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SUMMARY

The sÊudy of lígand exchange processes on metal ions in

soluËion is of fundamental ímportance as such elementary reactions form

the basis of a large range of complex processes in soluÈion.

This thesis deals v¡ith the study of the ligand exchange kinetics

of a number of ligands on the metal ions zinc(Il) an¿ berylliun(ff).

A range of unidentate oxygen donor Iigands were used Ëo prepaïe

complexes wíth beryllium(II) and zínc(II) (unidentate sulphur donors

were also used for zinc(Il)). Sol-uÈions of these complexes with free

ligand in the Frorl-coordinating diluents CD2CL2, CD3CN arrd CD3NO2 w€rê

prepared. Variable ÈemperaÈure nmr spectroscopy of these solutions was

enployed to obÈain exchange nodified specËra which !¡ere simulateci using

a complete lineshape analysis program to obtain kinetic data for the

exchange process. The rate law for the ligand exchange process lras

established by changing the concentration of free ligand and observing

the variation in the rate of ligand exchange. Ligand exchange

mechanisms \,rere assigned on the basis of the observed rate lav¡.

For the zinc(tl) syst,enls exanined tr'ro rate lar,rs were observed¡

for the Izn(tmtrr)a]z+/tntu/CD2CL2 system the exchange raie =

4kizn(Ëmtu)a'+l orhr"e typically k,(2OO K) = 16.0 t 0.5 s-r,
J.1

^H'. 
= 63,4 ! 0.6 kJ mol-l and ASr = 98 t 3 J K-t mol--l for a soluËíon

where Izn(tmtu)o'*], Itutu]fr." "rd lcD2cL2l are O.O4Z7, 0.1113 and 14.9g

mol dm-3 respectively and a dissociative ligand exchange mect¡anisu was

assigned. For the Izn(trrnpa) u] 2+/hnpa /QD2c]r2 system the exchange raÈe =

4kzlZn(hmpa)+2+l[hmpa]fr"o where k2(.240 K) = 304 + 17 dm3 mol-l s-l,
r.-1

AHr = 22.7 ! 0.9 kJ mo1-r and ASr = -101 t 4 J K-r mol-l and on the

basis of the observed, rate law an associative ligand exchange mechanisru

was assigned.

For the beryllium(tl) systems examined three forms of rate la.w

were observed. rn severar cases the rate of ligand exchange was
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independent of Iligand]fr"". Typically for rhe IBe(rnu) .J2+/tmu/cD3No2

system the ligand exchange rate = 4kr[¡e(tmu)a2+1 where kr(298.2 K) =

L46 ! 0.04 s-I, LH* = 80,0 t 0.6 kJ mol-r and AS# = 2.6,5 I 1.7 J K-I

mol-I for a solution where Ine(turu)u"*f, Itmu]fr"u.rd ICD3NO2] are

o.328, L.475 and 12.39 mol dm-3 respectively and on the basis of the

observed rate 1aw a díssocíative ligand exchange mechanism was assigned.

For the IBe(dmso)+]2+/dmso/cD3No2 and IBe(rrpp)u]'+/rrpp/cD3Noz sysrems

the rate of ligand exchange vras found Èo be linearly dependent on

Iligand]fr"" r.¡íth the ligand exchange rate = 4k2[BeLar*)l.t]f.".,hur"

typically kzQgg.2 K) = 0.220 t 0.1 dm3 mo1-r "-t, ÂH# = 68.7 ! O.g kJ

mol-l and as# = -26,L t 2.7 J K-t mol-l and the k2 rate constanÈ was

ínEerpreted ín terms of an associaüive ligand exchange mechanism.

However for the IBe(durmp)+]2+/¿rorp/cD3cN system and all the amíde

systems examined (dmf , nma, dma and dea) tvro ter:m ligand exchange rate

laws ¡,¡ere observed where the exchange rate = 4(lcr + ke[t]fr"")[BeLa2+].

Typícal of these results is the IBe(dma)+12+/dma/cDsN0z system where

kt?4o K) = 7.3 t 0"7 s-r, LHt = 56.9 r 1.5 kJ mol-r, Asf = -62.L ! 4.6

J K-r mol-l , kz(340 K) = 10.5 t l.O dno3 mol-] s-1, mf, = 66.7 t 2.7 kJ
J

mol-r and AS! = -30 .L ! 7.4 J K-l mol-r. The k1 and k2 rate consËants

were ínterpreted ín terms of dissociative ancl associative ligand exchange

mechanisms resPectively. The kinetics and mechanisms of ligand exchange

on the varjous [neT,*]2+ species are discussed ín terms of the steric and

electron donating characteristics of the ligands concerned and the effect

of the diluent.

For the beryllíun(II) systems an ísokínetic correlation betr,reen

activation enthalpy and activation entropy is observed. rt is

deuonstrated thaË this correlaEion has cheuical significance and is not

a statístical arÈefact and the results obtained from this correlation

are discussed with reference to resulËs obtained for other metal centres.
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ABBREVIATIONS

The followíng abbreviations have been used in the text of this

thes is : -

dea NrN-dieÈhylacetamide

def NrN-diethylformamide

dma NrN-dimethylacetanide

dmadmp NrN-dimethylanido-O,0-dirnethylphosphate

dmf NrN-dimethylformamíde

dnmp dimethylnethylphosphonate

dmso diinethylsulphoxide

hmpa hexarnethylphosphoramide

nmpp nethylme thylphenylphosph ínate

nipa noname thyl ímidodiphosphoramide

nma N-urethylacetamide

nmf N-uethylforamide

nmtu N-methylthíourea

nmu N-methylurea

npa N-phenylacetamide

teof triethyl orthoformate

tmdarnp b is (N r N-dimethylanido ) -O-rnethylphosphare

tmp trirnethylphosphate

tmtu 1r1r3r3-tetramethylthiourea

tmu 1r1r3r3-tetramethylurea

tpp triphenylphosphate

tppo triphenylphosphine oxide

tu thiourea

[t]rr", concentration of free ligand L in solution

c.f. compared wíth

C.W. Continuous l,lave
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CD3NO2 Th" I is used to represent 2H

Hz

T

nmr

PPM

Hertz

nuclear magnetic resonance

parts per nillion

isokinetic temperature
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for Ehe nore labile metal ions, eg. Cs+, K+ and Ca2* as the solvent

residence ti¡ne rsill be short for these casea.

1.3 Mech anisms of solvent and lieand exchange

The study of ligand exchange processes where no nett chenical

reaction occurs

lMsn]ttr+ * g* ¿, [las*srr-r]t* * s

(where * represents a typographical distinction only)

represents the siroplest type of exchange Process and is regarded as a

epecial case of ligand substitution. The range of first order rate

constants observed for solvent exchange at (298 K) on metal ions in

aqueous solution range from 1010 s-l fot C'rz+ to 10-7 s-I for Rtr3+.

Eigen and coworkers6-9 and othersl0-12 have used relaxation

techniques to study ligand substitution processes for MgSOa¡ IfnSO¡ and

BeSOa in aqueous solution and have concluded that a three step

mechanism for complex formation operates. This has been called the

Eígen mechanism and involves

(i) the reacting ions coming together to form a solvent separated

ion pair - this Process is díffusion control-ledt

(ií) elimination of a solvent molecule from between the ions

leading to the formation of an outer sphere complex,

and

( iii) removal of a solvent molecule from the first coordination sphere

of the metal ion and replacement by the ligand.

{åru + soa2-rolv - tIflÏ...ss.....s042-l
solvent separated

íon pair

[MSo,+]m+-2 

-. 

t]4PÏ.. ' s .....s0*2-l
outer sphere eomplex

¡

i1
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strehlowl3, using a simple electrostatic model, calculated the

acÈivation energy for the formation of the BeSO,{ complex and obtained

values with the correct orders of magnitude for the aciivation Process.

A comparison of the activation energies required for the substitution

reaction at Be2+ showed that the Eigen mechanism is favoured conpared

with the pure SN1 mechanismr+. Langford and Grayrs have proposed that

the 1ígand exchange and substitutíon processes can proceed via one of

four mechanistic pathways to a1low for better characterísation of the

Ligand exchange process.

(1) Díssociative (D) mechanísm

For this mechanism the rate rieterminíng step involves the loss of

one 1ígand to form a transition state or reactive intermedíate of

reduced coordínation number

[Msn]Io+ it "1"Y [us--r]n+ + s

I

I
*

fast s

[¡ts s lt*n-1

ff the concentration of free ligand is then varied over a large range'

the rate of exchange should be índependent of the concentration of free

ligand and a first order rate law observed, henee

Rare = nt"*[us[+J

where k = k, and n = coordination number of Ëhe metal ion llf+.
ex

(2) Associative (A) mechanism

The rate determining step involves the formatíon of a reactive

intermediate of íncreased coordínation number

tc

IMSn]
m+ ^*b

k2 slow

--)

+- lttsrrs*it+ J39l [Msn-ls*]t* * s

If the concentration of the free 1ígand is varied the rate of exchange

should be directly dependent on the concentration of free ligand and a

+
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6econd order rate law observed:

Rate = nk^--[Ms]+l where k^-- = kz[s]ex-n-ex

and [S] is the concentration of free ligand.

(3) The Interchange (IO and IO) neehanisms

The Díssociative Interchange (IO) ana Associative Interchange (IO)

mechanisms involve the fornation of an associated outer sphere complex

before exchange occurs and the associated ligand then interchanges

synchronously with a coordinated ligand and viee versa,

[Ms lm+ + s*-n'
ki*
--:.à IMS S lt**s

Kass *
[s. . . .]4s

m+
n

where K___ is the rapid equilibriun constant. (ftris mechanistic schemeass

is very símilar to the Eigen mechanism.)

A gradation of these ínterchange mechanisms from the extremes of

dissociative to associative mechanisns ís possible dependíng on the

nature of the lígand where

Rate = nk lMsgl+l- --ex- n '

and aLso on the value of K""", estimates of which can be made from

equatíons derived by Fuossr6 and Eigenl7. If K lSl >> L then the

n-1

ass

Rate = ntrtusfi+J which ís indistinguishable from a D mechanísm. If
K""r[s] << l then the Rate = nk"*[Msrrtnttt] (where ku* = kiK..") which

is the form of the rate equation for an A mechanism.

Another Ëype of 1ígand exchange mechanism has been proposedl 0

which is analogous to that suggested for Èhe square planar platinun(II)

speciesle where the rate law is of the form Rate=n(kr + kz[S])IMST+1.

The kl term characterises the rate of fornation of [USn-rn1m+ and the kz

term characterises direct exchange via an A mechanism
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MSt
m+

l +D g lvsnolt+ Ê [usrr-ro1t+ + sn

t MS
m+

n-1 S +S

L.4 rimental Methods for obtaini 1i exc arameters

1\ro experinental methods allor¡ the rate of ligand exchange and

the coordination numbers of metal ions in solution to be directly

detern¡ined. The first of these nethods, isotopic dilution2t-24,

usually uses I 80 labelled water in eíther the bulk solvent or in the

fírsÈ coordination sphere of the hydrated metal Íon. This method is

linited in use in that the rate of exchange between the first

coordination spliere and the bulk solvent has to be slow enough Èo

allow for the sanpling and separation of the uetal ion from the bulk

solvent, and is only applícable to reasonably inert metal ions.

The second method is nuclear magnetic resoRance spectroscopy

of r¡hich a number of techniques can be used to obtain kinetic daEa,

these include the paramagnetic shift methodzt2s, Trp measurements26r2T,

spin saturation transfer methods28r29 and the nmr lineshape analysis

method2Tr2s utilising either time or frequeney domain spectra.

Several problems arise if the solvent or ligand exchange process

is studied in pure solvent, firstly it is impossible to vary the

concentration of solvent so that the order of reaction can be

established and secondly if the solvent is r¡aÈer then protolysis will

affect the sclvent exchange process occurringat the netal centre.

Both these problems can be eliminated20 if the ligand or solvent

exchange process is studied in a non-aqueous inert diluent which al1ows

the concentration of free ligand to be varied and the order of reaction

wíth respect to the free ligand to be established.

The nmr lineshape analysis method allows the kinetics of ligand

exchange for a wide range of labíle metal ions to be determined, if the

fus lltr+ * s* I-n'F [¡rs ll
*tr

sn
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frequency of ligand exchange ís comparable with the reciprocal of the

difference in frequency between the coaleseing nmr signals over the

accessíble temperature range then signíficanÈ nodifications to the

absorption mode (v) lineshape will occur as the temperature is varied.

Activation parameters for the exchange process are readily obtained by

observing the variation of exchange rate with temperature. (Theoretical

and practical considerations of Èhis method are dealt with ín Chapter 2

of this thesis.)

1.5 Previous Lieand Exchange Studies

The following section surveys previous ligand exehange studies

for a variety of spherical closed shell metal complexes in solutions

of an ineri diluent. Before proceeding iË wíl1 be beneficial to define

the term ttsystem", which is often used, as being a specifíc combination

of metal complex species and free lígand in an ínert diluenË.

From an examination of the results for the sysÈems (Table 1.1)

which have been previously studied it becomes evident thaË no single

factor determines Èhe kinetícs and mechanisms for the f-igand exchange

process on any particular species. A subtle interplay of several

factors including the surface charge density of the metal ion, the

electron donating ability of the ligand, the steric characteristics of

the ligand and the nature of the diluent determíne the lability and

mechanísm of the ligand exchange process.

For the beryllium(Il) ion the rate of ligand exchange covers

almost seven orders of magnitude4s-s2 and demonstraËes that the nature

of the 1ígand plays an ímportant role in determining the labiLity

tor¿ard ligand exehange.

Correlations betl¡een the observed ligand exchange parameters

and several parameterss3-so for the relative doning properties of the

ligands have been attempted but with little or no success " The Gutmann



Table 1.1

Metal ion/Conplex

Alurníniun( III )

IAi.(H2o) e ] 
3*b

Il,l(dmso)5]3+

lel(tmp) e ] 
3+

[¿1(tmp)e]3+

[nt(rrap)o]3+

[41(dnurp)s]3+

[¡,1(dmp) s ] 
3+

IR1(dmnp) e J 
3+

IA1(dnof ) e J3+

[1,1(hnpa)+J3+

Gal1 ium( III )

Ica(ltro), ] 3+

IGa(dmso) o] 3+

I ca( tmp) s ] 
3+

Ica(tnp)sJ 3+

IGa(dmf)el 3+

k Q98.2 K)ex
g-l or dm3 mol-l s-l

Diluent

?

cD3N02

CH3N02

cD3N02

cD3N02

CII3NO2

cH3N02

cD3NO2

cD3N02

CIt3N02

?

cD3N02

CD3N02

CD3NO2

CD3NO2

L6

0.3

0.38

0 .78

0.36

5.1

5.0

4.8

0.05

4800¿t

760

L.9

6.4

5.0
L.7

J

^HtkJ nol-l

65.3

83

98

85

87

84

75

83

93

32

69

73

74

88

86

as#

J K-r mol-l

,0
22

76

38

35

48

18

46

l+3

-43

As s ígned

Mechanism

D?

D

D

D

D

D

D

D

D

A

Ref.

30

31

32

3L

33

32

32

34

31

32

30

31

31

35

31

42

4

L9

63

46

?

D

D

D

D



Table 1.1 (Contínued)

Metal ion/Conplex Dil-uent

tndíun(III)

k Qeï.2 K)
ex

g-I or dm3 mol-t S-t

4.0 x 1034

344

7 .24

2.3

3.ga

Itn(nro)e]3+
I rn( tnp) e ] 

3+

Itn(trop)e ] 3+

IIn(dmrp)s]3+

IIn(dnmp)e]3+

Scandiun(III)

J
AIi¡

kJ nol-l

J
ast

J K-l mol-l

-96
.LL7

-109

-L75

-118

-LO7

-76

-L26

-92.4

-L25

-L36

Assígned

Mechanísm

A

A

A

Ref.

30

31

35

34

34

36

36

36

37

37

37

?

CD3N02

cD3N02

cD3N02

CD3NO2

CD3CN

Q2H2CLa

CD3N02

cD3cN

cD3cN

CD3NO2

19

29

36

18 .8

34.5

32.7

4L.3

26.O

42.8

29.5

26.0

DC

Isc(tnp)e]3+
Isc(tnp)e]3+
I Sc( tnp) e ] 

3+

Isc(dmnn)el3+

Ise(donp)sJ3+

Isc(dnnp)eJ3+

29.9

38.8

45.5

2.9

L2.54

t3.64

AC

D

D

A

DC

AC

A

@



Table 1.1 (Continued)

MeËal íon/Complex Diluent kex(298.2 K)

e-l or dm3 mol-l s-I

J
AH7-

kJ mo1-r

J

^srJ K-l mol-l
Assigned

Mechanism

Isc(tmu)5]3+

I Sc( tnu) 5 ] 
3+

ISc(nma)el3+

I sc (nna) s I 3+

Isc(dma)eJ3+

ISc(dna)s]3+

ISc(dna)e]3+

ISe(dna)5]3+

Isc(dea)e]3+

Isc(dea)e]3+

Ise(dea) e ] 3+

ISc(dea)e]3+

YrrriuE( III )

IY(tnu) s ] 
3+

ly(mnpp) s I3+

lY(umpp) e ] 
3+

cD3 cN

CD3NO2

cD3cN

cD3cN

cD3cN

CD3CN

CD3NO2

cD3NO2

cD3cN

cD3cN

cD3N02

cD3NO2

cD3cN

QD2CL2

cDzcl2

o.79

0.06

79.4

3g0a

L2.4

1514

3,6

L05a

10.7

Lg.2a

0.1

13 .54

245

5.4 x 10e

1.6 x 10sa

70.7 '

101

27 .3

26.L

32.2

27.2

30 .8

26.0

43.9

23.5

81 .6

28.L

26.3

3L.4

35 .3

-9 .8

70.7

-LL7

-108

-116

-LL2

-131

-119

-78

-L42

9.9

-L29

-111

-49

-27

D

D

D

A

D

A

c

c

c

c

Ref.

18

18

38

38

18

18

18

18

38

38

38

38

39

40

40

DC

AC

DC

AC

DC

AC

AC

D

DC

\o



Table 1.1 (Continued)

Metal íorr/Cornplex Diluent
-l

k
ex
or

(z9g,z K)

dm3 mol-l

J

^Hf

J

^sr
s kJ nol-I J K-l mot-r

Assigned

Mechanism

Tr,?

D?

D

A

A

D

D

D

D

Ref.

4L

42

42

43

43

44

45

46

47

48

48

48

48

48

48

Magnes iun( II )
[¡rg(nro), ] 2+

¡ug(tnp)eJ2+

IMg(tmp)e]2+

lt'tg(¿nr),I2+
¡ug(amf ) e l2+

It'tg(rppo)s]2+

Beryl 1 iun( II )

I Be (Hzo) ,, ] 
2+

IBe(dnf),+]2+

Ige(tnp)u]2+
[¡e(tmp)+]2+

Ise(dnnp)+]2+

IBe(dmadnp)n]2+

IBe(dnadnp) ,* ] 
2+

IBe(tndanp)+]2+

I Be (hmpa) a ] 
2+

QD2QL2

(cD3 ) 2co

cD2cL2

(cD3 ) 2co

cDzcL2

Hzo

9ç(¡1)!.t(CH3)2

cP.zcL2

CH3N02

cH3N02

cH3N02
e

Pc
e

Pc
epc

5x
6.8 x
6.5 x
5.5 x
6.5 x
1.5 x

los

los

los

10r2

104

106

1800

310

3.6

1.54

0.g14

7.3. x 10-3

9 x LO-2

6.9 x 10-3

2.7 x LQ-a

42.7

50.8

5r.2
23.5

6L.7

69.6

42

6L

57

56

60

89

77

89

Lt7

8.4

37.2

38 .1

77 .8

54.2

LO7

-44
11

-44

-54

-44
13

-5
13

78

?

D

D

D

D

D

a Second order rate constant. b O.SS M Mn2+ present From a tsro term rate law where A and D mechanisms
operate in parallel. d O.O6 M Mn2+ present. e propylene carbonate, 4-methyl-lr3-dioxolan-2-one.

o
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Doàor Numbers6-58 (DN) is perhaps Ëhe most frequently quoted and is equal

to -AII, in kcal mol-r for the formation of the SbC15.D complex species

in dilute dichloroethane solution (D is the ligand) with only one ligand

molecule binding to the antiuony (V) species. That no direct correlation

exists between the DN and the kineËic paraneters for the ligand exchange

process may be due Èo the soft acid nature of Sbs+ and the inportant role

eteric contributions make in determining the ligand exchange Process.

0n the hard/soft, aeíd/base classification scheme5e 96s+ is considered a

relatively soft acid compared with Èhe meÈal ions examined in Table 1.1.

Lígands that bind well with Sbs+ may not do so with metal ions such as

those in Table 1.1 which are consídered as hard acids.

The inporËance of steric factors in deÈerniníng the ligand exchange

process ís seen for the 413+ ion where Èhe ground state stoichiometry is

[41S6]3+ for tmp and dmf, (r¡hose DNts are 23.0 and 26.6 respectively)

however hnpa forms the [41(hnpa),*]2+ species even though Èhe DN for hmpa

ís 38.8. Steríc crowding in the latter case restricts the number of hmpa

molecules in the first coordination sphere of aluminiun(III) to four.
32 35 35 36

Studies of tnp exchange on 413+ , Ga3r , In3* and sc3+ in

CH3NO2 and CD3NO2 have been ínterpreted in terms of D and A mechanísms

for the first two and second two ions respeetiveLy. This change ín

mechanísm can be explained in terms of steric crowdíng of the first

coordination sphere for 4L3+ and Ga3+ which have small ionic radii60

(0.053 nm and O,062 nm respectively) allowirrg only a transítion state

of reduced coordination number, conpared qtith In3+ and Sc3+ which have

larger ionic radiiGo (O.Og nm and O,074 nm resPectively) and can thus

accommodate transition sÈates of increased coordínation number.

t

I
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L.6 Ain of this Research

The intention of the research work reported herein is to determine

the rates and mechanísms of ligand exchange for the tetrahedral divalent

metal ions zinc and beryllium, utilising variable ÈemPerature nmr/lineshape

analysis techniques.

