There is some disp1acement of thiourea by

'solvent acetone 1n a11 of these’ comp]exes. \ - o

_‘ 'KIN[TICS AND MECHAN{SH OF LIGAND EXCHANGE * o '

(a) Two' mechan1sms are avai]ab]e for ligand exchange of the Co(Iﬁ) comp1eies.

1

"

The f1rst.Js a.d1rect assoc1ative exchange with free ligand. The second
d

Activation para: f

.- ~
the rate-determining,

involves prior rep]acement of thiourea by solvent acetone

meters for both mechanisms are presented In each case,

Step is foS?ation of a five- coordinated 1ntermed{ate Analysis of the data

yields s and o for the three processes '

CColX, + L T Col 3%,
foloXy * S — Col,S%,
Colsh, +L. — ‘CoLZSXé -

egses are very different

The Qates for these three proc
res of - 1somers restricts quantitative“rate

(b) The oczesance of complex mixtu

Studies of the Ni(ll) comp]exes The tetrahedral complexes undergo ligand

exchange by a associat1ve mechanism with the rates 1ncreasing in the ordér

I i

-~

N
h
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"1 <Br<Claswas found for the cobalt complexes. The rates aee somewhat
" greater for Ni than Co. The square-planar complexes also show an
. associative mechanism with the rate for the Br béing less than that for the

1. The rate of exchange of ‘thiourea in the IT-allyl complexes is very high.

The octahedral compounds exchange by=a dissociative mechanism. This process .

shows a positive as? in contrast to the large negative AS found for the

assocwatxve reactions.

(c) The tetrahedra] Zn comp]exes exchange 1lgands by an assoc1ative process.

The rates are lower than for Co(II) or Ni(II). .

f”“jf?




APPENDIX "

A NUCLEAR MAGNETIC. RESONANCE STUDY OF DIACETAMIDE COMPLEXES
- OF SOME TRANSITION METAL IONS

(8-1) INTRODUGTION

. The bulk of this thesis has been concérned with NMR stud:es of
labile complexes of monodéntafe'thiOurea complexes. Ihis appencix reports
some prelimirary work on'diacetam1de (DA-CH3C0NHC0CH3) complexes. This
work was undertaken-with two obJect1Ves in mind. First of all, it appnared
probable that the comp]exes would prov1de examples of Iabile cumpounds
involving bidentate 11gands and it is of interest to compare the exchange
mechanisms with those found for monodentate 1igands. Secondly, the dwa-

_ cetamide‘11§énd is iscelectronic with acetylacetone. Complexes involving -

the anion of acety]aretone have been extensmvely studied and~the spin

Y]

délocilization mechanisms of the paramagnet1c compliexes discussed at lengthf

_ | 1
By comparison very few complexes of neutral acetylacetone ane known and

in general,. such compounds are not formed with paramagnet1c metal ions. A

~c0mbarison between spin de]oca]izatlon.1n a neutral acetylacetonate, &. g

Fe(acac) and in the isoelectronic charged diacétamide, e. 9 Fe(DA)3 .

‘would the: ‘ore be of 1nterest The obvious prediction js that metal to

11gand’char5e transfer processes W would be inhibited and 11gand to meta1

charge transfer, processes enhanced 179 A number of factors have prevented :

. the complete ac ‘2vement of either of these obaectives but some 1n1t1a1

191
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results concerned mostly with the solution structure of -diacetamide
comp1e3es are presented here.
s : (8-2)  EXPERIMENTAL SECTION

The following compounds were synthesized following methods
reported in the 11terature 18 0’181 _E o o

Zn(DA) (c1o4)2 Ni(DA)3(C104)2 | o
Co(DA)4(C10,),  Fe(DR)3(C10,),
Co(DA)4Bry Fe(0A) 3(0F,)y
* Co(DA) 5(CoBry) . Mn(DA) (c10 a)2