The direct determination of coordination numbers and kinetic data

for ligand exchange on zinc(II)-uniaentate ligand eomplexes in

non-aqueous inert diluents have not been reported previously, whereas

for the berylliun(II) ion several sËudies have already given insights

into the dynamics of the Processes occurring aÈ the metal cenÈre

Different mechanistic resulÈs have been reported for tmp exchange
t+ g 47

on [Be(tnp)+]'+,in CE3NO2 anð QH2CL2 . These results prornpteci the

systematic investigation of the effects of the nature of the ligand and

diluent on the ligand exchange processes occurring at the berylliun(Il)

and zinc(II) metal centres. This investigation forms the topic of this

thesis.
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CHAPTER 2

2.L Kínetic Applications of NMR

The derivation of kinetic paraneters from nmr lineshapes nodified

by chenical exchange processes may be readily achíeved through the

exchange nodified Blochl equations. The steady state solution of the

Bloch equations for the absorption mode (v) lineshape of an nnr signal

is given by

-YBrM?(eq )r3 ._ . (2.1)V= 
,

where y = the magnetogyric ratio of the observed nucleus

B¡ = magnitude of the small oscillating magnetic field

associated with r¡

Tz = transverse relaxation tine

Tr = sPin lattice relaxation time

t¡l = frequency of r.f. field 81

oo = Larmor (resonant) frequency of the nucleus under study

and Mz(eq ) = Z component of magnetisation along Èoat thernal equilíl¡rium.

(2,2)

Several authors3-9 have demonstrated that the classícal Blochr equation

can be modified to give a quantitative relatíonship between Ëhe nmr

lineshape and the rate of a chemical exchange reacÈion.

If as usual (slow passage experiment) Br is

"fBt2TtTz <1 1 then the absorption node (v)

so small thaÈ

lineshape becomes Lorentzian;

(2"3)

(2.4)

dMx

-E-
dr

dMv Mv
4=-+
dr T2

þ
L2

+ y(urBo + Ìvl"Bysíru¡t)

+ y(UrBlcosot - IÇBo)

dM- 1

É = -- (M"(.q) - M") - y(IÇBrsirurlt * Sutcosot)
(2.s)
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The effects of chemícal exchange on the classical nmr lineshape

equations can be introduced through the mean site lifetímes of the

exchangíng species in each of the chemical sites between which it

exchanges.

If one considers a nucleus X, exchanging between uncoupled

magnetic sites A and B (equivalent to coorCinated and free sites) at

a rare kAiAl = rlrlA] = kB[B] - t[ [B] where [A], tBl are the relaËíve

populatícns of the sites and TOr TB are the nean síte lifetimes of X

at sites A and B respectively.

If the time reguired for the nucleus to exchange between sites

A and B is so small that no dephasing of the sites occurs betrseen

exchange, the nucleus will arrive aË site B (from site A) r,rith its phase

memory of site A intacÈ an<l vice-versa. Ttrís causes dephasing to occur

at site B and results in an increase 'r, &yS (the transverse component of

magnetízation) at a rate aitM*yl whíle also causing a corresponding

decrease in l4*V.t. Si¡rilarly the movement of nucleus X from site B to

site A causes dephasing at site A with an increase in OO*'O ua a rate

.ittÇy' and a corresponding reduction in l4.yn: i.e.

dM*yA lÇyn lky¡,

dt rB TA

(2,6)

dlkys ld*ye l&ys

dr TA TB

v¡hich will result in the following nodificatí.ons to the Bloch equaticns:

d4.y¡. J-D ' hy¡ lkyn
+ = -oJkyt - iyBrMz(eq)^ + 

-dt Tg T4

dlkys 4,y¡, 4.y¡_ = _n M _ iyB¡Mr1eq)s +

dt 
- *B'*YB r"z\e9/B 

rA TB
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where (2.7 )

Under continuous wave slow passage exPerimental conditions where

Mz("q)e = PAMz(eq¡, Mz(eq)B = PBMz(eq) and # = 9l!E = 0' the total

transverse magnetízation 4,y = M*yl * 4lyg which can be given as the

steady state solution to equation (2.7).

iyBrM"l"o¡ (t6 + rg + r6rg(cl¿rg + ogP4)) (2.8)
Mxy (1+ooto)(r+outr)-1

where pO and P, are the relative populations of sítes A and B respectively.

The absorption mode lineshape (v) is p¡oportional to the imagínary part of

4,y t

v= -fBtMz(eq) [Y(1 + rPs/"126 + P¡/r2ù) + qni (2.e)
Y2+R2

where t=IOPU=tBPA

s¡=å-i(ore^-ur)- LzA rr

oB = +.- i(urou - rrr)

Y = rt#Ç- ô,¡2.f] .&.fr
Q=t(ôo-+a

1

L2L
.+,] *f ,{ 1 1.

-_ - 
Fl ,L¿B LzA,

PA - PB))

R=6ul +t(

Atrt-tloA-to,

ôo=ålroo-rorl -u)

Ihis general lineshape expressíon can be simplifíed if one considers a

seríes of 1imíting conditions.

t'
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(1) Very Slow Exchange

Tf tfr, tfir << Irot - 0ogl, TÃtTãt

then equatíon (2.9) approximates to:

v = 
-YBtPAM"("q)a T2^q -yB1PgM"1"q)3 Tzn (2.10)

'ilo* 
(t.,roo - ur)2

which represents Ërto Lorentzían lineshapes centred at oloO and üJo,r but

contaíníng no kinetíc information.

(2) stow Exchange

If tÃt.it <<

and tflr = lri equaÈion (2.9) sínplifies to:

v = 
-YBrPlrz(eq)a(tãÀ * .Ãt) yBrPsltr,"g)"(t¡t + t[r )

(r;i + tlt) + (ooo-ur)2 (t¡f +r;t)t * (uro'-o)2

l¡hich corresponds to two LorenËzian lineshapes, centred "a ooA and osr.

'ii*(urou-r''r)2

f11111
However' /TZAob" = ña 

å 4¡¿ 
ffi = ú 

+ -- r¿hich compared to

fll ana Tlf resnectively are 'rexchange broadened" and contain kínetic

information.

(3) fast Exchange

If .It.it t lro¿-0o¡l

a síngle broad Lorentzían lineshape centred aÊ (uroOP4 + urorPg) is

observed, where

,zll" = # . # + rfrfi( lron - ûroBl )2(to + tr¡
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rf.

(4) Very Fast Exchange

TA t

equation (2.9) simplífies to:

V= +P

.;t tt lron - oosl , TrL rri

-YBrMz(eq) (P + rsrlf)A

) + (PAooA + PUoo, - ur)
B

which describes a single narrolü Lorentzian 1íneshape centred at

(rolPl + ûJoBPB)¡ containing no kínetic information where

tãå0"=(ror;l+PBrtå)

In Fígure 3.1 the variation of nmr lineshape with increase in

teuperature (coalescence phenonenon) ranging from the f.irníting

conditions of slow Eo fast exchange is shown.

2.2 Lineshape Analysis

The total lineshape analysís of experimental nmr spectra lÍas

achíeved usíng an interactive program "LINSIIP" which was based on the

published nethods of Nakagawal0 and Sidall, Stewart and Knightll and

adapted¡ 2 for use on the BNC-12 míní computer of the Bruker HX-90E

spectrcmeter. This progra¡n uses a visual courparison of the experimental

and calculated líneshapes utilisíng a difference. display to obtain

accurate values for the rates of exchange for the process.

As the lineshape analysis prograÉ used ín Èhis research is based

on a continuous wave treatment and most of the dynamic nmr spectra lùere

recorded in the Fourier transform mode the guesÈion of r¿hether Fourier

transform and C.W. spectra are equit'alent will aríse. It has been shown

that for sirnple uncoupled spin systems undergoing chemical exchange the

lineshapes obtained from a Fouríer transform experíment are equivalent to

those obtained from a C.I,l. experimentl3trr+. If coupling occurs between

exchanging nuclear spins the above methods cannot be applied. Hol¡ever if



2t

coupling occurs rrithin an exchanging group (e.g. 3lp-IH couplíng in tmp or

dnop) then equation (2.10) can be applied to each of the coalescing

doublets with the sumatíon of the Èwo applícations givíng the total

lineshape.

The accuracy of the kinetic ínformation obtaíned from the total

lineshape analysis of coalescing nmr spectra is criticall.y dependent upon

a number of ínput parameterszo. The parameters of inportance are the

chenical shift difference, relatíve populations and transverse relaxatíon

times (linewídttrs). In order to ninimise systen¡atíc errors (fron being

introducedr) the variation of these parameÈers wíth temperature ín the

region of very slow or no exchange lrere obtained and subsequently

extrapolated inÈo the temperature range u'here the rate cf exchange varied

fronr slow to fa-st.

For all the rrsystems" examined little or no variation of the

expected relative populations wíth temperature lras observed in the regíon

of very slow exchange. However a marked varíation of chemical shift and

line wídth wíttr temperature rdas observed for certain systems (as

índícated in later sections), and for these systems an iterative fítting

procedure based on the extrapolated val-ues was applíed.

the use of Fourier Transform nrnr and a difference dísp1ay for the

comparison of the experimental and calculated spectra enabled minor

problems such as spectral phasing, baseline irregularitíes and

superimposed diluent inpurity signals to be eliminated.

2.3 Calculation of ActivaÈíon Parameters

Transition State theory describes the dependance of the rate

constant on tenoperature and is expressed by the Eyring equationrs (2.10)

J

lç -- = IEI"*' (- |{) (2.10)ex h --E 
RT'

11kST ,-ÃE'. ,AS'..7 exP exp \-)
hRT_R



where kB = Boltzmannrs consËant

h = Planckrs constant

and T=Tenperature(K)

The linear form of the Eyring equation
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(2 .11 )

(2.L2>

I
rnCçL)=#+rn(|-

ex *B
ASI

R
)

is usually used so that a linear least squares fitting nethod can be

employed.

' For the systems where the rate law had a single term the

activaÈion enthalpies and entropíes were calculated using a conputer

program ACTENGIT which utilised the above meÈhod. (The nechanistic

interpretation of the rate laws and the experimental AHI and AS# values

obtained will be discussed in later chapters. ) The errors quoted for

the activation parameters obtained using this program are the standard

deviations for the linear leasË squares fít.

However if the solvent exchange rate consists of two or more

elementary sËeps (in this work rate laws of the form

rare = 4kex[MST+f = 4[kr + kz[S]ltMST+l were obeyed) then a plot of

Ln k.*/T versus T-l will not necessarily be linear since Ëhe slope,
J

An#7n, consists of twc terms, i... ¡Hf¡n + nnf,¡*.

For such systens the experimental data were fitted to a two tert

Eyríng equation of the form:

k__,=kr +kz[S]
ex

k¡T
¿¿

exp(g - aHí)

RRTi +

JJ

rsl.*p(S - ^HilR RTIh

A non-linear least sguares fitting computer progïaü DATAFIT2I was

utilised in conjunction with equatíon (2.L2) to obtain the four activation
JJJJ

parameters ÂHT, 
^ST, 

t\Hã and ASã. (Pisaniellol6 has bríefly outlined the

advantages of this method over those employecl previouslyts.) DATAFIT
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mínimíses the residual differences ín an n-dimensional sum of squares

space between a calculated and an experimental surface (as defined by

IS]fr"*, temperature and k"*) by one of the methods developed by Pitha

and Jonesl9. Ihe errors quoted for these activation parameters are the

standard deviations for each paraneter in the su¡r of squares space.

An advantage of using DATAFIT is that it provides a means of

simplífying dífficult kinetic decisions, for example if a plot of k"= vs.

[t]r."" is linear but there i-s an uncertainty as to wheÈher the intercepË

is real then DATAFIT provides a statístical means of accepting or

.rejecting the nattrre of the intercept and associated mechanism. At this

point it is worth mentioníng another factor which is important in

determining the accuracy of the activation parameters obÈained from the

lineshape analysis of the varíable temperature nmr spect.r-a, thaË is Ehe

sample tenperature itself. Even small variaÊions in the sample

temperature (t - Z K) can produce major changes to the activatíon

parameters concerned. For all the l¡ork reported herein the inaccuracy

of Ëhe sample temperature was línited to 0.3 K by usíng a

copper-constantan thermocouple .
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CHAPTER 3: LIGAT.TD EXCHANGE ON ZINC II( )

3.1 Introduction

Since zinc(Il) is one of the more labile metal ionsl-3 and also

lacks d-d absorption bands it is one of the metal ions less amenable to

ligand exchange studies. X-rayq and lg nmrs studies have shown that the

octahedral lZa(HzO)e]2* species is predorninant in aqueous solution in the

presence of non-coordinating anions, and from uLtrasonic6 and T-Jump7

studies the rate constant for the exchange of a single v¡ater molecule on

lhis species ís estimated to be kex(298.2 K) = 3 x 107 s-l. In methanol,

nmr studies indicate that [Zn(¡leOH)e]2+ is the predominant species in

dilute solutions'e where kex(298.2 K) = L.7 x 10h s-I. FurÈhermore

stopped-fto* sp"ctrophotometric siudíes in dmso where Izn(dnso)5]2+ is

assumed to be the exchanging speciesl0 has an esËimated

k Ogg.2 K) * 8.7 x los s-r.ex

From these ligand exchange studiesl-3t6-7tI0 it appears that the

Eigenl-3 or dissocíative ínterchange mechanismrl is consistent with the

kinetics of ligand exchange at the oetahedrall"y coordinated zinc(tI)

centre. In contrast a iE nmr studyr2 of. zíne(ff) tníourea complexes

(where the assumed zinc(lI) species in solution ís ZnCL2tuz) gíves

k^--(298.2 R) o, 1.5 x 10+ dm3 mo1-l s-r where a¡r associaÈive ligandex

exchange mechanism has been assigned. X-ray studiesra have shom that

zínc(II) thior¡rea complexes have tetrahedral geometry (connon for

zínc(tl)3I) and are bound'through the sulphur atom of the ligand. The

range of the above kinetic investigations is very liniued and no

published reports of the simultaneous determination of the rate law for

the ligand exchange process plus stoichíomeÈry of the Iznl,6J2+ species

have appeared.

One aim of this research project was to provide insights into the

rates and mechanisms of ligand exchange on zinc(II) species ín non-aqueous
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solutions and this was achíeved by the systematic study of ligand exchange

on the zinc(II) centre which is reported in this chapter.

3.2 Lieand exchanqe on tetrakis(1.1 . 3, 3-tetrameth-ylthíourea) zinc (Il )

The white air stable solid IZn(tmtu)+1(CtOu)2, obtained from the

preparative procedure outlined in sectíon 6.2 was used in Èhis study.

Solutions containing lzn(tmtu)+J(CtOu¡, and tmtu in CD2Cl2 (solution

compositions gíven ín Table 3.1) were prepared under anhydrous condítions.

A typical set of rH nmr spectra characterising the exchange of

tmtu on [Zn(tmtu)+J2+ in CD2CL2 solution is shown ín Figure 3.1, Èhe low

and high fíeld singlets arise from the methyl groups of the coordinated

and free Èatu rçspectively and a comparison of the integrated areas of

these signals ín the slow exchange spectra in the temperature range

L7O - 185 K indicate that [zn(tmtu)+]2+ is the doninant zinc(Il) speeies

in solution over the 180 fold concentration range of free tmtu studied.

The observation of the sínglet resonances for both the coordinated

and free lígands (1ow temperature rH nmr spectra of tmtu in CD2C12 and

IZn(tmtu)u] (CtOu¡, ín CD2CL2 verifíed these results) indicate that the

rate of rotaÈion about the C-N bond is in the fast eachange limit in both

envíronments.

A complete lineshape analysis of the tenperature dependent spectra

in the range 185 - 220 R yields the kínetíc parameters for ligand

exchange on [Zn(t¡ntu)+]2+ which are given in Table 3.1. The rate

constants are quoted at 200 K which is in the niddle of the spectral

coalescence temperaÈure range.

I'rom the k"* values (in Table 3.1) it is apparent that the

predominanË ligand exchange path is índependent of free ligand

concentration and that unless there is an exceptional degree of

preferential occupation of the second coordínation sphere of

lZn(tmtu) +]'* by tmtu, Èhe mechanism of ligand exchange is of the



Fígure 3.1

Itt (gO lGIz) ¡rnr tenperature dependent spectra

characterising tmtu exchange on Izn(tntu)q]2+ in a

soLutíon o.o0lol and 0.00376 mol dm-3 ín [zn(tntu),r2+]

and Itntu]fre," respectively. The low and high field

singlets arise from coordinated and free tmtu

respectívely in the experimental specÈra at the left

of the Figure. Experímental temperatures appear at

the left of the Figure, and calculated best fit

spectra and the corresponding t"(ns) values appear

at the right.
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Table 3.1 Solution Conpositions and kinetíc parameters fot tmtu exchange on IZn(tnËu)t]2+

Solution

(i)

( íi)
(íii)

( iv)

(v)

(ví)

(viÍ )

Izn(rEru),*2+]

- - -âmol clm -

0.00101

0.00245

0.0041L

0.00804

0.0427

0.0618

0.201

I tntul -- 'tree
- - -emol clm '

IcDzc12]

- - -amol drD -

L5.24

L5.24

L5.23

L5.23

L4.98

L4.87

13 .99

k
ex

16.0

16.3

L6.4

15 .8

16.0

L6.L

L8.7

(zoo r) LE#

kJ uol-l

1

^s'
J K-r mol-r

CN

0.00376

0.00907

0.01_38

o.0427

0.143

0.207

o.675

!

t

!

+

!

!

!

0.6

0.5

0.6

0.7

0.5

0.6

0.9

64.9

62.9

62.9

64.3

63.4

63.s

62.L

0.8

0.7

0.8

0.9

0.6

0.8

1.2

106

96

96

103

98

99

93

!4
+1

t4
r5
!3
t4
t6

t

t

!

!

!

t
L
L

4.05

4 .10

3.95

4.05

4.00

3.95

4.00

0.05

0 .1_0

0.05

0.05

0 .05

0.05

0.05

t

L

t

t

!

t
+

N)

.T/-:----, :-*.F.- -1ì
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díssocíative typeI0 where the rate determining step is the formation of

the reactive intermediate [Zn(tntu)3]2+ and k"* = kr, the specific rate

constant for the process.

The posítive ÀS# values characterísing the exchange process are

consístent with the formation of a dissociative transition state ín

which the production of vírtually Èwo species, the incipient reactive

internnediate and the leavíng ligand, from a single species leads to an

increase in entropy. However solvent rearrangements outside the first

coordination spherer5 and changes in the rotational and vibrational

states ofligandsl6 occurringsynchronously with the formation of the

transition state may make contributions to AS# which outweigh those

arising from the primary ligand dissociation process thereby naking

mechanistic judgenents on the basis of ASI of dubious value.

For the [Zn(tntu)a]2+ species the rate of ligand exchange

k^--(295.2 K) = 9.2 x 106 s-r falls well wíthin the range defined forex

ligand exchange on the octahedral zinc(II) centres, IZn(l,feOH)o]2+ and

[zn(tlzo)e]2+ where kex(298.2 K) = L.7 x 10q s-l and 3 x 107 s-r

respectively.

3.3 Ligand exchange on tetrakis(1,1,3,3-tetramethylurea) zínc(lt).

tetrakis (N-methvlacetamicie ) zinc(It), hexakis (N,N-diüethylformanide)

¡

P'''

I

I

I

t

$
årjlì

t}

zínc(Tt) and hexakis(N,N-dimethylacetamide) zinc(ff ) .

The white hygroscopíc complexes lzn(tnu)+J (Clou¡r,

IZn(nma)a](C1Oa)2¡ [zn(¿mt)01(CtOu)z and lZn(dua)eJ(CtOu)z ¡¿ere isolated

from the preparative procedures outlined in section 6.2. All the above

complexes were soluble in CDzQLz.

No separate rH nmr resonances arísing from coordínated and free

ligands were observed for any of the above species ín the presence of

four and síx fold excesses of free ligand for the fírst two and second

tr¿o zinc(II) complexes above respectively, in CD2C12 solution dovm to
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170 K the lor¡est temperature accessibl-e for these systems. This

indicates that the rate of ligand exchange for the above species is in

the nmr fast exchange f.imit and the exchange rates and solution state

stoichionetries could not be obtained for these systems.

3.4 Ligand exchange on tetrakís(hexanethylphosphoramíde) zinc(II)

The air stable white solid IZn(trropa)+J(CtOu)z was isolated from the

preparation described in section 6.2. This complex has previously been

prepared by Donoghue and Dragor9, horoev"r no kinetíc study had been

reported.

Broad bancl lH decoupled 3lP nmr spectroscopy lras employed in this

study as the lH,mr chenícal shif t dif ference beÈween the free and bound

1ígand sígna1s was too smal-1 to a1low accurate kinetic measurenents to

be made. Solutions containing IZn(hnpa)+J(CtOn)2 and hmpa in CD2CL2

were prepared (see Table 3,2 for solution compositíons).

A typical set of broad band rH decoupled 3rp (36.43 MHz) nnr

spectra characterising the exchange of hmpa on IZn(hmpa)+]2+ in CD¡CL2

solution ís shown in Figure 3,2. The low and high field singl.ets arise

from coordinated and free hmpa respectively and a comparison of the

integrated areas over the temperature range L75 - 195 K indicaÈes Èhat

[zn(trnpa)+]2+ is the dominant zinc(Il) specíes in the six solutions

examined. Because the rate of ligand exchange was found to be dependent

upon [hnp"]fr". the temperature at which the 3lP singlets coalesce

increases as the fhmpa]f."" d""teases in solutions (vi) - (i).

Complete 1íneshape analysis of the spectra for all síx solutions

yields the mean site lifeEiure of hmpa coordinated to zinc(Il), t",

which is related to the observed first order exchange rate constant

1kex

i
11

l¡--

¡

t

li

Tc

II ís seen from Figure 3.3 that t" decreases sysÈenatícally as

increases and consequently all the datum points were fittedIhnpaJ rr..



Fígure 3.2

Broad band lH decoupled Fourier transformed

3rP n t tenperature dependent spectra for hmpa

exchange on [zn(hmpa)+]'* ít a solution 0.337 and

1.49 nol dm-3 in [zn(trnpa)"2+] and [hnpa]free

respectively. The low and high fíeld singlets aríse

from coordinated and free hmpa respeeËíve1y in the

experimental spectra at the left of the Figure.

Experimental temperatures aPPear at the left of the

Fígure, and calculated best-fít spectra and the

corresponding t"(ns) values aPPear at the right.

I

I
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TabLe 3.2 Solution compositions and kinetíc parameÈers for hmpa

exchange on IZn(hnpa)n]2+.

Solution Izn(trnpa)*]2+
-ânol dm

Ihmpa] ¡r""
- - -âmol dm -

laD2ct2)
mol dm-3

CN

( í)
(ii)

(iii)

( ív)

(v)

(ví)

0.0448

o.074

0.L26

0 ,199

0.337

o.L62

o.27L

o.552

0.884

0.988

L.493

L4.95

L4.26

L3.92

L2.79

9.45

8,27

2250

3.9

4,O

4.O

4.0

4.O

4.0

0.1

0.1

0.1

0.1

0.1

0.1

+

+

+

!

t

t

kzQt+o)
dm3 mol-r s-l

J
AE,

kJ mol-r
asr

J K-l mo1-l

304 ! L7 22.7 t 0 .9 -101 r 4

kr (240)

g-l

J
AHI

kJ uoL-l

J
asi

J K-l mol-r

18 15 L3.9 ! 3.9 -L6t ! L9
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to a tsro term Eyring equaÈion. The derived kinetic parameters are given

in Table 3.2. The error in k1 is such that the existence of the k1 path

ís left in considerable doubt and accordingly only Èhe k2 exchange path

is considered. So for hmpa exchange on [Zn(hnpa),*]2+ in CD2CL2 solution

a second order rate law ís observed where

rate = 4kz [hnpa] fr".Izn(hmpa) +2+]

and the nechanism of ligand exchange is of the associative type where the

rate deterrnining step is the formatíon of a reactive intermediate

I zn(trmpa) s ] 
2+ wher" k.* = kz lhmpa] f ,". .

Ilexamethylphosphora¡oide, probably as a consequence of its bulkiness

and its high DN (38.8)20, stabilises four eoordinatíon in the species

[M(hmpa)+]n+ rh"r" tfl* = 413, B"'1, Ni2+, ldn2+ and zn2], whereas with

other oxygen donor solvents smaller in size and of lower DN, these metal

íons comonly exhibit a coordinaËion number of sixrT '2!'22 (except for

Be2+ s¡here CN = 4 is cornnon).

Dissociatíve (p) and associative (R) tigand exchange mechanisms

have been assigned to the [Be(hmpa)a]2+ and [41(hnpa)*]'+tt"' "y"r"r"
respectively on the basis of the lígand exchange rate laws (table 3,3).

Of these metal ions berylliun(ff) is the smallesÈ (r = 0.027 nmz this

ís the effective ionic radius for a tetrahedral environment as are the

other quoted values)23 and as a consequence steric crowding is probably

an ímportant faetor leading to the operation of a D oechanism, whereas

the larger (r = 0.039 nn)23 aluminium(Ill) ion facilitates the operation

of an A mechanism. On this basis an A nechanism is to be expected for

the [Zn(hmpa),*]2+ system as zínc(fT.) is larger (r = 0'06 nn)23 than

aluninium(Ill). Further evidence supporting the steric crowding

argument cones from considering the complexes of 413*, Be2+ and, Zn2+

with the bidentate analogue of hexamethylphosphoramide, -

nonanethylinidodiphosphoramide (nipa) .



Fieure 3.3

The variation of t"T with [hnpa]fr"" atd

temperature. The data sets arise from solutions

(ví) - (í) in ascending order of magnitude of t"Î

at any given 'tenperature. The líne represents the

símuLtaneous best fit of all of the datum points.
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A comparison of the ground sËate coordinatíon numbers for these

metal ions when hmpa and nipa are coordinated shows that the coordination

number for beryltiun(Il)2+'2s does not change from four, whereas for

alumínium(III)2t+ r2s and zinc(TT)2+'zs the coordínetion number increases

from four to six.

These results confirm that steríc crowding around berylliun(ff) is

consíderable and the operation of a D 1ígand exchange mechanism is

consistent 'riEh this. For aluminiun(IIt) and zíne(ll) steric crowding

ís less and the operatíon of an assocíative ligand exchange mechanism

where the reactive intermediate is [M(hnpa)r]tn i" very plausible. A

change in ligand results in a change to a D ligand exchange mechanism in

the [zn(tntu),,]2+ system26, The overall size of hnpa ís significantly

larger than that of tmtu, the larger sulphur donor atom will result in

more croÌ¡rding ín Ëhe imediate vicinity of the zinc(Il) centre in

IZn(tmtu)u]2-+ than in IZn(hnpa)+]2+ ar.d, ín consequence an assessment of

the relative steríc effects of the two ligands upon meehanism is

dífficult.

Secondly sulphur is more polarisable than oxygen (in consequence

of whích these donor atoms have been classified a-s soft and hard bases

respectiveLy)27 and Èhis nay stabil-ise a zinc(IL) (intermedíate acid)27

D reactive intermediate more than oxygen when acting as a donor atom.

From iable 3.3 it can be seen that AII# is ¡nore important
1¿relative to ASr in determiníng AGr in the [zn(tntu)+]2+ system than ís

the case in the [Zn(trnpa)a]2+ system; a difference whích cLearly arises

from the díssimilarities of the two ligands, When the lígand is hnpa

and the meÈal is varied ít is seen (Table 3.3) that AH# for 413+ and

Zn2*, on which ligand exchange occurs vía an assoeiative mechanism, is

consíderably less than that for ße2+ on which 1ígand exchange occurs

through a D mechanísm and further, that negaËíve ÂSl values

characterise 413+ and Zn2+ whíLe a posiÈive ÁS# characterises Be2+.



Table 3.3 Kinetíc Parameters for líeand exchanse on [ML¡lt* ioo..

Ifl*
J

^Er
L

hnpa

kr (z9g .2 K)

(s-r )

0.00027

kzQge.2 K)

dr3 ,o1-r 
"-1

3430 ! 460

4800

kJ noL-l

22.7 t O.9

LL7

32.2

I
AS',

J K-l mol-t

-101 r 4

-66.4

Díluent Ref.

CD2CL2

L7

CH3N02 134

hnpa

hnpa

A

B

zn21

Be2*

A13 +

B78

ÂSl quoted ín Èhis reference ís -42.7 J K-i rool-l which is ín conflict with the values quoted for AtI# and k2.

fhe AS# value has been recal-culated on the assu¡option that k2 and Atl# are correctLy quoted ín ref. 13.

l-l
4-Methyl-L, 3-dioxolan-2-one, O=COCH(CH3 )Clt2O.

(¿)
l¡)
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It appears that the exchange of hmpa on tf* i" characterísed by positive

and negative AS# values for D and A nechanisms, that Alll is lower for an

A mechanism than for a D mechanism and further that AH# tends to decrease

as the formal surface charge density (m+/r2) of the metal íon decreases.

Care should be taken in attributing these observations solely to

the factors considered above because, as a result of the characterisÈic

dynamic temperature ranges, the berylliun(II), aluniniun(III) and zinc(II)

systeús were studied in the non-coordinating diluena" o=ñffiãt,
CH3NO2 and CD2C12 respectively and that the nature of the diluent can

sígnificantly affecË activation parametersrTrlSt2S and change rate laws29.

3.5 Líeand exchanse on oentakis ( trimethylphosphate) zínc(II) and

oentaki-s dime thvlme thvl phosphonate) zinc(II)(

The hygroscopic complexes IZn(turp)s] (C10k)z and IZn(¿mmp)sl (CtO*¡,

eTere prepared following the procedure in section 6.2.

Solutions ot lZn(tmp)sJ(CfOo)z änd IZn(dmp)sJ(CtOu)2 and fige

fotd excess concentrations of their respectíve free 1ígands, ín CD2C,L2,

exhibíted only one 3rP nmr resonance ín the temperature range 170 - 300 K.

The results are consistent with ligand exchange beíng ín the nmr fast

exchange limit, and consequently ic lras not possible to determine Ehe

coordination numbers for the zinc(II) species in solutíon.

If the coordination number is greater Èhan four in solution then

the increased steri.c crowding at the zinc(II) centre r.¡ould probably

both labilise the ligand and result in a D mechanism operating.

3.6 Ligand exchange on tetrakís (triphenylphosphi.ne oxide) zinc(rr)

The rshite complex Izn(tppo)+l(cto*)z was prepared by the nerhod

described in section 6.2. Cotton and Bannister30 had previously reported

the preparation of thís complex however no kinetic study was undertaken.
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Broad band rt1 decoupled 3rP nmr spectroscopy was used ín this

study due to the complex nature of the lE nmr spectrum of the ligand.

SoLutions containing lZn(tppo),tl(CtOr)z and tppo in CD2C12 were

prepared under anhydrous conditions (see Table 3.4 for solution

compositions). Over Ëhe eight fold concentration range of free tppo

studied, the only detectable zinc(fI) species ín solution is IZn(tppo)+]2+

as determined froo a comparison of the integraEed areas of the 3 lP

singlets of coordínated and free tppo over the teuperature range

L75 - 185 K.

Typícally for solution (ív) (table 3.4), the síngLet for the

coordinated tppo is observed 633 Hz dotmfield from that of free tppo.

In the temperature range 185 - 220 K the tppo exchange rate íncreases

from the slow exchange lirnit to the fast exchange linit of Èhe nnr

timescale and complete lineshape analysis of the spectra within this

range at 5 K temperature intervals yíelded the exchange rate constant

k . A comparison of the derived k,-,, ÃlLf and AS# values for solutionsex ex-

(i) - (ív) shor¿s that the results are virtually indistinguishable and

are consistent with the rate deternining step being the formatíon of a

reactíve ínÈermediate of reduced coordination number characteristic of

a (D) dissociative ligand exchange mechanísmI I .

It ís of ínterest at thís point to compare these results with

those obtained for tppo exchange on Mgz+. Both four and five

coordinate magnesium(tt) species exist ín CD2C'L2 solution as shovm below

[ltg(tppo)a]2+ + tppo ¿ [¡tg(tppo)s]2+

whereas in the solid state only [l"Ig(tppo)*J (CtOu)z r¡as found. (Crystal

packing forces may cause [Mg(tppo)+]2+ to be more stable than

lMg(tppo) s)2+,) However the stability of the fMg(tppo)uJ'+ co.plex ín

solution is such that if tt¡rg(tppo)sl(CtOu)z)/ltppolfree ( 1 then sínglets

arísíng frou [Mg(tppo)5]2+ and tppo are observed, when this ratio > 1 then

sínglets arising fron IMg( tppo) 5 ] 
2+ and [¡.lg( tppo) af2+ are observed.



Table 3.4 Solution compositions and kinetic parameters for Ëppo exchange on Izn(tppo)+J2+ itt CD¡CL¡ solution.

kex(2oo K)
J

^Ht
Solut ion

( í)

( ií)
( iií)
( iv)

Izn(tppo)q2+]
. . _?mol clm -

0.0202

0.0427

0.0925

0.163

[Mg(tppo) s2+]

I tppo] fr"e
- - -2mol dm "

0.079

0.L67

0 .363

0"639

I tppo]

lcD2cL2l
- - -2mol dm'

15.01

L4.75

L4.L5

L3.79

-ts^

620 t 19

610 r 19

625 ! 27

6LL ! 37

kex(220 K)

kJ mol-r

'3L.7 r 0.3

32.0 t 0 .3

31.6 r 0.5

3L.9 ! O.7

J
AHr

J

^srJ K-I mo1-r

-29.6 f 1.6

-28.0 ! L.7

-29 .8 ! 2.4

-28.2 ! 3.4

J

^s1

CN

4.O ! 0.2

4.1 r 0.L

4.1 t 0.1

4.1 t 0.L

(v) 0.0813 o.276 38r 4 73.7 ! L.8 L23!8

lvg(tppo)q2+]

(vi) 0 .050 0.050 "zoo t 2o 73.0 ! L.6 "L33 t 7

b4A! 4 73.0 ! L.6 bL20!7

Quoted errors represent one standard deviatíon using ACTENG32.

t O"* and ÀSl refer to the interconversion of |Mg(tppo)r]'* to [Mg(tppo)*]2+ such that the ligand exchange rate =

tfr|tue(tnpo) s2+l .

k"* and AS# refer to the exehange of one tppo ligand on [Mg(tppo)5]2+ such that the ligand exchange râte =

st!][t"ls(tppo) s2+] .
(,
CÀ

b
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The equílibriun constant K is of the order 150 dm3 mol-l where
eq

lMe ( tppo ) .2+l
IMg( tppo) u'*] [ tppo J rr".

K
eq

It was shown that a díssociative mechanísmrl pro'.rides the predominant

path for ligand exchange on [I'rg(tppo)s]2+ (see Table 3.4).

The effective íonic radii of four coordinate magnesíun(II) and

zinc(tt) are 0.067 nn and 0.068 mq respectivuLy2s, from which ít is

concluded that steric effects are unlikely to cause the differences

observed for Èhe tppo conplexes of magnesiusr(Il) and zinc(Il) in CD2C12

solution. Therefore an alternative origin of these dífferences must be

sought.

Magnesiugr(II) has the neon electronic configuration while zinc(II)

is characierized by [Ne] 3s23p63dr0 r¿hich is reflected on an enpirical

basis by rnagnesium(Il) behaving as a hard acid whilst zinc(II) exhibits

characteristíes r¿hich are borderline between those of a soft and hard

aeid27 . Consequently magnesium(II) for¡os its most stable complexes r^'ith

oxygen donor ligands whereas zinc(II) forms stable complexes with ligands

bonding through sulphur or oxygen. These expectaÈions nay ParÈly

explain why zinc(II) achieves four coordinatio¡r in Izn(tppo)+]2+ in

CD2CL2 solution whilst magnesium(II) is f ive coordinate in [l"fg(tPpo)s ] 
2+

under similar conditions.

From ttre study of zinc(Il) a comParison of the activation

parameters for the oxygen donor systems and the sulphur donor systems

J1
shows that AHf and ASr for the [Zn(tntu)4]2+ system26 increases uarkedly

in magnitucle relatíve to the oxygen donor systems. A quantitative

comparison of tmtu and its oxygen donor analogue, Ëetranethylurea (in the

[Zn(tnu)+]2+ system), was not possible as the latter system was in the

fast exchange línit of the nmr timescale under the saue conditions

(concentrations and temperature) as the Izn(tmtu),r]2+ system;

nevertheless thí.s observation demonstrates the marked effect of changing
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the donor atom of the lígand. 0n the basis of the linited range of,data

ít appears the greater AH# value obtained for the [zn(tntu),r]2+ system

compared r¡ith those obtained for the oxygen donor ligand systems may

reflect the differences in bonding between zinc(tI) and the soft base,

sulphur and zinc(Il) and the hard base oxygen.
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CHAPTER 4: LIGAND EXCHANGE ON BERYLLIUM(II)

4.L Introduction

The study of ligand exchange and substitution processesl-lr on the

berylliun(Il) ic¡n are of particular interest as a consequence of its small

size (r = 0.027 nm)12 and being one of the only tetrahedrally coordinated

metal centres l¡hose unidentate ligand exchange rate processes falls

wíthin experimentally accessible kinetic time scales.

In the earliest studi-es Connick et aL. r3 and Alei et a-Z,.lk

determined the coordination number of beryllium(lt) in aqueous solution

utilisitrg tTO nmr and the molal shift method, and fcund four water

molecules were coordinated to the beryllium(tt) centre with

kex(298.2 K) :3000 s-r. (Later studies8 using r70 and lH nmr spectrosccpy

separated the contribuÈions of waËer exchange and proiolysis to the

kinetic process occurring at the Be2* centre. Gonplete 1i-neshape anal-ysis

methods gave more accurate values for waÈer exchange,

kex(298,2 K> = 1.8 x 103 s-1, Lw# = 41.5 kJ mol-r and

^S# 
= -44.0 J K-I rnol-l . )

Matwiyoff and l{oviusr0 employed variable temperature lH nmr

spectroscopy to obtain kinetic parameters for dmf exchange on

[ge(¿mr)+]2+ where kex(z9g K) = 310 "-t, AHI = 61 kJ mol-r and

ASI = 11 J K-t mol-r. Ultrasonic studiesr4 confirm [ne(¿urr)*]2+ to be

the predominant beryllium(II) species in drnf solutíon.

Two of the al¡ove investigaÈionsat5 determined Èhe rate laws for

ligand exchange with respect Ëo the concenËration of free ligand using

an inert co-solvent or diluent. Crea and Lincolnq investigated Ëhe

exchange of tnp on [Se(tmp)+J2+ in CT|2CL2 solution and assigned a D

ligand exchange mechanísm for the process as no variation in k"* was

observed l¡hen the [trnp]fr"" rtl changed. Delpuech et aJ,.s assigned D

ligand exchange mechanisms for [Be(hmpa) +)'+, [Be(tmdarup),* ] 
2+ and

[Be(dnadnp)+]2+ systems in 4-nethyl-l,3-dioxolan-2-one and nitromethane
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solution for the first two and lasÈ complexes respectively on the same

basis as Lincolnh. However A ligand mechanisms !/ere assigned for the

[fe(tmp)+]2+ and [Be(dmnp)+]2+ systems in CII3NO2 s<¡lution. As the results

obtained for tmp exchange on [Be(tnp),r]2+ itt QH2CL2 and CH3NO2 soluËions

differ, it was considered desirable to augment these studies so that a

greater understanding of the factors affecting the rate-s 
"r,d 

r""hanisms

of the 1ígand exchange process on beryl-liun(tf) species could be attained.

Thís chapter contains the results and conclusions of a systematic

study of the ligand exchange process on beryllíum(ff).

4.2 Lisand exchange on tetrakis(dinethylsulphoxid e) berylliun(ff)

The eomplex IBe(dmso)+J(CtOu)z,was prepared by the nethod

described in section 6.2. Solutions of the complex IBe(durso),.J (CtOu¡,

and dmso in nitromethane-d3 ttere prepared (solution composítions given

i.n Table 4.I) . However ít r¿as found that the complex/ligand mixture ís

insoluble in the diluent acetonitrile-d3.

Under slc¡w exchange condicions the lH nmr spectra af the dmso

soLuËíons exhibit singlets arising from the methyl groups of the

coordínated ligand dormfield of those arising from the free ligand at

frequencies which appear in Table 4.1.

A eornparison of the integrated areas of Èhe singleÈs indicates

that 4.0 t 0.1 dmso molecules are coordinated to beryllium(lI)

consístenc with IBe(dnso)u]2+ being the pred,ou,inant solvate species in

solution. The tenperatures below v¡hich slow ligand exchange conditions

appLy var)¡ systenaËica1ly from 280 K to 255 K for solutions (i) - (v)

in Table 4.1. Under these conditions the only other resonances

observed are those arísing from the proton impurity of the CD3N02 diluent,

for which no resonances attributable to the CDsNO2 being coordinated are

observed. From the above results it is concluded that the diluent CD3NO2

does not compete to any signífica¡rt extent with duso for first coordínation
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Typical experimental and calculate¿ ltt (90 UIlz)
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on [Be(dnso)+]2+ given on the right.
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TabLe 4.1 Solution conpositions and kinetíc parameters for dmso exchange on IBe(dnso)*f2+.

SoluÈion [¡e(dnso) *2+] CN

(i)

(ii)

( iii)
( iv)

(v)

3.9

4.0

4.0

3.9

4.0

0.1

0.1

0.1

0.1

0.1

Av
a

PPN

o.47L

0.468

0.464

0.462

0.445

- - -2moÌ dm -

0.0222

0.0432

0.o796

0.133

0 .335

ldmsol -- 'tree
- - -âmol clm "

0.113

0.220

o.406

o,676

L.37

IcD3NO2 ]

- - -qmol ctrtr -

L8.34

L8.23

L7.84

16.90

L4.26

t

+

T
!

t
+

k2(298 K)b

dm3 mol-r s-l
kz (¡+o)b

. a --l -tctnn-EoI's'

J
AH,

kJ nol-l

J
ast

J K-r mol--r

140 r L0 2030 t 30 51 .1 r 0.6 -32.3 ! 2.2

" Th" chenícal shift of the sínglet of the coordinated dmso, downfield fron Ëhat of the free dmeo. The temperatures
aÈ which the shifts are quoted axe 253.3 K.

b

5
t,

Derived from a best fit of 45 k"* datum points to equatioî (2.L2>.
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sphere sites on beryllium(tl).

As the temperature is increased 1ígand exchange causes the singlets

of the free and co-ordinated dmso Ëo coalesce in the classical rnanner,

(Fígure 4.1) and complete lineshape analysis yields rhe liferime, Tc,

of a single dmso molecule bound to berylliun(ff). In general t" is

related to the fírst order exchange rate constant k"* by

T" = TF*F /*" ''nu* = 4l}eL+z+]/exchange rate

where t, is the lifetíme of a solvent molecule in the free state x, and

x- are the mole fractions of free and coordinated ligand respectively.c

For the sol-ut,ions sËudiedr T" t{ês obtained at nine or ten

tempe::atures per solutíon in the range 260 - 360 K. these results

indicate thaË the rate of dmso exchange is linearly dependent on

lclnso]free as seen in Figure 4,2 consistent l¡ith a second order exchange

process characËerised by k2 such that k.* = kzIdmso]fru".

In order to obtain k2 the forty five .r" values obtained were

simultaneously fitÈed to equation (2"12) using DATAFTTaS. The kr values

obtained using this uethod were smaller than the experimental error in

k^__ over the experinental teuperature range studied and thus theex

predonínant exchange path is kínetically second order.