Separate eo1utions of meta] perchlorate hydrate (0.010 mole) 1n
25 m! of ethy]acetate and diacetamide (0. 040 mo1e) in 26 ml of ethy]acetate '
-were flltered 1nto a common rece1ver Prec1p1tat1on of the solid complexes_.
usua\]y began 1mned1ate]y " The’ solid comp1ex was collected by f11trat10n v
.and'washed with ether for several times. Residua] solvent and water were
" removed under vacuum. The corresponding bromide ‘complexes were prepared
by grinding together stoichiometric amounts of the CoBrZ’and diecetaﬁﬁde. :

washing with ether and drying the produc;.. o o .
’ o (8-3)  PREVIOUS WORK

‘ s
-Diacetamide complexes with many of the f1rst row transition metai-

They have been extens1ve1y

elements ﬁave been knopn for over a decade.
| 180,181 qpey”

* investigated using spectrascopic and magnetic measurements

have not previously been §tudied by NMR. Conductivity data 1nd1céte tllap-—h
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R all perchlorate complexes are‘l:z electrolytes in'acetone.]BT Complexes

of type Co(DA) 3875 and CoiDA)‘(CoBr4)é have a lower conductivity. indicating
Q‘ " the dissociatfgn of diacetamide and retention of bromide fon. Infrared
study suggests that diacetamide retains a trans-trans configuration upon

n

complexation although there are reports of some possible other structures. Lt
Therefore. the most reasonable method of attachment of a trans trans
diacetamide molecule to a transition metal ion is by chelation through the

two amide oxygen atoms The structural similarity of the ligand in this

<

o position to that found for the isolectronic acetylacetonato forr is of course
readily. apparent. -waever, electron delocalization is reported to be con-
siderably smaller in the diacetamide complexes than in the acetylacetonato

181

complexes on the basis of optical data. The complex cations probably

have Dy symmetry.w1 The observéd electronic spectra are extremely sin-
1lar to those obtained for species with 0h symmetry =, f

‘@

(8-4) RESULTS
N

The’ \1H NMh spect&ﬂm oi'diacetamide ddges not appear "to have been pre-

viously examined in solution. There are

tudies]81 183which indicate that diacetamide exists in two possib}e con-.

figurations\(cisftrans and trans—trans) of which it prefers the cis-trans

‘form (A). The trans- -trans (B) fonn is relatively Tess stable and readily

) reverts to (A) upon dissolution in organic solvents.

1.

some reports of solid state infrared



- seems that the barrier of rotation of C-N bond is

" tion upoh complexation..
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. (R) ‘. : (8) ' (c) ) \

1 . o
The "H NMR spectrum of diacetamide (+27°C) in acetone-dg reveals a

51ng1e methyl resonance and a NH line at -120 Hz and -535 Hz respectively

from [Fig.(8-1a)]. This is consistent with either structure (8) or (C)
‘but not with a static structure (A) However,’ rapid rotation about the

C-N bond would -also lead to the observed spectra for structure (A) and this
is a reasonableiposs1b1]1ty Previous reports]83 excluded -the existence

of structure (c). “on c0011ng a so1ut1on of diacetamide down to -80°C, -

the methyl resonance broadens (partially overlapped with a solvent

line) [Fig.(8-1b)], suggest1ng a slow exchange between {A) and (B).

" Further cooling to -90°C results in the separation of the methyl reson-

ance into a doublet of unequal 1ntens1ty“1F1g g-1c)}. The low field line

is a551gned to f1ns1de- CH3 and the high field tine, to voutside"” CH3 It

l]ower than that of ‘thiourea.

The interrial rotation is fast above ~80°C but slow below -90°C. The NH- line

does not show ép]itting at any temperature The lifetime for‘the.rotation

is esjamated to be n1.8 X 10 sec- at the coalescence temperature ( 80°C).

Previous . stud1es assume that diacetamide ré%ains the trans-trans configura-

This would .allow stabilization by resonance 1nvo1ving

<4 .

3

r

4 : .
‘.
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CHy

(a)

Figure (8-1): {H NMR spectra of- diacetamide at various temperatures.

SoTvent: acetone-d6
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structure M(D) Such a structure would be planar lnth two “"outside" methyl
"l L)

groups.’ Restricted rotation is scarely surprising since it occurs in many

other _amides and the phenomenon has been discussed in the case of thioures

N\ (i.e. chapter III).
. H
| o
N
+

cﬂs\ C“a\'//
° 0

Io——n

DR (p)

.

Turmng to the diacetamide complexes,. onlv one structural 'conclus-‘ 3
~ion has been drawn. . From the infnared studv 180,182; ¢ has been concluded
that they are all bonded ‘through thE oxygen - atoms rather than the nitrogen.
“They are also thought to have octahedral geometry about the metal atom. . ‘
‘ . Figure (8—2a) exhibits the NMR Spectra of Zn(l)A):,’((:lO“)2 in acetone-
dg- The NH resonance (- 607 Hz) has been shifted down field relative to
. free diacetami de but the CH3 resonance remains unshifted. Addition of free
. ligand shifts the resonance to high field indicating fast exchange. The -
water resonance is a'Iso shifted to low field, which suggests that water is
" also involved in- fast exchange. 'On cooling the solutiop down to -110 C

. both free and comp] exed resonances of di acetamde and vater are observed

This indiCates‘ slow exchange, ‘and the most 11ke1y, equﬂibrium involving

ZN(DA)Z(H 0) . The -NH and water resonances of the complex appear at
(-693 Hz) “and {-380 Hz) reSpectively from ‘IHS [Fig. (8-2b)]

Figure (8-3 )} shows some representative' spectra of Co complexes.
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Q—Is Tr\:‘J
‘\\_ s~}
1 \- -n
(a) '
i
. .
r ' +27°C
. HO - SV
e — St
™S
oo )
- ' ) -uoc
1 —
. + Complexed
Complexed 0. HO
NH NH j_\_}z\__ﬁ)
A.,_JJ . o
' ~
v N .-d, at various
Figure (8-2 ): 14 nuRr spectra of Zn(DA):i(cw“)z fn acetone=%
temperatures. ' ' : .
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As anticip;ted for paranagnetnc compbunds the shifts are much larger

than those of the diamagnetic. zine complex [Fig. (8- 3a)] Three broad

lines are,observed for all Co complexes. The third line may be due to

complexed water. Addition of excess Tigand shifts these 1ines~to hign f
suggesting fast exchange [Fig. (8-3b)]. At 2110°C, perchlorate complex

shows two resonances at -2962.Hz and -2333 Hz from TMS, attributable to NH

and CHy groups of coordinated ligand. In addition, there are-three'broad
_lines with still larger shifts. (~ -4000 Hz)}, and their interpretation and .- .
- assignment are dubjous. Also, two resonances attributable to free diacet-

) amide are, observed It is possible that the free diacetamide can occupy.

a second coordination sphere site through hydrogen bondong} Addition of .} '
free 1igand increased their intensities indicating slow ex hanﬁe [Fig. '
‘ (8-3d)]. Turning to Co(DA) Brz. there are two sets . of methyl resonances

- at -2962 Hz and -769 Hz respectively from ™s [Fig. (8-4a)] There is no

observable NH resonance at low field. A similar spectrum is given by the

t Co(_DA)zBr2 might’pe
‘ G

corresponding Co(DA)s(CoBr4) It is possible tha

_present in solution. !