The second order rate 1aw observed for solvent exchange on

IBe(dmso),*]2+ í" consistenË r,rith the operation of an associative ligand

exchange mechanism in v¡hich a five coordinate reacÈive intermediate is

formed. (ln alternative interpretation is that dmso exchanges on

beryllium(Il) through an interchange mechanism where no preferential

occupation of the second coordinaËíon sphere occurs and consequenlly the

exchange raÈe is dírectly dependent upon Idnso]fr". as the proportion of

dmso increases in the second coordínaËion sphere. However as the clata

obtained in this study provides no direct evidence for such an effect the

operation clf an I nechanísm, is not consídered further.)



Fíeure 4.2

The variation of k"* fot dmso exchange on

IBe(dnso)+]2+ wíth Idnso]fr"e at selected

temperatures. The solid l-ínes represent the

símultaneous best fít of the 45 índividual k"*

datum poínts obtained in the temperature range

260.5 - 360.1 K ro eguation (2.L2). Only 26 of,

the k___ datum points are shown ín thís Fígure.ex
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The acÈivation parameters (ta¡te 4.2) for dmso exchange on

[Be(dmso)+]2* in CD3NO2 and in dmso a1one6 díffet sígnificantLy and nay

be synptomatic of differíng exchange mechanisms. Over the t¡,relve fold

ld¡oso]fr"" ,ange studied in CD3N02, kex(298.2 K) = 196 t 10 s"l observed

at the high concentration extrenes approaches that observed (e:O t 10 s-l)

in dmso a1one6. It vtas not possible to study the ldnso]fr"e t"^8"

in between the highest concentration used, represented by solution (v),

and dmso alone as the solubility of the solvate in such CD3NO2/dmso

mixtures decreases below that required for accurate kinetic study. So

while an A mechanism operates in CD3N02 rich soluiionsr no conclusions

regarding the type of mechanism operating in dmso alone may be drawn

from Èhis data,

4,3 Ligancl exch ange on tetrakis(1,1,3,3-Èetramethy lurea) beryllium(lI)

The hygroscopic complex IBe(tnu)+J(CtOu)z was soluble in CD3N02

and CD3CN, and Ëhe complex, free Èmu and diluent concentrations for Èhe

solutíons used ín this study are given in Table 4.3.

The tH rrrnr spectra of the tmu solutions whose compositions appear

in Table 4.3, exhíbited singlets arising from the methyl groups of Ëhe

coordinatecl tmtr downfield of those arising from the free tmu (figure 4.3)

under slow exc.hange conditions. From a comparíson of the integrated

areas of these singlets ít was found that the predominant beryl.liun(lf)

specíes ín all the solutions studied was [Be(tmu) 4)2+. (Ttre

observation of singlets for both free and coordinated tmu as seen ín

Figure 4.3 i.s a consequence of rotatíon abouË the C-N bonds being in

the fast exchange linit of the nmr timescale dorvn Eo the lowest

temperature examined in solutions (í) - (ví) and (vii) - (xi) 265 K and

250 K respectively.



Figure 4.3

Typical experímental and calculated tg (gO lfrlz),

fimr spectra arísing from coordínated and free tmu in

solution (xi), Table 4.3, in whích [Se(trnu) ,*fr+,

[tmu]fr"" and,[cD3cN] are 0 "2L9, o.945 and L4.7 noL

dn-3 respectively. the 1ow field resonance arises

fron the coordinated tmu in the experimental spec.tra

ín the left of the Figure. The experimental

temperatures (K) and mean lifetimes t"(nrs) of a

single trnu ligand on [Be(tmu)+]2+ appear at the left

and right sides of each speetrum in the Fígure

respect ively.
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T.abLe 4.2 Kinetic Parameters for 1íeand exchange on IBeL,.]2+.

L

tEu

tmu

dmso

dmso

tmP

tmP

tmP

dnnp

dnadmp

dmadnp

hmpa

Ezo

Ezo

Diluent

CD3NO2

cD3cN

cD3N02

(cn,)rso

cÉzcr2

oP(cH3 ) 3

cH3NO2

cH3N02

cli3N02

f-l
OCOCH2 CHOCH3

r-.1
OCOCH2CHOCH3

Hzo

(ctg ) zco

kr (298 K)

s-I

L.39

2.47

3.6

4.9

0.0073

0 .09

0.00027

1800

2100

kz(zgg r)
dm3 mol-l s-r

1.5

0.81_

J.

^HrkJ uol-l

J

^s1J K-l mol-l

L6.4

30.2

-32.3

-1 10

-43.9

3.5

-54.O

-44.4

L2.6

-5.4

78 "2

-44

-65

Ass igned

Mechanism

(?)

Ref.

Section 4.2

Section 4.2

Section 4.1

6

4

4

5

5

5

5

5

I

9

77 .L

79.8

51.1

25

56.9

70 .3

56.1

60.2

89.1

77 .4

LL6.7

41 .5

34

D

D

A140

I230
d

D

D(?)

A

A

D

D

D

rd(?)

rd(?)

5
oi\



Table 4.3 Solution compositions and kinetic parameters for tmu exchange on IBe(tmu)uf'+.

Solution Ine(turu)+2+J
. . -?mol dm -

I tmul,r""
- - -emol ctm -

IcD3NO2 ]
. . -?ItrOI ClM -

IcD3cN]
- - -âmol clm '

kex(340 K)a
-ts-

¡u# 
b

kJ mol-I ^s# 

b

J K-l mol-l
av(zgg r)c

ppn

o.259

0.256

o.257

0.260

o.262

o.263

0.153

0 .157

0.163

0.170

0.182

(i)
( ii)
(íii)
( iv)
(v)

(vi )
(vii)

(vrlr )

( ix)
(x)

(xí)

0 .00 74

0.0150

0.035

0.0903

0 .198

0.328

0.0116

o.0247

0.0525

0.0987

0.219

0.0334

o .067 6

0.158

0.279

0 .615

1.48

o "a467
0.0999

0.227

0.427

o.945

18 .30

18 .17

18.05

16 .35

L4.34

L2.39

CN

3.9

4.O

4.0

4.0

4.0

4.O

4.0
4.0

4.0

4.0

4.O

0.1

o.2

0.1

0.2

0.1

0.1

0.1

0 .1_

c.1
0.1

0.1

v3.5

73.4

81.0

86.1

88"1

89.2

L49

150

L52

155

155

4.8

4.3

4.2

2.8

2.L

2.2

4

6

4

5

9

77 .L

76.5

v9.2

82.6

8L.4

79 .9

79.7

79.3

80 .0

78.6

79.7

L.4

1.3

l_ .1

0"7

0.5

0.5

o.7

0.9

0.5

0.6

L.2

L6.4

14 .8

23.6

34.O

30.7

26.5

30.2

29.0

31.1

27 .3

30.4

4.3

3.8

3.4

2.L

1.6

L.7

2.L

2.7

L.7

1;8

3.7

I
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18.48

L8.37

18.06

L7 .L5

L4.7

t Th" quoted k"* value is derived from the linear least squares fit of all the k.* data in the experimental temperature

range to the Eyring equation - errors represent one standard deviation.

O ¡ol and AS# are derived from ACTENG, a linear least squares fit to Èhe Eyring equation - quoted errors represenÈ one

standard deviaÈion.

5
c Chenical shift of the singleË for the coordinated tmu ligand downfield from Ëhat of the free tmu.
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The temperatures below r¡hich the limiting condition of slow ligand

exchange occurs are 300 K and 290 K for solutions (í) - (vi) and (vj.i) -
(xí) respectively, and under these conditions Èhe only other resonances

observed were due to the lH inpurities of the diluents, CD3NO2 and CD3CN

respectively with no evidence shor¿ing that either of the diluents were

coordinated to the berylliun(II) speeíes.

Complete lineshape analysis of the coalescence of the methyl

group resonances of tmu yíelds the mean site lifetimes, Tc, of a single

ligand molecule coordinated to berylliun(ff). A typical set of

'experimental and best-fit calculated nmr 1íneshapes for solutíon (xi)

showing the coalescence of the c.oordinated and free tmu sites as the

temperature is increased is seen in Figure 4.3.

For the [Be(tmu)a]z+ system ín CD3NO2 and CD3CNT T" and the

related activation paraueters vary very little over Ëhe respectíve 44

and 20 fold variations of ltmu]fru" "s is seen fron Table 4.3 and

Figure 4.4, consistene rrlith the ¡:ate of the predomínanÈ ligand exchange

process being indepeudent of Itrnu]fr"" s."h that the characteristic

first order rate constant k1 = k.*.

The first order rate law observed for tmu exchange on [Be(tmu)r,J2+

is consistent v¡ith the operation of a dissociative (O) mechanism in

which a reactive three coordinate intermediate is formed. (flre

alternative ínterpretation is that tmu exchange on beryllium(Il) operates

through an interchange (I) mechanísm where tmu preferentially oecupies

the second coordination sphere such thaÈ the exchange rate is independent

of [tmu]free. However fron the data obtained there appears to be no

direct evídence to suggest that such an effect occurs and thus an I

mechanism is not consiclered in interpreting this data.)

Previous li,gand exchange studies on berylliun(ff)4r5 have involved

the assignmelrt of ligand u*"ntåg" mechanisns Dissociat,ive or AssociaËivers

on the basis of first or second order rate laws respectively. An A

mechanism was assigned to Èhe exchange of tmp and dmmps whíle a D



Figure 4.4

The variatíon of T" for tmu exchange on [¡e(tnu),r]2+

with temperature, concentration and the nature of the diluent.

The open and closed circles are datum points for the CD3NO2

solutions (vi),and (i) respectively and the open and closed

triangles are datum points for the CD3CN solutions (xi) and

(vii) respectively. The solid and closed línes represent

the línear regressíon fits of Ëhese data to the Eyring

equation.
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mechanism was said to operate for the exchange of dmadmp in CH3N02

solutionss. It has been argued that in the case of these phosphate basecl

solvenËs the larger dmadmp molecule causes the greatest steric crowding

on berylliun(fÏ) and thus favours the operation of a D mechanism whereas

the smaller tmp and dmmp molecules cause less steric cror¿ding and as a

result an A mecharrism operates.

0n this basis it is expected that Èhe Larger tmu molecule should

favour the operation of a D mechanism Ëo a greater extent than the

smaller clmso molecule in accord t¡ith the observations made for these

systems. In addition to the varying steric factors a varíation in the

strucËur:e of the ligand is expected to produce varíatÍons in their

electron donor character which coul-d be expected to influence the ligand

exchange process. Ilowever a conparíson of the available Gutmann donor

numberslT which are 23.0, 29.6 and,29.8 for Ernp, tmu and dmso

respectively with the exchange mechanísms or magnitude of the exchange

parameters shows no obvious correlation indicaEing that steric ar¡d donor

strengÈh effects upon mechanism are probatrly subtly interrrroven.

The most dírect mechanistic comparisons r.¡i1l be those nade in Èhe

same diluent (it is assumed Èhat the diluent properties of CD3NO2 and

CH3NO2 do not differ signíficantly) as it is observed in this study that

a change of the díluent from CD3NO2 to CD3CN causes a srnall change in the

solvent exc-hange parameters for lBe(tmu)u]'+ (ttbLe 4,3 and Figure 4.4),

and elsewhere that a change of diLuent from CH3N02 to

4-rnethyl-lr3-díoxolan-2-one causes major modífication Èo the exchange

parameters for [Be(dmadnp)+]2+ and thaË for [Be(tmp) +)2+ a change of

diluent from CH3NO2 to CHzCLz causes the 1ígand exchange mechanism to

change from A to D5'5 respectively. (sinilaxLy, modificatíons to the

ligand exchange mechanism with changes in the nature of the diluent have

been observed for six coordínate scandium(III)rtttt 
"y"tens,)

Because of the snall size of beryllíum(ff) Uy comparison Èo that

of the oxygen donor atoms in the first coordination sphere the
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interactions between the latter atoms should have a major influence ín

deternining the transition state dynamics for ligand exchange. For

[¡e(ttzO)a]2+ this effect is expected to be at a maximuu, SErehlow and

Knoche3 (using an electrostatic model) have shown thaÈ a low energy path

for II2O exchange l¡hich approaches the experinental AH# value ís

characterised by a transition state in which a r,rater molecule is sited

on the opposite faces of the trigonal planar entity [Se(HzO)r]'*, so thar

water exchange occurs through a highly concerted Eovement of the enÊering

and leaving water uolecules along one of the C3 axes of the [Be(HzO),,]2+

-tetrahedron which translates the leaving water molecule from a fírst

coordination sphere síte to a site in the second coordinaLion sphere on

a trigonal face,of the new grounrl state [Be(H2O)ç]2+ speci.c..s, and vice

versa for the entering r¿ater molecu1e, in an apparent dissociative

interchange (ID) mechanism.

On the basis of this model- ít seems unlikely that the discrete

reacËive íntermediate species [¡e(Hzo)3]2+ required if a D mechanism is

to operate will be formed in aqtteous solution. However as the síze and

complexity of the Lígand molecule increases then the dominance of the

oxygen donor atoms in determiníng the electrostaEic energies of the

ground and transition states will diminísh as the interactions beËween

the other groups of the coordinated ligand molecules increases ¡¿ith the

consequence that the stereochemistries of transition states and

internediates which are not energetically favoured in the aqueous systen

may become viable in non-agueous systems. Thus for an A mechanism

trigonal bypyramidal or square pyramidal (these five coordinate

stereochemistries have been shor¡n to be of sinilar energy) arrays of

five oxygen donor atons about berylliun(II) in transition states and

intermediates are antícipated whereas a trigonal planar sÈereochemistry

aPPears more probable for such'specí-es for a D mechanism. An additional

effect is that a general Born solvation energetic contribution which was
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found to be important in the aqueous system should decrease in ,,',

importance as the ligand molecule increases in size. Nevertheless as

diluent has been shown to modify both activation parameters and

mechanisms for solvent exchange processes it appears that interactions

occurring outside the fírsÈ coorciination sphere, for which a number of

r)

models have been proposed, can have significant effects upon transition

state dynamics. The small variation of k"* with concentration of free

ligand observed for tmu exchange on [Be(tmu)+J2+ itr both CD3CN and CD3NO2

can possibly be explained by changes in the interactions outsíde the

-firsÈ coordination sphere as the Idi]-uent]/[tmu]fru" i" varied.

4.4 Lígand exchqnge on tetrêkis(dimethylmethylphosphonate) berylliurn(TI)

Delpuech et al. s have reported the preparation of the complex

[Be(drmp)+] (C104)2 and ínvestigated the exchange of dnimp on IBe(drnmp)u]z+

ín CH3NO2 soluËion using variable temperature lH mr spectroscopy. Frcm

the observed rate law where the rate of dmmp exchänge was dependent on

Idur¡p]free ân associ.aÈive (A) meehanism was assigned. FurEhermore

sírnilar results for Ëmp exchange on [Be(tnp),r]2+ in CH3NO2 solution r{ere

observed, í.e. an associative 1ígand mechanism was said to operate.

However Crea and Lincoln'+ had previousl-y observed that the rate

law for tnp exchange on [Be(tmp)+J2+ i¡r CH2CL1 solutíon r,ras inclependent

of ltnp]fr"u .td as such a D ligand exchange r¡echanism ]¿as proposed.

As a result stu,Jies of dmmp exchange on [Be(anmp¡*]'* it the cliluents

CD3CN and CD3NO2 wete initiated to further the understanding of the

processes occurring in solution and Èhese results are reported in this

section.

The complex lBe(dn¡np)+l(C10,+)2 was prepared by the method described

in section 6.2. Solutions of phe complex IBe(durnp)+J(CtOu)2 and dnnp

nithouÈ any diluent, and in the diluents CD2C1 2 aîd CD3CN were prepared

whose conpositions êre given in Table 4.4.



Table 4.4 Solution conposítions and kinetic parameters for durmp exchange on IBe(dmirp)u)2+.

Solution

(i)

(ií)

(iií)

( iv)

(v)

(vi)

Solution

Ige(¿mqp)+2+]
- - -emol dm -

Idmp] tree
moL dm-3

I cD2cl2 ]
- - -amol clm -

LL.66

t1.59

7 .44

9.06

3.23

as# 
b

J K-l mol-r

Av(280 r)c

Ppm

cNa kex(340)b anl b

kJ ¡nol-r

0.346

o.267

o.574

0.458

0.817

0 .595

0.582

o.9s4

2.05

2.68

4.77

5.9L

4.L

4.0

4.O

4.0

4.L

4.t

o.2

0.1

0.1

0.2

0.1

0.1

68.9

79.7

82.9

80.0

88.0

LL4

2.3

4.2

3.7

2.4

1.0

4

75.8

77 .8

77 .8

7 6.8

78 .0

73.2

0.8

1.5

L.2

1.0

0.3

0.6

cNa

L2.L

L9.2

19.4

16 .3

20.7

8.5

2.5

4.7

3.9

3.1

L.0

2.O

!

t

!

!

t

t

t

!

!

!

I

!

!

t

!

t

!

t

t

t

f

t

I

0.2I7

0.226

0.238

o.239

0 .258

0.282

av(zgo x)c

ppm

0.L97

o.204

0 .208

0.2I7

0 .230

(vií.)

(viii )

( ix)

(x)

(xi)

Ire(amrrp)a2+J
- - -amol clm -

0.00213

0 .0405

0 .0995

0.L76

o.373

Idmmp] tree
- - -amol dm -

0.115

0.29L

o.44L

0.783

t.66

I cD3cN]

moi- dm-3

L8.32

18.04

16 ,10

15 .06

4.0

3.9

4.O

4.O

4.0

0.1

4.2

0.1

0.i

0.1

!

!

!

t

! (¡
t\)

LL.7 6



lable 4.4 (Continued)

CD3CN

CD3CN

Diluent

26.3 ! 0.6 64 .3 t L.Z 29 .7 ! 3.7

-2L.3 r 13.l-11.7 r 1.0 69 .4 ! 4.4

t Thu mean number of ligands per berylliun(ff) ion as determined from a comparison of the integrated areas of the

resonances of the coordinated and free lígands ín the temperature range 260 - 290 K.

b The individual ku* values nere derived from the compLete lineshape analysís of the coalescíng doubLets of the

coordinaÈed and free ligands over the temperature range 300 - 350 K (solutions (i) - (v) and (vii) - (x) and

310 - 370 K (for solution (vi)). The quoted k"* values are derived from a línear least squares fit for all Èhe

k.* data for each solutíon to the Eyring eqr:atíon. The errors in ks¡, Âttl and AS# r"pt.sent one sËandard deviation.

" ¡u(ZgO f) is the chemical shift of the O-Me doubleÈ of the coordinated ligand downfíeld from that of the free ligand"

The analogous P-Me shifts show a simílar systenatic trend encompassed within the following ranges; solutions (í) - (v)

0.400 - 0.433, (vi) 0,467, (vii) - (xi) 0.317 - 0.383 ppn. The chemical- shifts of the O-Me and P-Me doutlets of the

coordinatect ligand from the proton impurity resonance of CD2CL2 for solutions (i) - (v) vary systematically in the

ranges 1.48 - 1.63 ppn and 3.48 - 3.68 ppn respectively. In CD3CN solutíon the proton iurpurity was too close

to the P-Me doubiets to a.llow accurate shift measurements.

kr (340 K)

-ts'
tz(g+c r)

mcl dm-3 s-r

J
AHr

kJ mol-r

-T

As''

J K-I mol-r

tjt(,
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Under the liniting conditions of slow exchange the rB nmr spectra

of the dnmp so1-utions exhibited O-Me doublets for coordinated dnmp

(¡(rlt - 3lP) = 11.5 Hz) downfield of the cloublets of free dmmp

(.¡(rtt - 3lP) = 11.L Hz) at frequencies whictr appear in Table 4.4.

A conparison of Èhe integraLed areas of the doublets aË

temperatures below which slow exchange eonditions apply (see Table 4.4)

índícates that IBe(drnop)+]2+ is the predoninant species in solutions

(i) - (xi). At higher temperatures coalescence of the doublets arisíng

from the coordinated and free ligantls occurs, consistent with

intermolecular exchange (tr'igure 4.5) and courplete lineshape analysis

yields the lifetime of a 1-igand coordinated to beryllíurn(Il), Tc

r,¡hich is related to the observed firsÈ order rate constant ku* as shovm

previously.

Tn CD2CL2 solution the k"*r AH# an¿- ÂS# values obtained

characterising ligand exchan¡¡e on IBe(dmnp).t]2+ show a smal1 variation

with concentration of free dmmp over the 8.2 toLd r.ange sttrdied, however

the first order Ëern seems to dominate the exchange rate law, ancl as

such a dissociative ligand exchange mechanism has been assigned.

Whereas in CD3CN solutíon the variatíon of k"* (fiSure 4.6) wittr

ldnrrp]f."" ov"r a L4,4 fold concentration range ís of the form

k"* = kr + kz ldurmPJrr""

Activation parameters for the latter systerû r.rere obtained using

DATAFIT4S which simultaneously fitted a1l k"* data for solutions

(víi) - (xi) to equatí.on (2-.LZ).

The two term rate law observetl, suggesEs that associative and

dissociative ligand exchange mechanistrls oPeraÈe simultaneously.
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tr'igure 4 .5

The experíoental t¡t (gO Mtz) nmr spectra and

best-fit calculated 1íneshapes for solution (vii) in

which lBe(domp) *"*f , Idmp]fr"" and [CD3CN] are

0,00213, 0.115 and 18.32 urol dm-s respectively. The

doublet arising from the coordinated dnmp appears

downfíeld. Experimental temperatures appear ât the

left of each spectrum in the Fígure and the best fit

T^ values appear to the right of each lineshape.c
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Fígure 4.6

The variation of k"* for ligand exchange on

[Be(dmnp)+]2+ with Idmnp]fr.. "nd 
temperature in

CD3CN soluLion. The t,emperatures (K) for each

curve are gíven, the curves represent. the

símultaneous best fit for all- of the data for the

IBe(dnmp)a]2+ system to equation (2.L2).
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4,5 Ligand exchange on te t raki s (ne thylme thvlphenylpho s ph inate )

The complex IBe(mmpp)4](C10,+)2 was prepared by the method

described in section 6.2. SoluÈions of the complex IBe(**pp)q](C10+)z

and free mmpp alone or in QD2C1-2¡ CD3CN and CD3N02 vr€rê prepared, the

conpositions of whích are given in Table 4.5 anè 4,6.

Under slow exchange conditic¡ns Èhe llf nror spectra of the rmpp

solutions (i) - (xv) (tables 4.5 and 4.6) exhibit O-lte and P-Me doublets

(Figure 4,7) axísing fron the coordinated rnmpp downfield from those of

the free ünpp. A comparison of the íntegrated areas of the coordinated

and free mnpp doublets indicated tlÌat within experimental error the

predominant berylliun(lt) species in solution ís IBe(mnpp)+]'*.

Tables 4.5 and 4.6 gíve the temperatures below which slovr exchange

condítions apply. (Broad band rH decoupled 3lP mr spectra of these

solutions confírraed that IBe(mmpp)a]2+ was the only berylliun(II) species

in solution, Figure 4.8 is typical of the results obtained. Coal-escence

of the coordinated and free nrnpp doublets occurred as the temperature

was raised consistent with int,ermolecular site exchange, and complete

lineshape anaLysis (Fígure 4.9) yielded, t" the nqean site lifetine of a

singl.e rnmpp molecul-e coordinated to beryllium(f f ). Data from individual

solutíons were collected at B - 10 temperatures at approxinately 5 K

temperature intervals withín the temperature ranges índicated in Tabl.es

4,5 and 4.6.

In 0D3tN and CD2C12 soluÈions the vaLues of ku*, AH# and AS#

characterising ligand exchange (table 4.5) on IBe(m¡npp)a]2+ are virtually

í.nvariant over the 53.6 and 10.3 fold free rnmpp concentration ranges

studied respectívely, consi.stent r^/ith a first order exchange rate law,

whereas ín CD3NO2 solution k"* i" linearly dependent upon the free mmpp

concentration over a 20.5 fold range consistent with a second order

exchange rate law, r'rhere k.* = kz[*pp]free.



Figure 4.7

lH (90 MHz) nmr spectrum at 300 K of solution (vi)

(raUte 4.S) in which [Be(nnp)r'*f, [umpp]free and [cD2c12]

are 0.0623, 0.26L and 13.g7 nol dn-3 respectively. The

peaks in region (a) are due to the protons of the phenyl

groups in the bound and free environmenÈs of ñmpp on

bery11-ium(lt). The peaks in region (b) are due to the

rH í.npurity of the díluent CD2C12. The doublets in

region (c) and (d) are due to the O-Me and P-Me groups

of the mmpp ligand with the doublets of the coordinated

l.ígand downfield from those of the free ligand in both

cases respectively.
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Figure 4.8

Broad band lB decoupled 3tP (36.43 MIIz) nmr

speetrun at 300 K of solutíon (iii) in whÍch

[Be(mpp) u'*f , lnnpp]fr"" "nd [cD3cN] are 0,0477,

O.209 and 17.43 mol dm-3 respectively.

J(sBe - 3rP) = 3.5 Hz and the chemical shift

difference between the centre of quartet (a) due

to [Be(nmpp),,J2+ and the síng1-et (b) (due to free

nnpp) ís 11.78 ppm,
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Fieure 4.9

Experímental lH (90 MIIz) nmr spectra and

calculated best-fit lineshapes arising from a

solution in which IBe(rnmpp) n'*f , I^pp]fr.. ard

[CD3NO2] were ,0.487, 2.37 and 5.71 mol dur-3

respectívely, The P-Me resonances of IBe(mpp)+]2+

are downfield, the experimenÈal temperatures (K)

and best-fit lifetimes, T"(ms), appear to the

left and ríght of the Figure respecÈívely.
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Table 4.5 Solution composiËions and kinetic Darameters for nnpp exchanse on lBe(m¡pp)uf21.

So lut ion [ ¡e (mnpp ) ,.2 
+ 

]

mol dm-3

IrorppJ rr""
mol dm-s

IcD3cN]
- - -2mol- dm "

I cD2cl2 ]
- - _,¡nol dm "

^H# 

b

kJ nol-l

¡s# b

J K-¡ mol-r

Av(280 K)

ppln

0.200

0 .203

0"210

0.22L

0.250

0 .182

0 .195

0.256

0 .319

0 .383

cNa kex(340 K)b d

-ls

(i)

( ii)
(iii)

( iv)

(v)

(vi)

(vii)

(v111,

( ix)

(x)

0.0055

0.0143

0.0477

0.121

0.296

0.0623

0.128

0.286

0 .502

0 .305

0.0243

0.0626

o.209

0.529

1 .30

0.26L

0 .538

I .53

2.69

s.47

l8 .16

18.08

L7.43

15 .88

11 .11

L2.79

8.64

4.L9

3.9

4,0

4.O

4.0

4.0

3.9

3.9

4.O

4.O

4.C

0.8

0.5

0.5

0.4

0.6

0.8

o.7

0.6

0.6

-36.4

-35.4

-36,6

-34,4

-34.7

-38 .9

-38.6

-40.2

-39 .8

,a

1.5

L.4

L.2

L.9

2.4

2.2

1.8

L.7
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t

t

t

t

t

t

t

!

+

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

2L.2

2L.2

20.9

2L.3

2L.3

43.s

42.3

42.8

42.7

0.5

0.5

0.4

0.3

0.5

0.9

0.8

1.0

0.8

62 "6

62.9

62.6

63.3

63.2

s9.7

59.8

59 .3
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Table 4.6 Solution c sitions and kirretic rameters for exehan

on Be( 2+ eonËinued.)

a d
Solut ion [¡e(rrpp),,2+]

- - -âmol dE -

Instpp] free
- - -amol dm '

I cD3N02 ]
- - -amol dÉ -

Av(280 r)
PPN

CN

(xi)

(xii)

(xrrr,

(xív)

(xv)

0.0261

0.0663

o.L44

0 .304

o.487

0.115

o.294

0 .639

1 .35

2.37

L7.2'!,

16 .18

14,73

LL.32

5.71

3.9

3.9

3.9

4.0

4.0

0.1

0.1

0.1

0.1

0.1

0 .250

0.258

o.270

a.294

0 .333

t
+

t

t
+

kz(g+o r)c
- - -2 -lmol clm - s

rut "
kJ nol-r

¡sf "
J K-l mol-l

8.5 t 0.1 68.7 ! 0.9 -26.L ! 2.7
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Tables 4.5 and, 4.6

" Th. mean number of ligands per berylliun(IÏ) ion as determined from a

comparison of the integrated areas of the lH resonances of the

coordínated and free ligancls in the Ëemperature ranges 270 - 300 K

(for solutions (i) - (v)), 260 - 3Oo K (for solutions (vi) - (x))

and,270 - 3OO K (for solutions (xi) - (xv)).

b *" individual k"* values r¿ere deríved from the complete lineshape

analysis of Ëhe coalescing doublets of the coordinated and free

liga¡ds over the temperature ranges 310 - 345 K (for solutíons (i)

(x)) antl 310 - 375 K (for soluÈions (xí) - (xv)). The quoted k.*

values were derived from a linear least squares fit to the Eyring
11

equatíon, w-here the errors quoted for k"*, AH' and ÂS' rePresenl-

one standard deviation.

" Th" quoted k2,

leasE squares

DATAFIT4 5 .

d

J+
ÂH', and ÂS', values are derived from a nùn linea::

data ro Equation (2..I2) usingfit of all the kex

Av(280 r) ís the chemical shift of the O-lnle doubleÈ of Èhe

coordinaËed ligand downfield from ÈhaÈ of the free ligand. The

analogous P-Me shifts show a similar trend enconpassed wíthin the

following ranges; for solution (i) - (v) C.303 - 0,420, (vi) - (íx)

0.333 - 0.483, (*) 0.633 and (xi) - (xv) 0,4L4 - 0.524 ppro. The

chemícal shifts of the O-Me and P-Me doublets of the coordinated

ligand from the proton impuríty of CD2-CL2 vary systematically in

the ranges 1.60 - L.7O and 3,39 - 3.44 respecËively. Similarly,

chemical shift measurenents of the O-Me and P-Me doublets from the

IH inpurity signal of CDsNoz for solution (xí) - (*v) cover the

ranges 0 .500 - 0 .517 and 2 .23 - 2.20 ppor respectively.
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The activation parameters (table 4.5) were deriveci through the

símultaneous fit of aLl- k"* data for soluËíons (xi) - (xv) (Tab1e 4.6)

to equaËíon (2.12) using the program DATAFIT45. These results obtained

for nmpp exchange on [ge(mmpp)+J2+ in CD2CL2 and CD3CI{ soluÈions are

consistent with the operaEion of a D ligand exchange mechanism where a

three coordinate reactive intermediate IBe(nnpp)aJ2+ i" formed. I,Ihereas

in CD3NO2 solution the second order rate law observecl is consistent. with

the operation of an A mechanism where a five coordinate reactive

intermediate is formed.

4,6 Ligand exchange on tetrakís(triphenylphosphíne oxide) beryllium(tt)

The complex [Be(tppo)+J(CtO*)z was p::epared by the method described

ín section 6.2.

The lll nmr spectra of free and coordínated tppo is too conpl-ex Ëo

use complete lineshape analysis rnethods and 31P nmr spectroscopy was used

in this sËudy.

The broad band lB decoupled 3tP mr spectra of CD3NO2 solutions

of lBe(tppo)+J(ctou)z and free tppo exhibited a quarËet

(.1(e¡e - 31P) = 4.3 Hz) axísíng from [Be(tppo)a]2+ downfield from the

free tppo singlet (Figure 4.10) over the Ëemperature- range 280 - 370 K

consistent with an estimated kex(370 K) < 3 x 10-3 s-I. (Ar 370 K rhe

3rP nmr spectrun was still in the slow exchange linit,)

A comparison of the integrated areas of the coordinated and free

tppo signals indicates that Ine(tppo)u]'+ is the predomínant beryllium(tf)

s¡recies in solution, Typically the quartet appears 510 Hz downfield frour

the singlet at 300 K in a solution in which fne(tppo)u'*), Itppo]fru" ard

[CU3UO2) are 0.0105, O.O4gZ and 17.41 mol dm-3 re.spectively.



Figure 4.10

A broad band rH decoupled 3lp (36.43 ¡ctz) nmr

spectrum at 300 K of a solution of [Be(tppo)n](ClOa)z

and tppo in CD3N02 trhere the concentrations of the

above components are 0.0105, 0.0482 and 17.41 no1 dm-3

respectively. The guartet (A) arises fron IBe(tppo)aJ2+

(.1(sse - ¡tP) = 4.3 IIz) downfield of a singlet (n) ¿ue

to the free tppo.
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4.7 Ligand exchange on bery 1lium(II) for the phosphate systems

At this point it is worth considering the earlier reported

beryllium(II) 1-igand exchange sEudies and also those of some six

coordinate trivalent species as they provide ínf,ormative mechanistic

comparisons for the new beryllium(II) data reporied herein,

It was found that ín CII3N02 or GD3N02 solution the rate of tmp

exchange on [M(tmp)e]3+, where M = LL'r, G^'2, Tn22 or Scle r¡as

índependent of, and 1ínearly dependent on the free ligand concentration,

Itrp]free, for the first two and second two species respectively.

Accordingly a D ligand exchange mechanism was assigned to [.At(tmp)o]3+

and its gallíum(fff) analogue vrhereas A mechanísms !¡ere assigned to the

indíum(III) and,scandium(III) species. These differences in uechanism

are attríbuted to the larger íonic radiir2 of In3+ (0.080 nm) and Sc3+

(0,074 nm) facilitatíng an increase in coordinatíon number in the

transition state whereas the greater steric crowding of 413+ (0.053 nrn)

and Ga3+ (0.062 nm) leads to a transition state of reduced coordínatíon

number being favoured.

Similarly in CH3N02 solution lígand exchange on [Be(tmp)+]2+ and

Ice(dmnp)a,ì2+ have been assigned A ligand exchange nechanísms, and

[Be(dnadmp)+]2+ a D mechanísm on the basis of the linear dependence of

their ligand exchange rates on free ligand concenEration in the firsE

two sysÈems and the rate independence of free ligand concentratíon for

the latter systems. Once again for these cases the change in mechanism

has been attríbuted to steric ínteraction effects but here it is the size

of the ligand r+hich determines ín which direction the coordínaËion number

will change i.n Ëhe transition state. 0n the basis of these

rationalisations the linear exchange rate dependenc.e on free ligand

concentration (Tab].e 4.7) exhibited by IBe(rnmpp) *f2+ in CD3NO2 solurion

is attributed to the operation of an A mechanism, l¡hei:eas the rate

inclependence of free ligand concentration exhibited ín CD2CL2 and CD3CN



Table 4.7 Kínetic Parameterrt for Ligand Exchange on [BeL,.]2+.

1-03 k1(298.2 K)Diluent
J

AHrSpecies

IBe(mnpp),*]2+

Assígned
Ligand

Exchange
Mechanism

A

D

D

A

D

A

D

D(?)

A

A

D

D('/ )

D

D

D

D

D( ?)

D(?)

103 k2 Q98.2 K)

dm3 moL-l s-I

810 t 50

330 j 50

1500 É 200

L750

J

^sr
J K-I mol-r

Ref.

Section 4.5

5

Section 4.4

kJ mol-r

68.7 ! 0.9

62.6 ! 0.5

59.8 I 0.7

60.2 I 0.8

64 .3 ! L.2

69.4 ! 4.4

77.8 ! L.2

73.L ! O.6

56.0 t 1.8

60 .1

56.9 t 4 .2

70.3 ! 8.4

89.L ! 2.5

77 .4

89 .L ! 4.2
TL7 ! L.2

4L.5 ! 2.0

34!5

-l

¡re(tnn)',12+

cDsNO2

cD3 cN

cDzcl-2

cH3N02

cD3 cN

cD3cN

cDzcL2

drunp

CIt3NO2

cH3N02

cH2cL2

tnP

cH3N02

220 ! L0 -26.L ! ?.,7

-36.6 ! L..4

-38.6 ! 2.2

-44.4 r 3.0

-29.7 ! 3.7

-2L.3 t 13.1

L9 .4 t 3.9

8.5 t 2.O

-54.o ! 5.4

-36.8
-43.9 ! L2.6

3.5 ! 24.6

L2.6 ! 5,9

-5.4
L2.6 ! L

78!
-44 ! L5

-65 t 15

n

il

ll

ll

!t

ll

tt

It

ll

It

810 r 15

1930 t 40

930 t 40

1440 r 80

2600 r 90

3600 t 600

4900 I 180

7.3 ! L.7

0.91

6.9 ! 2.O

0.27 -. A.04

(18OO11OO)x103
(2100t600)x103

Ire(dnrnp)+12+

t!

ll

'l

5

5

4

4

5

5

5

5

I
9

IBe(dna<lnp)+]2+

IBe(tndanp),, ] 
2+

Ise(hnpa) + ] 
2+

In. (Hro),* ] 2+ HzQ

HzO(CDg ) zCo

L.7

3.8

o\
H

a Detet*íned using lH nmr studies with the exception of the second set cf iBe(trnp)uJt*/cti.lto2 data and the IBe(Hzo),r]2+/nzo
data which v¡ere determined from 9ile and l70 n*t sÈudies respeictíveiy.
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solution (faUte 4.6) indicates a change Ëo a D mechanism in these diluents.

Síni1arly the rate independence of free ligand concentration for ligand

exchange on lBe(dnmp)q]2+ in CD2CL2 solution is consistent r^¡ith the

operation of a D mechanism whereas Èhe two term rate law observed in

CD3CN solution suggests the siurultaneous operation of D and A mectranisms.

The kinetic parameters characterising ligand exchange in the various

diluents may be viewed as ¡nodifications of those characterising the ligand

exchange process in solutions of the conplex and free ligand alone.

Unfortunately the solubility of the complex in the liquid ligand is

usually too low for reliable kinetic parameters Eo be derived but in the

case of [Be(dump)u]2+ this is not so (Table 4.5) and comparisons can'tre

made between the kinetic parameters derived in CD2C12, CD3CN and CD3N02

diluents and in their absence. Over the concentration range studied

kex(340 K) characcerísing the CD2C12 solutions (i) - (v) (raUte 4.4)

differs least from that observed in the presence of dnmp alone whereas

that observed in CH3NO2 s (tabte 4.7) shows a marked variacicn with the

concentration of free durmP.

The minor variations of the ligand exchange parameters over a 17,9

fold varíation of Idrmp] fr.u/lCD2CI2l suggest that the over¿ll kinetíc

influence of the environment exÈernal to the first coordination sphere-

is virtually consÈant despite the variation in the chemical composition

of the environment. A similar conclusion can be drawn frour the invariance

of the kinetic paraneters characÈerising ligand exchange on IBe(*pp),r]'*

over a 87.6 and 34.2 f.ol-d variation in [rrmpp] fru"/[CD3CN] and

[*pp] fru"/lCD2CLzl respectively in solutions (i) - (v) and (vi) - (íx) in

Table 4.5. The invaríance of the kinetic parameÈers characterising these

systems could arise from a prefe::ential occupation of the second

coordination sphere by either the free ligand or the diluent but Èhe

chenical shifts (Tables 4.4, q.5 and ¿+.6) of the doublets characterising

the coordinated and free ligands indicate that the relative magnetic

environments of the liganC in these two sites change systematically for

:

I

Þ.

{
;t.

fl
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the five systems investigated irrespecÈive of the diluent and Èhe

observed rate law and appear to províde no evidence for preferential

occupation of the second coordination sphere by either the ligand or

diluenË.

Hence it seems that, despite their structural dissinilarity, CD2CL2

and dmnp outside the first coordinaÈion sphere exert simílar influences

upon the energetics of the D transition sÈate and EhaË in view of this

and the similarities of the kinetic parameters characterising solutíons

(i) - (v) and (vi) (table 4.Ð Lígand exchange on [Be(dnmp)u]2+ in the

presence of free dmrrp alone may also occur through a D mechanism. It was

previously noted thaÈ the kinetic data characterising CH3NO2 solutions

are most consistent with the operation of an A mechanism, buE elearly as

ICH3N02 ] decreases the exchange process wíl1 eventually become that

operatíng in the absence of diluent and at some intermediate stage it is

probable Èhat two mechanisms may oPerate simultaneously.

Following this line of argumenc it can be expected that if the

diluent influences the relative energies of A and D transiticn states

then the possibility arises thât the energies of these transition states

may become sufficiently similar in a given diluent for both mechanísms

to operate simultaneously. This is evidently the case for [¡e(drnnp)+]2+

in CDgCN for v¡hich the observed ligand exchange rete constant:

ku* = k1 + k2[dnnp]fr". thot" kt and k2 are assigned to D and A

mechanisms respectively.*

* Alt"tr,.Èive explanations of the tvto term rate 1aw are:-
(a) e D mechanism operates alone over the concentration range sEudied and

the .¿ariation of ku* reflecËs the changing dynanics of E.he transition
state as the environment outside the first coordinatj.on sphere is
varied. This explanation seems unlikely, however as in solutions
(ix) - (xi) (raute 4.4) the [cD3cN] is in consíderable excess over
I dmrsp ] f ,." .

(b) A mechanism for ligand substitution analogous to that proposed for
pl.atinum(I1) species23 operates, where the k¡ Ëerm may characterise a
process in which CD3CN displaces dmmp fromberylliurn(II) via an I
mechanism and that.. the resultant IBe(d¡osrp) s (clsCI'l) ] 

2+ species is
particularly labile torsards the dísplacement of CD3CN by durnp through
an A nechanism. If the first process is rate determining for the

I

Þ

¡

I

t

I

I
I
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(b) (continued)

overallo indirect, dnnp exchange then the result will be the k1 term
in the expression k.* = kr * k2 fdururp]fr"" where k2 characterises the
the direct dmmp exchange. Ilol¡ever attempts to detect ttre
IBe(dnmp)3(CD3¿N)]2+ species iu solution through the CD3CN lH ímpurity
resonanee have not been succ.essful.

As the naËure of the diluent can be a major factor detern¡inirrg the

ligand exehange mechanism ít is to be expected that it will also have a

significanË influence on the magnitudes of the kineti.c parameters

characterising a given mechanism. This is seen to some extent for the D

mechanism in the differences between the kinetic parameters characterising

ligand exchange on [Be(unpp)+]2+ in CD2CL2 and CD3CN, and to a greater

extent in those'characterising IBe(ctmadmp)q]2+ in CH¡Noz and

(cn¡ )cu, ,4-nethyl-Ir3-dioxolan-2-one (tabLe 4,7>. (The observed
JJ

ÂHr and ASr data probably include varying contribuÈions from outsíde the

first coordination sphere and thus Èhe sign of ASI tot a D mechanism is

expected to depend on the system as illustraÈed by [Be(dmnp)+]2+ and

[Be(r¡mpp)*]2+ in CD2C12 where ¡S# is positive and negative respecÈively

(table 4.7) and as a consequence mechanistic assignnents based on ttre
J

sign of ÁSr are of dubious value. Such comparisons for Ehe A mechanism

are not possible as Èhis mechanism only operates alone in CD3NO2 t

nevertheless by comparison to other diluents it becomes apParent thaÈ

CD3NO2 favours the A mechanism for ligand exchange on beryllíurn(II) as

is also the case for scandium(tlt¡ls'20.

Ihe origin of the varying kinetic effects of the dífferent diluent.s

on ligand exchange processes at the berylliurn(II) cent,r:e does not appear

to arise from differences in dj"elecEric constants or dipole moments.

For IBe(*pp)u]'u, D ligand exchange mechanisms operate in CDzQLz

and CD3CN soluÈions whereas an" A mechanism operates in CD3NO2 solutions

and yet from the dielectric constanÈs or dipole moments4l of C}I3N02¡

CH3CN and CII2C12 '^rhich are', 35.8 (3.56), 37.5 ß.44) and 8.93 (1.14) at
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298.2 K respectively (where the values in parentheses are the dipole

moments (Debyes)). It would be anticipated that the kinetic effects of

CD3CN and CD3NO2 should be sinilar íf the dielectric constants or dipole

momelts are important factors in deÈermining the operational mechanism.