The assignment and interpretation of the. NMR spectra exhibited by Co -

a more detailed study is in need. How-

a strong possibility of a hydrogen-

comp]exes are highly uncertain and

ever, in the perchlorate complex. there is

.bonded diacetamide occupying an outer-Sphere coordination site. As the water

resonance :is shifted from its diamagnetic position, there is a 90551b111ty “of

. @
water competing with diacetamnde

nd Mn are less solubie in acetone-d6

The remaining compounds of Ni.a
However, Fe(DA)qX S C104, BF,)

and: their. NMR spectra’ could not be obtained
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\ ® -

-

(c). _ ] PG

. =2333 Hz
-2962 Hz

1y NMR spectra of'CO(DA)3(C104)2 in acetone-dg at various

o¢ and -110°C (b) and {(d} =
/ ' -

Figure (8-3):

temperatures. (a) and (c) = spectra at +77

spectra with excess ligand.
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- imilar considerations apply to Fe(DA)3

transi‘tion metthave been well established

200

H .
are fairly soluble in acetone and thefr 1H NMR spectra at room temperature

are found to be quite similar to those of the corresponding cobalt Co Comn-

ploxos [rlg (8- 4b)] On cooling the 'solution, all the resonanc Tines dis- Lo
n]'\penr and ng; informative result.s ane obtained Spectra of the %"exed

lfqands ave not observed at -90°C. The chemical sh!ft. data for all com--

plexes are reported in Table (8—1.).

- o : ‘ *}
, 3 . . . - . . . ‘

(8-5) DISCUSSION

~ (8-5a) THE NUCLEAR MAGNET1C-RESONANCE SPECTRA

¢

All the NMR data can be readily interpreted on the assumption that o

! . .
. diacetamide is bonded to metal through 'two amide oxygen atoms and rotation .

about theéC-N bond is completel'y restricted. Thus, (:o([).f\)';2 shows two.
complexed Vines (NH and cn3) both shifted to Tow field. In addition, theve
is a 1iné close to the diamagnetic free ligand position attributed to hydrogen- N
bonded diacetamide. The analogous complexes Co(DA) 1872 and Co(DA) (CoBra)
exhibit similar -spectra. It has been well known that‘octabedral C_o(Il)
complexes have a triply orbitally degenerate ground term-producing magnetic.

anistropy, and a significant dipolar contribution to the shifts is expected.

The NMR studies of the paramagnetic acetylacetonates of first-row

he isotropic shifts

exhibited by these complexes predominantly agise. form contact mechanism o

. e
which requires ﬁortial;dgpocalizationof the electron. spin from metal to g

i
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*, Fe(acac)y and Co(ar.ac);.
SA::'I\«ent.‘= an:el.t:me-d6

s
- .
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S
o
) ' ‘."(rable (8-1})
1 : N _
K NMR Data for Pavamagnetic Complexes of Ca(l1} and Fe{ll} with diacetamide “
) (shifts measured from TS at 56.4 Wu) _ i
e e L 0 L s i TV S
o) -658 , &28 | -1893 | -2093 | -21t0 | -2165 .2313
Co{DA)4(C10,), and .10 | 507 ‘
} -1862 _
L , 2, | -a13.] -2600 | -2680 ame | -29m3 7
{aver-
age) - . - —
s T i K] o o -90° m 128 IR LA B DA _
: CH. } Average - ) .2395 | -2697 | -2962 -2970
Co{DA);Bry ' 339 |33 ) ? - - - -
. CH3 and
) Tl wea | 2 ™ o7 | se |79 | 770
Tl +e1° 0° o o [ B M o BT
Aur.w =4O -2380 |- 17‘1 -}19'_
© 364 | -390 -308 -1 :
Co(DA) ;{CoBrg) m| and v
1 -wes’y -1076 4 -&7 -? , .
™ 503 3§ -s20 -765 800
e toe] 207 -80°
Fe(DR)4(C10,), ol -5 ?
mi -5
Fe(DA)3(BF ). o -350 ? /\
_ ] wm -1300 i
sfefacacly cH -1248
) cH | 11644
.re(aq'acl_ CHJF -1053
T
, CH -50
'(Zfo(at:ac\’fl’-,)1 CHy -1577 ] .
- thl -1404

«From reference Qi7q ). Shifts measured from ™ (60 Wiz) ’Cfxlr el CDgM

-,

T~

Y \

were used for Felacacly.