(It should be noted that the dielectric constants are expected to varv

with temperature and as such the choice of room temperature as the

sËandard compared with the range of temperatures used in the dynamic nmr

studies could alter their significance.)

Similarly the Reichardt Er2s parameters and the Gutmann donor

numberstT;18 '26 which are 46,3 and 2.7 for CHsNOz, 46.0 and L4.L fot

CH3CN and 41.1 and t 0 for CH2C!2 respectively do not shor¡ any obvious

correlatíon with the kinetic diluent effects. (These parameters which

represent *"""utu, of Lewis acidity and basicity have been shown to

correlate with solvenÈ effects in some ionisation and solvolysis reactions

of organic spécies27 '28 .

Clearly extensive solvent properties such as dielectríc constants

wíll he nodified by the solutes, particuLarly in some of Ëhe more

concentrated solutions exauinecl here and ín other studiesars, and it

appears that specific interactions be-tv¡een the first and second

coordinaËion spheres of the beryltium(tI) specíes may be a more probable

source of the differing solvent ki-netic effects. The maximum dífference

between the interactions of CD3N02 and CD3CN with the a.Tray of methyl

and phenyl groups presented by iBe(dmrnp)al2+ and [se(nmpp)+]2+ (and also

[ne(tmp)a]2+ arises if Ëhe -NO2 and -CN groups of these solvents are

oriented towards the berylliurn(II) centre. The electrostriction of the

first and second coo::dinal-ion spheres may cause the geometries of CD3l{02,

CD3CN and CD2C12 to be criÈícal in deterni:ring Èhe time averaged

orientation of the meËhyl and phenyl groups at the- surface of the first

coordination sphere and in consequence, the relative energies of the

[Be(ligan¿)u'+] ground state and the potentíal A and D transition states

also.
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A sinple model suggesÈs that if steric crowding in the first

coordinaüion sphere is either 1ow or high the effect of the solvent is

less 1ikely to be critical in detern¡ining the mechanísn that operates

(although modification of the kinetic parameters characterising ligand

exchange may occur) and Ëhat A and D mechanisms should operate

respecÈive1y. In intermediate cases of steric crowding, which

[¡e(mmpp) +f'*, [ne(drurp)q]2+ and [¡e(turp)a]2+ evidently are, a change in

solvent may lead to nodifications in the relatíve transition state

energetícs and produce a change in mechanism.

The results of the study of tppo exchange on [Be(tppo)+]2+ in

CDaNOz did not yield the ligand exchange nechanism operating, however

it is predicted,that a D mechanism would operate. To qualify thís

statement one needs to consider the results obtaíned for the

IZn(hnpa)a]2+ system and those of the IZn(tppo)a]2+ system (see section

3.4 and 3.6) where A and D mechanisms ererÈ found to operate respectivelyn

and the results for ligand exchange on fBe(hmpa)u]'* it cH3No2 r,¡here a

D ligand exchange mechanism vras assigneds.

In the case of the zinc(Il) ion steric crowding was used to explain

the operation of the D mechanism for tppo exchange whereas, rrrith hmpa the

zinc(tt) ion (r = 0.060 nm)12 could ¿ssenrmsd¿te the fifth molecule to form

the IZn(hnpa)5]2+ transition state inte.rmediate- as rras exemplified by the

ground state Izn(nípa)3]2+ complex37. For the exchange of hmpa on

ISe(hnpa)+]2+ itr CHgNOz a D ligand exchange mcchanism Ì/as assigned, where

steric crowding by the hmpas ligand about the smaller beryllium(fl) ion

was said to be the cause, therefore tppo which is larger than hmpa is

expected to have a similar effect on the beryllium(Il) species and result

in a D ligand exchange mechanism operating.
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4.8 Ligand exchange on tetrakis (N.N-dinettr v I formamide ) bervll iurn( II)

The complex IBe(¿nt)+J(CtOu)2 rvhich had previously been prepared by

Matwiyoff and Moviusl0 was prepared by the method given ín sectíon 6.2.

Matwíyoff and Moviusl0 measured the temperature dependence of the ProÈon

relaxation rates (linewi<it-hs) to obtain kinetic parameËers characterising

dmf exchange on [Be(dmf)+]2+. Ilowever the results from this method lack

ín accuracy compared with those obtained using the total lineshape

analysis method and as such the experiment llas repeated and the resulÈs

reported here in f or l igand exchange on I Be ( {rnf ) ,* ] 'n itt dmf alone .

solutions of the complex [ne(anr)+J(ctou¡, and dnf alone ¿nd in

CDaNrJz¡ CD3CN and CD2C12 diluents elere prepared, Èhe comPositions of

whi.ch are given,in Table 4.8(a).

The lH resonances of free dmf appear upfield from those of rJmf

coordinated to berylliun(ll) when ligand e:rchange is slow on the nmr

timescale (tabl.e 4.8(a)). A comparison of Èhe integraËed areas of these

resonances (N-ue resonances for solutio¡rs (í) - (x) an,l (xví) and foruryl

prctons for solutions (xi) - (xvi)) indj.cates Èhat wíthin experinrental

error the predominanE beryll.ium(It) species in solution is [Be(clmf)+]'+'

As the temperaÈure ís increaserl ligand exchange between the coordinated

and free sites results in coalescence of the lH resonances of the

coordinated and free dmf.

Complete lineshape analysis of the exchange uodified spectra ailoç

Tc, the besi-fi,t mean site lifetine of a single dnf ligand directly

coordinaÈed to beryll.ium(II), Eo be calculated, The variation of

k"*(= l/-r") wittr ldrf]fr.. and temperaÈure ir¡ al-1 three rliluents CD3NO,'

CD3CN and CD2C12 ís best described by the operation of a Ewo terrn ligand

exchange raÈe law where k"* = k1 + krldmf]free. The kinetic paraneters

in Table 4.8(b) were derived frou a simultaneous noa-l-inear leasÈ sqLlares

fit of all the k"* data for each dil-uenÈ to equatioa (2.12) using

DATAFIT4S. For solution (xvi) the k"* data was fiÈ:ed to ühe Eyring

equation using ACTENG. The k¡ and k2 Eerms of, the observed ligand



Table 4.8(a) Solution compositions for dmf exchange on [se(dnf) u]2+.

Solution Ige(¿xuf)+2+]
grol dn-3

idmfl ¡r""
mol dm-3

0.L29

0.243

0.438

o.774

L.46

0.118

0.2L3

0 .391

0.772

L.49

0 .0904

0. t_93

0.418

0 .903

1.885

I .55

I cD3N02 ]
- - -amol dm -

18 .59

18 .09

L7.56

16 .33

l-4.59

I cD3cN]
- - -âIüoI dn -

L8.25

L7.84

L7 .t7
15 .55

L3.95

IcD2c12 ]
- - -?mol dm -

L5.25

14.68

L4.22

i2.78
9.98

avb(zaa.1 K)

Ppn

0.293

a.293

o.295

0 "298
0.303

0,266

0.269

0.269

o.274

0.276

o .104*

0.102*

0 .102*

o .111*

o.L37*

0.254c*

o,zggdt'

cNa

(i)
( ii)
( iii)
( iv)
(v)

(vi)
(vii)

(viii)
( ix)
(x)

(xi)
(xii)

(xr 11)

(xiv)
(xv)

(xvi)

a

0.0286

0.0538

0.o972

o.'172

0.325

0 .0286

0.0514

0.0941

0 .186

0 .359

0.02L2

0.0452

0.0981

o.2L2

0.442

0 .894

4.O

4.0

4.O

4.0

4.0

4.O

4.0
3.9

4.0

4.0
4.0

4.0
4.0

4.O

4.O

4.O

4.0

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.2

!
t
t
t
t
t
t
!

t
!
!
t
!
I
t,

!
t
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Table 4.8(a)

t Th" number of dnf ligands in the first coordination sphere of, berylliun(Il) as determined by the integration of the

areas of the free and coordinated dmf resonances under slow exchange conditions. The temperature ranges from

r,¡hich Èhese values were determined were for solutions (i) - (v) Z0O - 290 K, for solutions (vi) - (x) 250 - 290 K,

for solutions (xi) - (xv) 220 - 250 K and for soluÈion (xvi), 240 - 260 K.

b Au í" the chemical shift between the lH resonances of the coordínated and free dmf. These were Èhe N-Me resonances

for solutions (i) - (x) and (xvi) and the formyl resonances for soluËions (xí) - (xvi). The proton inpurity
resonances of; CÐ3N02 varied systematically from 1,I2 - 1.18 ppra downfieid of the coordinaÈed ligand resonance for
soluËíons (i) - (v), COrCN varied systematically from 0.883 - 0.85-î ppm upfield of the coordinated ligand resonance

for solutions (xi) - (x) respectively and CD2Clz varíed systemaEícally from 2.64 - 2.52 ppm upfield of the

coordinated ligand resonance for solutions (xi) - (xv) respectively.

*
Á.¿( 258 . I K) ,

c Chemical shift difference for the formyl proÈons ín their free and bound environments.

d Chenícal shift dífferences for the N-Me group ín their free and bound environmenÈs.



Table 4.8(b)

SoluÈíons Diluent

(i) - (v)

(i) - (v)

(vi) - (x)

(ví) - (x)

(xi) - (xv)

(xi) - (xv)

(xvi)

(xvi.)

a
dnc.f

b

kr(zge .2 K>

-ls-

7A t11

I
asi

J K-r nol-l

-22.9 ! 7 .2

lK2(298.2 K)

mol dm-3 s-l

Kinetic Paraneters for dmf exchange on IBe(¿nf)u]2+.

_t

^HTkJ rnol-r

53.9 t 2.O

55.7 ! 2.L

J
LHt

kJ mol-r

J
ASt

J K-l mol-r

oD3NO2 0.10 r 0.03 83.6 ! 6.3 L6.3 ! L7.6

CD3CN 1 .56 t 0.04 62.9 ! 0 .8 -29 .8 ! 2.7

QD2ÇL2 2.54 ! O .06 40 .7 ! r.O -100 .4 t 3 .1

66.3 I 2.8 -29.3 ! 0.6

8.5 I 0.1 58.1 É 0.5 -32.0 ! L.6

7 .98 ! 0.O7 60.2 ! 0.4 -25.6 t 1.3

10.3 ! 0.2 44.0 t 0.6 -77.8 t 1.9

tt

tt

dmf

a Results from lineshape analysis of formyl protons of free and coordinated dnf"

b Results from lineshape analysis of N-Me signals of free and coordinated dnf.

Or
t\O
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exchange rate lar1r are considered to characterise D and A ligand exchange

mechanisms respecÈively.

4.9 Ligand exchange on tetrakis(N-methy lacetamide ) bervllium( lI)

The complex [Be(nma)4](C10k)2 was prepared by the method described

ín section 6,2. Solutions of the complex [Be(nma)+J(CtOu)z and nma in

CD3NO2 and CD3CN rl¡ere prepared, the compositions of which are given in

Table 4.9.

The [Be(nma)u]'* ry"tem ís somewhat complicated by the existence

of ísomers. La Planehe and Rogers2e ¿i¿ not observe any peaks

attributable to the cjs isomer of nma in the rtl n*t specÈrut whereas

Barker arrd Bordeau*3o showed thac tu 37, of. the cjs-nma isomer (Il) was

present aÈ t 308 K.

CH '-r/"
I

H/c\o

"' -*/

o'y'"----,

(r) (rr )

(ft is not clear what the solution composi.tions used to obtain these

results srere.) Fron a soluticn of nna in CD3CN the ltt (gO MHz) nrnr

spectra indicate that'r" 37 of. the cis-nma isomer is present at 300 K.

For IBe(nrna)a]2+ the c:ls-nma íson:er Pr:oportion increases to

t 52 (see Fígure 4,L2) and as a consequence 'u 2Q7, of this complex

exists as [Be(t:rans-nma) 3 (c:ls-nma) ] 
2+ i* CD3CN solution at 300 K".

Similar results have been observed fcr the nma complexes of

scandium(III), t, 97, cis isomer3l, aluminium(rrr) ¡' L57, cis isomer32,

zinc(tl) t, 4% cjs isomer33 and magnesium(It) t' 27" cjs j.soner3r. In

CD3CN solution the N-methyl and acetyl rH nmr resonances of cis-nma in

[Be(nna)*]'n "pp"ar 0.082 and 0.183 ppm clownfield from the analogous

Érans nma peaks at 300 K (see Itigure 4.'i,2). Similar che¡rical shifts

are observed in CD3NO2 solution. (the observation of Èhe lH nro. signal



?able 4.9 Solution composit

Solution Ige(nma) +2+]
- - -2mol dm -

ions and kinetic parameters for nna ex on

IcD3cN]
- - -anol dm -

18 .58

L7 .L9

!6.36

16.20

11 .55

4.99

[Be(nna),f'*.

cNa K)bÂv( 290

PPM

(i)

(ii)

(iií)

( iv)

(v)

(vi)

(vii )

(viii )

( ix)

(x)

(xi)

(xii)

0.0206

0.0438

0 .0930

0 .184

0.405

0.957

0.ot77

0 .0382

0 .104

0.23I

0.550

L.O32

Innai ¡r""
- - -âItrOI CTM '

0.0879

0.180

0 .383

0.758

L.67

3.94

0.058

0.153

0.342

0.758

1. B0

4.s9

I ctrtqo, ]
- - -2¡ao l- dm -

18.06

L7 .96

L7.L7

16 .15

L3 "97

6.31

4.!

4.0

4.0

4.L

4.L

4.0

3.9

4.0

4.0

4.O

4.0

4.0

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

o.44A

0.427

c.404

0 .386

0 .365

0 .339

o.282

0.283

0 .280

o.275

0.276

0 .311

+

f

t

f

t

t

t

t

t

t
+

t

ts



Table 4.9 (Continued)

Diluent

CD3NO2

cD3N02

cD3cN

cD3cN

kr (340 K)

s^

9.2 ! 0.2

38 .6 t 0.6

kz(340 K)

dm3 uol-r s-l

16.3 r 0.3

_t

^HrkJ mol-l

7L.5 ! O.9

76.8 ! O.9

74,7 ! 0.9

82.9 ! 2.L

J

^srJ K-l mol-I

-L7.3 ! 2.6

3.L t 2.9

4,0 t 2.6

22.6 ! 6.219.3 t 0.7

u Th" number of ligands in Èhe first coordination sphere of berylliurn(Il) as determined by íntegration of the free
and bound acetyl resonances of Èrans nma under sLow exchange conditions on the lH nmr timescale. The temperêtures
aÈ which these determinations were made were 260 - 29O K for solutions (i) - (vi) and 250 - 290 K for soLutions
(vii) - (xii).

b Av is the lH chemícal shift between the coordinated and free trans nma acetvl resonances. For solutions (i) - (vi)
the rH inpurity resonance of CD3N02 varies systematieally from 2.OOO - 2,050 ppn downfield of the coordinated peak

and for solutions (vii) - (xii) the rH inpurity resonance of CD3CN varies systematically from 0.L76 - 0.208 ppn

upfield of the coordinated peak.

Ì\)



Figure 4.11

Itt (90 MIIz) nnr spectra for a solution of

[Be(nna),.] (c10,+)2 Q.957 moL dm-3) and nna (3.94

mol dm-3) in the díluent CD3NO2 (6.31 mol dn-3).

The acetyl sí¡glet arising from the coordinated nma

appears dor'rnfíeld. Experimental t,emperatures (K)

appear to the left of each spectrum ín the Figure,

r¡híle the mean site lifetime of a single nma ligand

on berylliuur(II) r 'r"(ms), appears Ëo the righr of

each calculated lineshape.
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Figure 4.12

A lH (90 MHz) nmr speerrum of [Be(nna)+](c104)2

in CD3CN at 300 K. The N-Me resonances of cjs and trans

nma are labelled (A) and (S), the acetyl resonances (C)

and (D) and the proton inpurity resonances of the

dí1uent CD3Cll (E) respectivel-y.
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Figure 4.13

Senílogaríthmic plot of TcT (sf) against

T-r (K-l) for nma exchange on [Be(nna)+.12+ in

CD3N02. The solid lines represent the non-Iínear

least squares, best-fit of all the data points

sho¡¿n to equation (2 .L2) r for solurions (ví) - (i)

(table 4.9) ín ascendíng order of magnitude of

TcT at any temperature respectively.
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of the less stabie cjs isomer of nma downfíeld of the major t¡ans isomer

peaks is in agreement with the expected shielding of an alkyl group cis

to a carbonyl group compared with that of a trans group3+-36.)

As a consequence of the existence of cis and trans isomers for

nma there will be several paÈhs by whích ligand exchange can occur on

Ine(nna),r]2+. The probability of dírect intermolecular exchange of

cis-nma between Ëhe coordinated and free sËates (path (a)) is relatively

low compared with the cis-trans (path (b) and (c)) and trans-trans (pauh

(d) ) exctrange probabilities.

cis-nma tra¡s-nma
b) (c)

(a)

[ (nma) sBe cjs-nma) l [ (nma) 3Be (trans-nura) ] 2+

Hence coalescence of the cjs-nma resonances occurs as a consequence of

dírect (path (a)) and indírect (path (b) and (c)) intermolecular exchange

but because Èhese resonances are superimposed on those of the tra¡:s-nma

ísomer resonances it was not possible to obtain accurate kinetic data

for the cjs-nma intermol-ecular exchange process. Hence the procedure

adopted r,ras to subtract the superimposed cjs coalescence lineshape frorn

that of the trans coalescerrce líneshape for the acetyl resonances to

obtain exchange parameters characEerising the exchange of trans-nma

bet¡seen free and coordi.uated sites.

Under slow exchange conditions (see Table 4.9) the predominant

berylliun(II) species in CD3Cll and CD3N02 solution obtaíned from a

comparison of the integrated areas of free and coordinated acetyl

resonances of t:rans-nma vras [¡e(nna)^r]2+. As the te¡nperature Íras

increased coalescence of the acet-yI singlets of the free and coordinateci

Èrans-nma occurr:ed, Figure 4.11 shorvs the coalescence phenomena observed

for solution (vi) Table 4.9. o

Complete lineshape analysís of the acetyl resonances v¡as used to

derive kinetic paramcËers for the predominantly É.rans-nna exchange at

1,.,
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7 - 10 temperatures per solution in the temperature ranges 300 - 370 K

for solutions (i) - (vi) and 3OO - 350 K for solutíons (vii) - (xii) in

Table 4.9.

In both CD3NO2 and CD3CN solutions the varíation of the observed

rate constanÈ with [nma]fr.. i".best characterised by a two term rate

law rvhere k"* = k, + k2[nma]free. Figure 4.13 shows that T" decreases

systematicall.y as Inrua]fr." in"teases and as such the activation

parameÈers rúere derived from a simultaneous non-linear least squares

best-fít of all the k"* daÈa to equation (2,L2). For the Ëwo term rate

Iaw vrhich describes nma exchange on [le(nna)+J2 the k¡ term is assigned

to a D mechanism whilst the k2 term is assigned to an A mechanism.

4.IO Lieand exchanse on Èetrakis(N,N-dinethy laceÈamide ) bervlliu¡n(rI)

.1

,l

i

The conptex IBe(dma)+J(CtOu)z r¿as prepared by Ëhe method described

in secÈion 6"2. Solutions of the conplex [Be(dma)+l(CtOu)2 and dna in

CDsNOz and CD3CN v¡ere pïepared, the compositions of which are gi-ven in

Table 4.10.

Under the limíting conditions of slow exchange (below 300 K) the

Itt (gO MHz) rrur spectra of the dma solutions (i) - (xi) exhibited acetyl

singlets (the tg-Me doublets which appear downfield of the acetyl singlets

v/ere not used to obtaín kinetic information as roÊacion about the C-N

bond occurs in the temperature range studied) for coordinated dma

downfield of those for free dma (see Table 4.10 for the relative chemical

shifts) and a couparisorr of the inÈegrated areas of the coordinated and

free acetyl singlets of dma show that vrithin experinental error four dma

ligands are bound per beryllium(II) ion, í.e. IBe(drua)u12'+ is the

predominanÈ berylliun(tt) species in solution.

As the teÐperature sras íncreased the aceÈyl. singl-ets of the

coordinated and free dma coalesced (see Fíguxe 4.14) consisÈent wittr an

íncreased rate of ligand exchange and coruplete lineshape analysio yielded

f
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,lFieure 4.14

lH (90 MHz) nmr spectra of the acetyl resonances

of free and coordinated dma for a solutíon ¡shere

[ne(¿na)u'*f, Idna]fr". "rd [cDsNO2] are O.4g6, l.90

and lL.88 mol, dm-3 respectively, The acetyl singlet

arising from coordinated dma appears downfíeld. The

experimental ternperatures (K) appear to the left ,

and the best-fit t"(ns) values appear to the ríghÈ of

the Figure respectively.
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table 4.10 Solution compositions and kinetic parameteÌs for d¡aa exchanse on lBe(dma),^12+.

Solution

(i)

(ii)

( iii)
( iv)

(v)

(vi )

(vii )

(viíi )

( ix)

(x)

(xi)

[¡e(¿noa)+2+]
- - -emol clm -

ldmal -- - tree
- - -1mol dE -

I cD3N02 ]
- - -âmol dm -

L9.07

18 .37

L8.2t+

ls.56

l"1.Bg

I cD3 cN]
- - -1mol dm '

L8.82

L8.45

18.10

t7.32

L5.92

L2.69

(2e0 K)

PP!û

b

0.365

0.363

o.362

0 .359

0 .355

0 .200

0 .208

0 .210

0.2L9

0.232

0.254

cNa Av

0.0169

0.0416

0.0941

0.2L6

0.486

a .oo7 52

0.0176

0.0426

0.0901

0.L97

o.422

0.0663

0.163

0.367

0.842

1 .90

o.a274

0.0639

0 .155

0 .328

0.7L6

L.54

4.0

3.9

3.9

3.9

4.O

4.0

3.9

4.0

4.O

4.L

3.9

0,r

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

t

!

L
L

!