(b) : \FJ)

" Figure (8-8a): W NMR spectrum of Co(DR) BT 7

Figure (8-4b):
Solvent: Acetone-dg (

Ty nR spectrum of Fe(DA)3(C104)2. E

56.4 MHz)
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shifts-\e g. Ti(acac)gs CHy = .3500 Hz; V(acac)ys CHy = -2744 Hz,

N

,arguments presen ed above, this wou]d 1nd1cate ag
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-

]1gand through the I'I-torb‘ltals of acety]acetonate jon. _The interaction of

metal d- orbH:a'ls and anti-bonding ligand Il- orbitals or metals d-orbitals

.and top bonding 1igand I1- orb1tals would occur either through charge trans-

fer from the metal to the Hgand or charge transfer from the igand to metal.
It is.possible that for those’ {soelectronic com;ﬂexes suc as M(acac)3 and

M(DA)32 having D3 symmetry, both types of 1nteract10n are allowed by synmetry.

\”9 If meta’l to-1igand charge transfer occurs, a large low-field CHq shift

and a re]ative]y small low-field CH shift would be observe& in the NMR

. spectrum.” If a Hgand/ to-meta1 charge transfer occurs, the NMR spectrum.

would reveal a small Tow-f‘le]d CH3 shift and relative]y large low-field CH |
shift of the comp’l exed ligand. It has been found that comp1exes of type

M{acac) 5(M=T1,V,Cr) exhibit a very Yarge CHy shift and relatively. smal] CH

Cr‘(acaC)\CH = -2320 Hz). [Itis interesting to compare the present shifts

found for CoCDA)3 with those reported for t:o(acac:)zpy2 In the former Case,
ter case it is smaller. Onm the '

the NH shift 15 1arger the the CH3 and.in lat
\ reater contribution of

ligand to metal charge transfer as might have been anticipated for 2 positwely

Th'is trend fs still more pronounce in the Fe(Dl\)3 which
field than the CHi.

charged COmp1 ex.

shows an NH resonance shifted considerabw further d

A direct compi?"r?on with the acac complex is not possible S

is tetrahedral. The experimenta! dataa-esurrmarized in Table (8-1)( N

Fe(pcaC)z

et ]
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(8-5b) LIGAND DISSOCIATION AND EXCHANGE

1

1H NMR spectra of all diacetamide complexes at 27°C show broad
lines of 11gand protons indicating fast dissociation. However, quant1ta-

tive measurements on solution equilibria have not been included in the
f
present section. !

ta

The similarity of, the temperature of coalescence of free and
complexed ligand resonances shows that the rates of Hgand exchange for all
complexes ‘are comparable although quantitative measurements to this con-
clusion are still doubtful. However, we can make some deductions regardmg
mechanism from the variation of hne widths with concentratwn.

Under coriditions such that separate complexed and free ligand -
lines are ‘observed, Zn(DA) 2 and Co(m\)3 shows that the line width of the
‘comp] exed d1 acetamide is 1ndependent of free diacetamide concentration where-
as that of the free diacetamide ‘decreases with added 1igand. A similar behav-

=jour is exh1b1ted by ‘the bromide commexes. This is a suggestive of dis-

0c1atwe mechanism cons1stent with the octahedral structure postulated

prekuslyc) The coalescence temperature for Zn(DA)3 is found to be -95° - -

+ 5°C and the f1fr‘st-order rate constant for ligand substitution at this

'temperature is found to be: io sec -1 previous expeiments with Zn(Tu)2612

indicate that coalescence temperature for 1igand exchange in zinc. complexes

varies from _59° -62°c The difference in thése temperatures of dia-

+2
cetamide and thiourea complexes reflects that Zn(DA) js much more labﬂe

d to find
lthan Zn(Tu)zﬂz., However, it has been fou d that expenments faile

g ?.n(Tu)q . This jndicates that
: j )

the similar temperature for the correspondin
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Zn(Tu)4 is me]atwe]y more labile than Zn(m\)3 Direct mea'surements
of first-order rate constants for Hgand exchange