!

t

!

t

t

!,

t

tJrl



lable 4.10 (Continued)

Diiuent

CD3N02

kr (340 K)

S.

k2(340 K)

dm3 mol-l s-l kJ nol-l

56.9 ! L.5

66.7 ! 2.5

78.0 t 0.6

67.8 ! 2.2

J

^srJ K-t mol-r

-62.L ! 4.6

-30.1 ! 7 .4

+7.5 ! L.9

-26,9 + 6,4

J

^H7'

7 .33 ! 0.29

10.6 t 0.6

cD3cN L8.2 ! O.2

10.5 I 0"4

" Th" number of lígands in the first coordinatíon sphere beryllíun(Il) as deternrined by a comparison of Èhe integrated
areas of the acetyl resonances of coordinated and free dma under slow exchange conditions on Ëhe IB nmr timescale.
The Èenpcracure ranges used in these determinaÈions were 26A - 290 K for solutions (i) - (v) and 250 - 290 K for
solutions (vi) - (xi).

b The ltt (gO MHz) nmr chemical shifts between the acetyl resonances of the coordinated and free dma. The proton

inpurity peaks of CD3N02 varied systematically fron 1.93 - 1.93 ppr dor¿niíeld of Ëhe coordinated ligand resonances

in sol-utions (í) - (v). The proton inpurity peaks of CD3CN varied systematicaLLy fron 0.24L - 0.263 ppm upfield of
the coordinated dma resonanee for solutions (vi) - (xi).

It

r¡

Oì
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T^r the mean siÈe lifetime of a single dma molecule coordinated toc-

berylliun(II). Spectra were collected at 7 - 10 temperatures for

individual solutions over the temperature ranges 300 - 370 K for solutions

(i) - (v) and 300 - 350 K for solutions (ví) - (xi).

In both CD3N02 and CD3CN solution the variation of k"* with

Idma]fr". ov"t 28.6 and 56.2 f.oLd concentration ranges respectively is

of the form;

k"*=kt +kz[dm]rru".

The kj.netic parameters were derived from the simultaneous best-fiÈ of all

the k___ data for each diluent to eguation (2.L2) using DATAFIT'I5. Theex

observed two term rate laws for dma exchange on [Be(dma)a]2+ can be

rationalised in,terms of the sínultaneous operatj-on of both D and A

ligand exchange mechanisms, where the k1 term ís assigned to the

operaËion of a D mechanism an<i the k2 term ís assigned to the operatíorr

of an A nechanísm.

For scandiun(fff ) siu¡ilar results r¡ere obtai.ned for the exchange

of rlma on ISc(dma)s]3+ in both CD3CN and CD3NO2 solutic,ns20, j..e. the

rate lal¡ observed was of the form k", = kr + kz[dr"]rr"u and these

results were interpreted in terms of the simultaneous operation of D and

A mechanisms.

4.LI Ligand exchanse on tetrakís(N ,N-díettryl-acetamide ) beryllium( II )

The conplex IBe(dea)+J(CtOu)z was prepared by the met]rod descr:ibed

in section 6.2. Solutions containing dea and IBe(dea)+J(CtOu¡, in CD3NO,

and CD3CN solutions were prepaxed, t.he corrpositions of whích are given

in Table 4.LL.

The lH nnr acetyl peaks of the coordínated dea appear dor¡nfield

from those of the free dea (see Table 4.LL for the relative chenical

shi-fts) and a cornparíson of the integratecl a-!-eas of these resonances

under sLor,r exchange conditions shows that IBe(dea)+]2+ ís the predominant



Table 4.lL Solution compositions and kínetic parameters for dea exchanse on lBe(dea),12+.

Solution Ige(¿ea) +2+]
- - -âmol ctID -

o.0204

o.0442

0.0782

0.104

0.195

0.356

0.0215

0.0320

0.0666

O.LL7

o.2L9

I deaJ ¡r""
mol dm-3

lcD3N02 l
- - -1mol dm -

L8.29

r_7.85

L7.25

16.47

13 .90

10 .38

IcD3cN]
- - -2mol clm -

L7 .95

L7.5L

L7.LO

t6.42

lL.94

(2eo K)

Ppn

b

0.380

0 .380

0 .380

0.380

0.380

0.380

0,202

o.2a6

o.2t5

o.226

0 .258

cNa

4.L

3.9

4.O

4.0

4.0

4.0

4.0

4.A

4.0

4.0

4.A

Àv

(í)

( ii)
( iíi)
( iv)

(v)

(vi)

(vii)

(vr11,

( ix)

(x)

(xi)

o.o754

0 .163

0.289

o.479

0 .898

L.64

0.091_1

0.130

o.z7L

o.474

1.18

@



Table 4.11 (Continued)

Dil-uent

CD3N02

cD3N02

cD3 cN

cD3cN

kr (340 K)

.s^

2.29 ! 0 .O9

17 ,5 t 0.1

kz(34C K)

d¡r3 moi--r s-l

19.9 t 0.3

I
¿\IIr

kJ nol-I

76.4 ! 2.2

68.5 t 0.8

75.2 ! O.5

69.5 ! L.0

-L

^s7.J K-I mo1-l

-L4.6 ! 6.4

-L9.6 t 2.4

-1.0 t 1.5

-L7 .2 r 3.118.6 t 0.3

" Thu number of ligands in the first coordínaÈion sphere of beryffiurn(ff)
integrated areas of Èhe aceÈyl resonances for free and coordinated dea.

as determined by a comparison of the

The error in the CN is 10.1.

b The rH chemieal shífts of the acetyl resonances of fBe(dea)n12+ downfield of that of free dea. In CD3NO2 solutions
(i) - (vi) ttre free ligand chenical shift varies systearatícally from 2.3?-O - 2.42C ppn upfield from the díluent
proton inpurity signal, and in CD3CN soLutions (vii) - (xi) the free ligand chemical shift varies systencaËically
froio 0"037 - 0.011 ppn dovmfield of the proton impurity sígnal of Ëhe diluent.

\o
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beryllium(tl) species in solution. The lH nmr acetyl peaks were used to

obtain kinetic i¡tformation about the 1ígand exchange process on

[Be(dea)u]'* r" Ehe N-CH2 and N-CII2-CII3 rH resonances are too complex

(l'igure 4,L6) ,

As the temperaÈure is increased coalescence of the aceÈyl

resonances of free and coordinated dea occurs, (tr'igure 4.15 shovs the

coalescence pattern observed and the sinulated lineshapes for solution

(v) fable 4.LL> and conplete lineshape analysis of these exchange

nodified spectra give best-fit values of the mean site lifetimes of one

dea molecule bound to beryllium(Il), 'r" which is related ao k"* = Pr/'r"

(where P- = rêlative population of free dea). The variation of k ,_ withT'EX

[dea]fr"" is found to be consistent Írith the operation of a two Lern

ligand exchange rate l.aw where ku* = kt + kz[d""]fr""" The kinetic

paraneters quoted in Table 4.1.1 have been deríved from a simultaneous

best-fit of all ku* data for soluÈions with the same diluent to equation

(z.tz> .

The k¡ and k2 terÉs of Ëhe ligand exchange rate law observecl for

dea exchange on [fe(¿ea) +)24- ^t. considered to characterise D and A

ligand exchange nrechanisms Tespectívely.

4.L2 Ligand exchange on teËrakis(N-phenylacetamide) beryllium(tl)

The conplex IBe(npa)+J(CtOu)2 vras prepared by the method

descríbed in sectíon 6,2, and r¡as found to be soluble in CD3CN and

virtually ínsoluble ín QD2CL2 and CD3N02. The solubility of

[fe(npa)+](ClOq)z anð. npa in 0D3CN '¿as limited to t,2O mgf cm3 and

t' L4 øg/cn3 of the above respectivel.y, larger quantities of free npa

resulted in preeipitation occurríng aÈ the lower teúperatures, npa

r¿as soluble in CD3CN (t' 25 mg/cm3 < 260 K).

lhe lU nmr spectxa of. npa in CD3CN !ùere consistent wíth only one

ísomer (trans) being present as Í{as observed in. CDC13 3e and pyridinea0.



Fieure 4.15

ttl (90 MHz) nnr spectra of the acetyl group

characterisíng dea exchange on Ine(¿ea)r]2+ in a

solution where Ine(Aea) u'*f, Idea]fre" urd ICD3NO2]

are 0.195,0,898 anct 13.90 mol dm-3 respecÈively.

The acet,yl síngl-et of coordinated dea is the

do¡ønfíeld singlet. the experímental temperatures

(K) and the mean síte lifetímes t"(ms) appear to

the left of the experimental specËra, and the

ríght of the calculated lineshapes respectíve1y

ín the Figure.
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Figure 4.16

ltl (gO MHz) nmr specËrum of [Be(dea)+]2+ in

CD3CN at 300 K. The proton impurity resonances of

the diluent are labelled (A), the tl-Cþ resonances

(B), Èhe aceËyl resonances (C) an¿ the N-CH2-CHg

resonances (D) respectively.
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Ttre rH (90 ¡mz) nnr sPectra of [se(npa)+](c10h), it cD3cN

(,r" SO mg/cm3) in the acetyl region consisted of one sharp major singlet

and two minor singlets 9 and L5 Ez downfield of Èhe major singlet (see

Figure 4.L7) and in the N-Il region one major singlet was observed

dor¡nfield of a minor singlet at 260 K.

On increasing the temperaÈure to 320 K, coalescence of the minor

and major singlets in the acetyl and N-H regions occurs respectívely, at

320 K only one singlet ís observed i.n boÈh regions above with the N-tt

singlet being considerably broadened (see Figure 4.1-6>.

The lH (gO ¡Ctz) nmr spectra of a solution of [ne(npa)4](C10+)2 and

npa ín CD3CN in the acetyl region consisted of one major si.nglet and two

mínor singlets downfield of the najor singlet as observed for the rH nrnr

spectra of the "orpt"* alone (as described above) and. the proton impurity

signal of t-he diluent CD3CN slighÈly upfield, at 260 K. In tl're N-H region

two peaks are observed, a sharp singlet (assigned as the bound N-H peak)

isT, 120'rlz dovmlíeld of a broad peak (assigned a,s the free N-H peak)

at 260 K. On íncreasi.ng the temperature coalescence of the singlets ín

the N-H regiori occurs and at 300 K the two peaks can still be distinguished.

From the low temperature spectra < 260 K the coordinatíon number of

berylliun(Il) ín CD3CN solution is 4.0 ! 0.2,

However as a result of (i) ttre broade¡ring of the N-H peaks due to

differing raN relaxation times, (ii) the lovr concentratíon range whích

can be examíned and (iij.) the problems of spinning side bands interfering

with the free N-H singlet of npa no qualitaËíve kinetic data r¡as obÈained

regarding npa exchange on IBe(npa) +)2+.
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Fíeure 4,L7

tg (90 MHz) nnr spectra of ; (i) tBe(npa)+l (C10,f )z

ín CD3CN at 260 K (ru 5O nglcn3), (ii) same as (í) but at

300 K, (iii) a solution of [se(npa),*J(CfOo)z and npa in

CD3CN at 260 t( containing 'r, L9/L3 mg/cm3 of each

conponent respectively. Peak; (a) is due to the fornyl

proËon of the bound npa lígand and on increasing the

temperature from spectrum (í) to (íí) shows broadening,

(b) ís the signal due to the formyl group of free npa,

(c) ís the lll signal due to the phenyl group and

(d) consists of the cis and trans isomer peaks of the

acetyl group of npa plus the proton inpuríty peaks of

the diluent CD3CN.
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4.L3 Lígand exchanse on beryllium(II) amide systems

The 1ígand exchange data for [Be(dmf)u]'+ and its nma, dma, dea

and tmu anal.ogues (tabte 4.LZ) suggesË that the steric character of the

ligand is ínporcant in determíning the relative magnitudes of k¡ and k2

terms ín the observed rate law k"" = k¡ + k2[t]rr". (where L ís any of

the above anides) ín which these parameters are consídered to characterise

D and A ligand exchange mechanisms respectively. Unfortunately in the

cases of npa (lack of solubility and lack of chemical shift between the

free and coordinated acetyl resonances, see sectíon 4"12) and def (no

solÍd complex formed with berylliun(II), see section 6.2) no kinetic data

was obtained.

[An alternatirre explanation for the two term rate law found is

that a D ligand exchange mechanism operates alone over the concentration

range sÈudied and Èhe variation of T" wíth concentration merely reflects

the infl-uence of the changing environgrent outside the first coordination

sphere on the transition state dynanics' A direcÈ measure of this

changíng environment ís the systenatic variation of tl¡e chemical shifts

nith concentration (see Tables 4.8(a), 4.9, 4.10 and 4.11) characterising

each system.

The IBe(trnu),* ] 
2 + system exhibits similar chemical shíf t

variations (see Table 4.3) however, Tc sho'ds no varl'-at.ion r,¡ith

concentration as is the case for the [ne(nmpp)a]2+ sysËeru (see section

4.7) which is characterised by fírst and second order ligand exchange

rate laws (see sec.tion 4.5) Cepending on the diluent. That no obvious

correlati.on exists beÈween Ehe chemical shifts and the observed ra.te

law for a given diluent suggesËs that either the chemj.cal shift

varj.ations bear no relevance to the exchange Process or that the

chemical shift variaËion ís very much dependent on the nature of the

ligand itself, As the data presented for the amíde systems will not

províde an unequivocal choice between the above suggestions or the



TabLe 4,L2 KÍnetic parameters for ligand (L) exchange on [BeLa]2+.

kz(340 K)

dm3 mol-I s-l

L76!4

10.5 J L.0

L6.3 t L.6

19.9 r 0.3

J
Æ1r

kJ nol-l

J
AS7.

J K-t mol-r

Assigned

Mechanisn

lkzßqo r)
ratio

o.o42

o.695

0.564

0 .115

kr

lln

L

druf cDsN02

dma

nma

'l

dea

tmu

Diluent kr (340 K)

-Is'

7.4 ! 0.8 83 .6

58 .1

56.9

66.7

7L.5

7 6.8

76.4

68 .5

77 ,r

6.3

0.5

1.5

2.6

0.9

0.9

2.2

0.8

L.5

L6.3

-32.O

-62.L

-30 .1

3.1

L6.3

-L4.6

-L9.6

L6.3

L7 .6

L.6

4.6
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Table 4.12 (Continued)

L Diluent

d¡rf cD3cN

kr (340 K)

s'

4L.6 t 0.9

18.1 t l_.8

38.3 t 4.0

17.5 r 0,1

L47

22.0 ! l.O

kz (g+o r)
dm3 mol-l s-l

183f3

10.5 r 1.0

L9.3 ! 2.O

18.6 10.3

LOs!4

J

^BrkJ rnoL-t

J

^s'.J K-l mol-r

Assigned

Mechanism

t/t r(:¿o r)
rat io

o.227

L.72

1 .98

0 .940

o.209

k

n It

dma

nma

dea

dnf CD2CL2

D

A

D

A

D

A

D

A

D

D

A

il

ll

n

63.0

60.2

78.0

67.8

74.7

82.9

75.2

69.5

79.8

40 .8

44.0

0.8

0.4

0.6

Lc4

0.9

2.L

0.5

1.0

0.7

1.0

0.6

-29 "8

-25.6

7.5

-26.9

4.0

22.6

-1.0

-L7.2

30.2

-100

-77 .8

2.4

1.3

L.9

6.4
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L.5

3.1
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símultaneous operation of D and A mechanisms one must look at other

metal ions.

For Ëhe four sysËens [M(tnp)s]3+ (*h"re M = 4121, G^'", In22 and

Sc20) in CH3NO2 and CD3NO2 !¿hose sizes, geometries and surface charge

densities and therefore interactions outside the first coorCinaËion sphere

are very similar first and second order ligand exchange rate laws

characterise Èhe first two and second tvro species respectively which is

compelling evidence for a mechanisËic dífference arising from the nature

of the interaction of the different metal cenÈ::es and the entering and

leaving ligands. From which a D ligand exchange mechanism has been

assigned wher:e M = Al or Ga and an A mechani.s¡n where M = In or Sc.

Ilence a logical,extension of the assignments made for the [u(tmp)6]3+'

specíes ís the assígnment of D and A mechanisms for ligand exchange

on berylliunn(II) species.

For tnru exchange on [Be(tnu),*]'+ (sectíon 4.2) D ligand exchange

mechanísms operate alone, whereas for dea, dna, nma and dmf exchange D

and A mecharrisrls Lrperate simultaneously, and for the dnf systems the A

mechanísm predominaÈes particularly in CD3NO2 (see Table 4.I2).

A conparison of Èhe daÈa for ligarrd exchange of Ehe isomeric

lígands dnf and nma on berylliurn(Il) suggests that sEer:ic crowding by

the Rl group r¡hic.h is in close proximity to the berylliun(Il) cer'tre

R3

R1 0

inhibits the operation of an A mechanism, i.e. when Rl = H, the case for

dmf, steric crowdíng is snrall and Ehe A mechanism predominaÈes v¡trilst for

nura where R1 = CHg, the nethyl group with larger steric crowding inhibits

the operatíon of an A mechanism.

Streh sinple steric argumenÈs should only be applied to a gíven

class of lígands and the influence of any variation in the

I

it.

ll

r,

tl

N

I

c
\
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berylliun(ff)-figand bonding with the nature of Èhe ligand should also

be considered. It is probable that such variations ín bonding will occur

as a conseguence of ehanges in the electron donating abiliÈy of the ligand

of which the Gutmann donor numberrzrra126, DN (kcal mol-r) is a measure.

It is seen that as the DN decreases in the sequence tmu (DN = 29,6,

Rl = N(CHt)z), dua (DN = 27.9, Rl = CHs) and dmf (DN = 26.6, Rl = 11) whieh

is the same sequence as Ëhe trend for ligand exchange to occur vía a D

mechanism decreases and the size of the ligand decreases (or alternatively

the sÈeric crowdíng around the berylliuro(If) centre decreases). (t¡o n¡¡ js

avaílable for nma.) Then on the basis of this data it appears that an

increase ín the electron donating ability and size boÈh stabilise the D

transition state relative to the A Ëransition staÈe, hor'rever no attenpt

will be made to apportion the above ligand characËeristics as Ëhe nature

of the diluent also affects the uechanisms operating.

If in light of the above one compares the kr/kz(340 K) ratios for

ligand exchange orr the beryllium(II) centre where the ligands considered

are dea (lN = 32.2.? Rl = CH¡r R2 = R3 = CIlzCH3), dma and dnf in the diluent

CDsNO2 and CD3CN then this ratio for the [Be(dea),,]2+ is greater than that

for [Be(¿n¡)u12+ but ].ess than that obtained for the [Be(dma)a]2+ sysr:em

respectively, which is further evidence showing that inËeracËions

outside the fírst coordination sphere can make significant contríbutions

to the kinetic parameters obtained. IFor all the berylliun(lt)-anide-

systems reported herein no evidence r'ras found to suggest that the inert

diluents (CD3N02, CD3CNorCD2Cl2) resided in the fírst coordinat-ion sphere

of the berylliunr(II)--ligand species.l

The two terur l,igand exchange rate 1aw observed for the amide

systems is also observed for the lne(¿mnp)u]'* ry"tem in CD3CN solution

(see sectíon 4.4) which suggests that the D and A transition sËaEe

energetics are quite síÐílar. As D and A sìecha¡risus can operate alone

for ligand exchange on beryllium(Il) depending oir the nature of the

ligand (see Tabl-e 4"7) it should be expected that circumetances may arise

I
Ð,'
¡rl

tl
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where both mechanisms oPerate in parallel'

So far the discussion has ignored the possibility of ligand exchange

occurring through an interchange (I) mechanismr 6 in which the ligands

interchange between the first and second coordinaticrn spheres of

beryLliun(ff), and in which the activation mode may vary from predcminantly

dissociative (IO) to predominantly associaÈi.tu (Il), but does not produce

the reactive intermediates characterising Èhe D and A mechanisms. The

inÈerchange mechanism necessarily proceeds through an encounter complex

in which the enteri.ng ligand resides in the second coordination sphere of

IBeLa]2+ whích is formed in a rapid pre-equilíbrium characterised by a

formation constant *otu"'. On this ba.sis the k2 tern of equation Q'I2)

may be taken as,an indication thaE the proportion of [ßel.a]2+ existing in

the encounter complex form ís a snall propottion of its total concentration

such that, k2 = kiKo where ki is the rate constant characterísing lígand

exchange betr,¡een the f irst and second coordination spheres of IBeLa]2+'

Thus the k2 term of equation (2.12) may be attríbuted to the operation of

an I mechanisrn in parallel to a D mechanísm characterj.sed ty kr. The

variation ín the magnitu<le of the k2 term (TabLe 4. 12) can thus aríse as

a consequence of variaÈion in ki¡ Ko, or boÈh of these parameters

simultaneously. If this variation arises solely as a consequence of ki

then the ínvolvement of the entering ligarrd in the formation of the

trausition staËe is significant, and an I, nechanism operates. For this

mechanism the same steric arguments proposed previously for the A

mechanism i¿ill rationalise the relative magnitudes of k1 and k2.

However this study provides no kirretic evicterrce for or against the

formation of an encounteï comp1.ex. In principle the systematic variations

of the chemical shifts of the coordinaEed and free lígands r'rith

concentration observed in this srudy (Tables /+.8(a), 4.9' 4.10 and 4"11)

and also for the dntso, tmu, ronpp and dn'np systems should reflect the

changing proportions of the free ligand coÍcentratíon resíding in the

first coordinaÈion sphere of beryttíun(II). These variations probably

.;
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also reflect the overall change of soluÈion composition and thus are

unlikely to províde a specific probe for the formation of encounter

complexes. In any event the formation of an encounter complex does not

require the operation of an I uechanism. The basic dífference betv¡een

assigning the k2 term of equation (2.L2) to an I or A mechanísm is that

the involvement of the entering ligand in Ëhe formaËion of the trênsition

state is less in the former mechanism than in the latter. (There is no

invoLvement of the entering ligand in the trånsition state in the D

mechanism. ) Whilst an urequivocal choice beÈween an I or an A sìechanisu

cannot be made for the k2 term of equation (2.L2) on the basis of the

present data it is p::obable Èhat k2 characteríses an associative mode of

act ívat ion.

That Ehe diluent is imporÈanÈ ín deten¡ining ihe relative importance

of D and A mechanisms for ligancl exchange is indicated from the data in

Table 4.7. For the exchange of dea, dma, nma and dmf on the beryll.ium(ff )

centre the operatíon of the D ¡nechanism is enhanced when the dilue-nt is

changed from CD3NO2 to CD3CN¡ and símilarly CD2C12 enhances the operatj-orr

of ihe D mechanism, []'or the [Be(uunpp),,]t* system changing the diluent

frorn CD3N02 to CD3CN causes the mechanisrn to change from A to D, and for

CD2CL2- a D ¡rechanism also operates. ]

In sectior¡ 4,7 it was noted that on Ëhe basis of dielectric

constants, dipolr: moments, DNts and Reichardt parameters, CD3N02 and CD3CN

shoul.d influence the liganrl exchange mechanism in a sinilar manncr than j.s

the case for CD3CN and CD2C12. This suggests that the interaction of the

dj-luent v¡ith [BeLa]'* i" specific in nature anci the variation of the

chemical shífts for dea, dma, nma, dmf and tmu (Tables 4.LLr 4,L0r 4.9,

4.8(a) and 4.3 respeetively) slstems demonstrates this. The maxi¡num

difference in chenical shift and kinetic effects rrrill arise if the -NOz

and -CN groups of the diluents are oriented towards [BeLa]2+ however the

present daËa does noË al1ow elucidation of these orientations.
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If the data for dmf exchange on [Be(dmf),r]t+ itt dmf alone is

considered litÈ1e or no mechanistic infornation can be obtained. However

a comparison of the activation parameters for the exciiange process for Ëhe

[se(amf)a]2+ systems (in the diluents CD3NO2¡ CD3CN and CD2Clz) with the

above does allow mechanistic inferences to 'oe made.

The observed first order exchange rate constant for 1-igand exchange

on [Be(dmf)u]2+ittdmf alone is considerably greater Ehan the k¡ term for

dmf exchange in the inert diluents and as such suggests that either an A

mechanism operates alone or A and D mechanísms operaËe simultaneously for

the former system. The activation enthalpy and entropy do not Provide an

easy means for comparing the data as contribuËions from outside the fírst

coorclination sphere will be incorporated into these parameters and as

sueh wíll be expected to vary as the diluent is charrged. Sr¡ch

conËributions to AH# arrd ASI e*anating fron interactions outside the first

coordination sphere have been considered by lloffnan et a-2.42. Tttese

l,¡orkers suggest that intramolecular ligand rotational motions may vary

significantly beÈween lhe coordinated and free states and in eonsequence

it is probable thaË a variation in the nature of the diluent wíll produce

a corresponding variation in lhe contributions to Attl an¿ ASl. Caldin

and Bennett.oq3 have postulated a rnore extensíve uodel which also

envisages contributions to AHI ana ÂSl originaÈing from outside the

fírst coordination sphere, which ís based on the structure of the

solvated metal ion proposed by Frank and Ilen4a as described in section 1.1.

Reiterating, Frank and Wenqh envisaged a region (a) of relatively ordered

solvent outside the first coordination sphere which mel:ges ínto a region

(b) of disordered sol-vent which in turn merges into the normal solvenÈ

structlrre region (c). According to Caldin and Bennetto'+3 the move¡nent of

solverrt or ligand between any of these three regions syrtchronously wíth

the fors'.ation of the transition state may result in positíve or negative

contributions to Ëhe observed AU# an¿ ASI values for the solvent or l.igand
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exchange process. The structure of the solvated metal ion proposed by

Frank and l{enqa ís more appropriate for dilute soLutions in waËer and in

sinilarly structured liquids rather than for quíte concentrated solutíons

ín aprotic diluents used ín Èhís study. Thus the transfer of diluent or

ligand between regions (a) - (c) envisaged in the Caldin and Bennetto+3

model are unlikely to apply stríctly ín the systens considered here,

nevertheless both the diluent and the free ligand'rrill experience a

range of environtrents as their proxínity to Ëhe berylliun(rr) species

varies Ëhrough the solution and it is possible that movement between the

environments may be an origin of eontributíons to AH# and AS#.
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CHAPTER 5: The Correl.ation l¡etween Activation Enthalpy and

En bropv for Lieand Exchan ge on Metal Ions. An

fsokinetic Relationship.

5.1 Introduction

Several authorsltst6 have shown that plots of actívatíon enthalpy

against actívation enl-ropy for a specific type of ligand exehairge process

(i,e. a dissocíaËi.ve ligand exchange process) on metal centres are

approxinrately linear.

Such linear relationships b'etween AHI and ASI tor both organic

and inorganic reactions have been discussed by Hoffman3 and KrugT et a7.

Hoffinan suggests thaË the restrícËive timescale of equípnent used to

obtain actívatiän parameters for the ligand subsÈitution process may

li¡ni-t the range of values obtained and thus the correlations r.rriIl be

fortuitous and unrelated to any cheuical proper:ty. KrugT et aL. have

approached the probleo of r¡hether the An#lnlf correlation ís real by

employing a statistical method Èo deËermine íts validity and have tested

the correlaÈion for a number of organic reactions,

The kínetic daia reported hereín and elsewhere for ligand exchange

on a number of berylliunr(ff) unidentate oxygen donor complexes provides

a means of tesÈing for ,- ñlf/lsf correlation using KrugrsT statistical

analysís method.

5.2 Results and Discussion

The lability of berylliuro(II) complexes tov¡ards ligand exchange

varies by a factor > 106 at 298.2 K (Table 4.7) and a línear least

squares analysis of Èhe experimerrtat lU*/lsl values gives a líne of

best fit as seen í.n figrrr:e 5.1. Over a small range of ¿gl/ASl v"lrr"s,

experímental error can produce an apparent linear relatíonship and to

6ote extent the variatíons in Ehe activation parameters characterísing

the lBe(tnp)+]2+ system in CH3NO2, determined in the same laboratory
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using lH and eBe nmr spectroscopy reflect Ëhe likely magnítude of such

experimental variability. However, in view of the Laxge Au#/tS* range

covered and the different origins of the data it appears that the data

plotted in Figure 5.1 does reflect an isokinetic relationship for

ligand exchange on berylliun(ff) rather Ehan an experimental arËefact.

A linear regression fit of the data to the relatíonship (S.1), in

whích each system I^Ias weighted in direct proportíon to the number of
JJ^J

acr = Asr - l^sr (5.1)

solutions studied, yields LGi = 74.4 ! l-.0 kJ mol-l and an isokinetic
 

temperature T = 440.7 t 58.3. (A statistícal metirod for assessing the

significance of the 1ínearíty of isokinetic plots has been proposed by

KrugT et aJ., açcording to vrtrich this li-nearíty uay be attributed Ëo

chemical origins wíth 95Z' certainty if the harmonic mean of the

experinaental teurperatures, Thm = ç1-lt-r, lies outside the 95%

confidence interval for t-he isokinetic Lemperatur:e, î. This is the case

for unídentate oxygen donor 1ígand ex.change on six coordinate

magnesium(II)G and scandium(Ill)6rll, but in the case of bery1líun(II)

such a complete assessment is not possíble as all the experimental

temperatures are not available from the literature.

Howevel:, for the five systems reporEed j-n this Èhesis r.¡here the

ligand exchange mechanism on beryllíun(ff) was found to be dissociative

this Ëest was applied. The plot of AH# against AS# tor the twenty five

seÈs of values yielded AG# = 7L.g t 0.2 and an isokinetic temperaËure,

T = 282,8 K'¿í.th the 957, confidence interval being 27/a,6 - 289.0 K.

From the 226 iemperatures used to obÈain the acÈivation pararoeters

Th* = 326,7 K whích ís v¡e1l ouËside the 957" confidence ínterval for the

isolcinetic Eemperature and suggests that the isokinetic plot has

chemical significanee. However as the range of activaËion paraneters

used in thís tesË is small these results do not conclusively prove the

significance of the above correlaËion.



96

For the forty four sets of ¿gl/¿Sl .*r"1,r", used to obtain the

results (given in Table 5.1) the highest teüperature used in any of the

studies of ligand exchange on beryllium(tt) was 388 K (for the

[¡e(trmpa)a]2+ system in 4-nethyl-1r3-dioxol-an-2-onet,) rhi"h is just

inside the lower 957" confidence interval for the isokineÈic temperaËu::e

obtained and Tn, will be lower than Èhis value. Therefore without even

caLculating T, __ one can say that Èhe"hm
J

ASr has chemical signíficance.

The isokinetic parameters (T anC AG#) for the four coordínate

beryllium(Il) systems are similar Èo those of the trivalenc metal ions

scandiuur(III) and aluminiun(III) courpared r,rj th those for magnesiuru(lt)

(see Table 5.1). These resulËs indícate thaÈ the rarge values of ac#
n'

and T are characteristic of the high surface charge densities of the ions

concer:ned. The proximity of the data characterising A ligand exchange

mechanisms to the beryllium(II) isokinetic line suggests that surface

charge density is also íc.portant in determiling the dynarnics of the A

mechanísms.

SËrictl.y, the berylliun(II) data shoul-d be compared with rhat of

other divalenË ¡oetal íons however only the three zinc(tl) systems whose

data is plotted in Figure 5.1 are available for courparj-son. That the

zinc(tl) <iata lies considerably closer to the magnesíun(ll) isokinetic

líne is not unexpected and l-ends further support to the earlier suggested

relationshíp between the surface charge densíty of the meÈal centre and
1a

^G' 
and T. All the data with one exception, the IZn(tintu)a]2+ system

(secÈion 3,2), refer to oxygerr donor ligands and the di.fferent elecÈronic

configurations of the netal centres wili cause ttie resultant differences

in bonding to superiurpose upon the effect of surface charge density

alÈhough the latter effect does appear to be dominant for the metal

centres reported' herein.

linear correLaËion beElreen
J

^Hr
and



Table 5.1 Data concern the
J

^Hr

J
asr corr

T ^957, C.I. of T

K

el-atíon for iigand exch

b
Itr

262.4 243.2 2L

Metal lon

Mgt*"

Al e+c

sc3+c

Be2+

Be2+

J

^GrkJ mol-I

42.O

69.5

73.3

74.4

71.9

252.8

410 "0

385 .3

440.7

282.8

394.7

499

289.0

375.9

382.6

276.6

a

ange on netal íons.

223

^* ¡t'
nm-

3.85 x 10+2

10"68 x 10+2

5.41 x 10+2

27.4 x 10+2

27.4 x 10+2

rTht

KK

Ref.
N1Il

L7

44

25 326.7

0.o72

0 .053

0.0745

0.o27

0.027

6

5

6

" î = Estimate of the isokinetic temperature from 1ínear regression.
b r = Number or rutl/¡s# p"ir".
c Fot six coordinate unidentate oxygen donor complexes"

\o
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on the basis of the data shown in figure 5.1 and reported

elsetr'herest6tll both AGI and î t"n¿ to increase as Èhe surface charge

density of the metal centre becomes greater with the consequence that as
J1

AHr clecreases ASr becomes increasingly negative and the lability of the

different metal centres become similar.

Contributions to Al¡# and 
^Sl 

fro¡n within the firsË coordi.nation

sphere are likely to reflect the surface charge densicy of the metal

centre more markedly than those arising from outside the first
coorclinatíon sphere. Any deviation of Èhe observe¿ Att#/^Sl parameters

from the line of best fit nay indicate that inËeractions froru out-side

the first coordination sphere contribute towards the actívation

paramet.ers. The problem which then arises, is how to determine

whether or noË the line of best fit does describe the contribuËl'-ons to
¿J

AH'/LS' from '¿ithin the first coordination sphere.

The effect of the. surface charge density of the metal ion at the

surface of the first coordinaÈion sphere and beyond should atÈenuate

with clistance or with the ability of the ligand to transmit it. Thus if
the labiiities toward ligand exchange of metal cent¡:es of dissimilar

surface charge densities are siuilar this may indicate thaÈ

interactions from outside Ehe first coordinatí.on sphere are nnaking

substantíal contribuÈíons to 
^ltf 

and AS#" Similarry i-f for: a particular

system a change of diluent results in a change ín the activation

parameters u'ith no change in the ligand exchange mechanism then these

dífferences may be due to interactions outside the first coordination

sphere making corrrributions to Att# and As#.

-at present the available data does not perruiE separate

guantificati.orr of the effects of interactions arising frorn withín and

exterior to the first coordination sphere on the dynanies of lígand

exchange but their combined effect ís illustrated by the almost seven

orders of magnirude variaríon in labiliry (Zgg.2 K) exhibitea by
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beryLliu¡n(II) (the inertness of the IBe(tppo)a]2+ system indicares rhe

range of lability nay be greater than seven orders of magnitude) and the

wide variations rn
JJ

AHr and ASt seen in I'igure 5 .1.

5 .3 Surnmarv

The dynamics of the ligand exchange process on berylliurn(If)

species in non-aqueous solution is controlled by three factors. FirsÈly

the nature of the metal íon itself, i.e. the surface charge density of

the berylliun(ff) ion. Secondly the nature of Ëhe ligand, namely

elecEroníc and steric effects of the ligand are inportant. Thirclly

the diluent used affects the ligand exchange mechanism particularly

t'hen steric crowding by ttre ligand is intermediate in nature. The

inÈerplay of the above factors will determine the rates and mechanisms

of ligand exchange on the beryllium(II) species.



Figure 5.1

Isokinetíc plot for ligand exchange on beryllium(ff). Indívi.dual
systems are identified by: identifying number; exchanging 1ígand¡ solvent;
reference. The iollowing abbreviations are used fol the solvent: CD3CN,

an;CD3N02orCH3NO2¡nticD2QI2orQH2C'|2,dm;(cn.¡2Co,ac;o6ffi],
nd. Gircles denote systems whích undergo ligand exchange through a D or

Id mechanism alone. 1): lìmpa: md:lLz)i 2): dnadup: nlu:[L2];2)¿ tmdamp: nd:

lLz)i (datun point 2 denotes two coíncident data sets); 3): tmu: nm:[17];
(these five snaller circles denote Ëhe data for five different solutions
over a 44 fo1-d variation in [tmu]free);4)z tmu: an;[17]; data for
solutíons over a 20 fold variatíon in Itmu]¡ru" ere encompassed by this
circLe);5): dmnp: am:[tZ]; (data for all solutíons are encompassed by

this circle); 6): dmadmp: md:ll2l;7): drurp: dmmp:[17];8): tnrp: tmp:[18j;
11): nmpp: an:[17]¡ (data for aLL solutions in are encompassed by

this circle);'L2)z tmp: dm;[18]; (the four smaller circles denote data for
four differenÈ sc,lutionÅ); 15): nrrpp: dm:lL7lt 18): water: water:[13];
19): water3 ac:[14]t 20): dmso: dmso:[19]. Squares denote sysÈeús which

undergo ligand exchange through an A mechanism a1one. 10): mmpp: nm:l1-7l1'

13): clm¡np: nul: l-LZ); L4)r tmp (eBe study): nm: lL2l1' 16): tnp (rH study): nm;

[L2.]; 17): dmso: nm:[17]. The upper and lower trisngular points 9)

represent the data perEaining to the first and second order terms of the

tv¡o te-rm rate t¿w for durnrp excharrge in CD3CN t17]. The so1íd line
represents Ëhe linear regression line obtained for the weighed data for al,l
of those systems undergoing exchange through a D or an I¿ rnechanism. The

broken line represents the analogous regression line for the six coordinate
magnesiun(lt) systerns. The dianond points represent data for ligand
exchange on four coordinaËe zinc(Il) where for a), b) ancl c) the lígands
are S=C(NMez)2, tFpo, hmpa; the solvents are:- dm, dm, dm, tlre mechanísms

are:- D, D, A[16]. In general the dat,un poinË symbols are either of a

size which encompasses one standard deviation in AH# and ASI or these

errors are sholrn extending ouËside the symbol. Strictly the magnitude

of such errors in an isokinetic ploË should be shown as an elipsoid
(J. Mandel and I',J'. Liriníng, Artalgt. Chem., 22, 743 (fgSf ),) but the

presentation of thc. äata adopted ín the Figure is more convenient for
illustraÈive purposes.
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CHAPTER 6: EXPERTMENTAL

6.1 Origin and Purifícation of chemicals

6.1.1 Perchlorates

Hydrated zinc perchlorate (B.D.H.) r¡as used without further

purification. Hydrated beryllium perchlorate was prepared by Ëhe

reaction of stoichí-ometríc amounts of BeCO3 (B.D.H.) and concentrated

perchl.oric acid (Merck) and the resulËanÈ soluËion dried .ín vacuo over

PzOs. The perchloraEes were analysed for metal ion content by an ion

exchange method described b)' VogelI.

6.L.2 Dehgdrating agenxs

Tríethyl,orthoformate (Koch-Light) r.ras used without further

purificatíon. Linde 4A molecular sieves were successively r,¡ashed with

dístilled r¡rater and ethanol to remove impurities and then activated by

heating at 650 K in a furnace for eight hours.

6 .1 .3 I'igands

The liquids dmf (B.D.H. ), nmf (n.o.tt. ), nma (¡.o.9. ), dea (¡.luka),

def (Fluka), dma (n.n"n.¡n dmso (Fluka), hmpa (Koch-Light), durmp (Aldrj-c.h),

tmp (8.Ð.H. ), tmu (I'luka) and nrupp (Stre¡n) were distilled under reduced

pressure onto Linde 4A molecular sieves and stored under a dry nitrogen

atmosphere. The so1íds npa (1,. t,íght), dnu (Fluka), tntu (Fluka) and

tppo(Fluka) were dried in vacuo over P2O5 for several days befc¡re use.

6,L "4 Diluents

The deuterated. solvents CD2CL2 (C.¡.e., France and Aldrich),

CD3CN (C.n.e., France and M.S. e D.) and CD3NOz (C.n.A., France aad M.S.

and D.) were distilLed and dried over Linde 4A molecular sieves.
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6 2 Pt*e Ðâ ration of inetal comDlexes

hexakis (N,N-dinethylfornamide) zinc(II) diperchlorare

hexakis (Nrtt-dimethylacetanide) zínc(II) diperchlorate

tetrakis ( di',¡ethylurethylphosphonate ) beryllium( II ) diperchlorare

pentakis (diurethylmethylphosphonate) zinc(II) diperchlorate

tetrakis (díuethyisulphoxide) berylliun(tt) diperehlorare

tetrakis (nethylurethylphenylphosph inate ) beryl1 ium( II ) diperchlorate

tetrakis (N-urethylaceÈanide) be-'-yl1ium(II) diperchlorate

tetrakis (N-methylacetamide) zinc(fI) díperchlorate

tetrakis (N-phenylacetamide) beryl1íum(ft) diperchlorare

pentakis (trimethylphosphaÈe) zinc(lI) dipercÏrlorate

tetrakis, ( 1 n 1, 3, 3-te tr amethy!-2-thiourea ) zínc( rr ) aiperchiorare

The above complexes vrere prepared using a procedure similar Èo that

of van Leeu'a¡en and Groeneveld2 and Karayannis3 et al-. The hydrated rneÈal

perchlorate was dissolved irr a five fold excess of trí.ethylorthoformate

per: mole of water and the solution heated at 325 K for i hour. A slighË

excess over the stoichiometric amount of ligand was addeci and the

solution heated for a further hour. The solution was then placed in a

dry nítrogen flushed glove box, and on the addíËion of anhydrous dieËhyl

ether the conplex precipítated. After r,rhich the precipitate was

fíltered, washed with anhydrous diethyl ether ancl dried with dry

nitrogen prior to vacuuu drying for several hours, to remove any traces

of solvent. The product yields for these pr:epå-rations rvere in the r-ânge

7 5 - 9O7,.

I

d

il
âr

{]

te t rakis

per¡Èakis

te trakís

tetrakis

(NrN-di.rnethylacetaniCe) berylliun(TI) cJiperchlorate

(direethylsul-phoxide) zinc(ll) diperchlorare

(hexainethylphosphoramide) zinc(II) diperchlorate

(1,1n3r3-Ëetranethylurea) zinc(Il) diperchlorate
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The preparaÈion of these complexes rüas sinilar to that of the previous

complexes except Èhat a preeipitaËe was forned ismediately upon the

addition of the ligand to the triethylorthoformate solution.

tetrakis (triphenylphosphine oxide) beryllium(II) diperchlorare

tetrakis (triphenylphosphine oxide) zínc(ff) diperchlorare

The preparation of these complexes differed from the meÈhod described

in Section 6.2 in that the solid ligand vras dissolved in dry ethanol

prior to its additíon to the triethylorthoformate soluticn.

tetrakis (tlru-diethylacetamide) beryllium(rl) di-perchlorare

tetrakis (N,N-dimethytr-formamíde) berylliun(ff ) aiperchLorate

tetraki.s ( 1, 1, 3, 3-t-etralnethylurea) beryllium(tt ) diperchlorare

The above preparative method failed to yield any solid even after

several rvashings with anhydrous diethyl ether. Hor¿ever, when the ether

was decanted from the resulÈant oil and a solution of teof and ligand

added and alloued to stand for 24 hours, a soJ.íd was formed. As these

metal solvato compLexes are potentially explcsive oirly smal1 quantities

were used (a.nd Èhese handled with care). Due to the toxic natlrrel3

of berylliuu ccnupounds, extreme care rùas exercised in the.ir handling Ëo

avoid contamination.

No method for the preparation of crystallíne complexes from

several ligand/netal perchlorate conbinations l¡as found. These

conbinaÈions plus relevant observations are listed below.

I

Þ-

I

¡

,l

t:

I
i

i

ì

i

{

$iti

tl

Metal perchlorate/ligand
Comb inat ion

zrL(cLo4) z/tpp

Be(c10r1) z/dmu

Re(cloq)z/def.

ZI(CLO+) e /ntnu

0bservaËions

Solid which T'¡as LlnsÈab1e and formed

an oi-1. (once) out of solution.

Oí1 which failed to crystallise.
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Metal. perchloraÈe/1 igand

Combinatíon

zn(clo,r )2/nmru

zn(c10,r ) z/ tu

0bservat ions

Oil was formed plus decomposition

of the ligand.

{

È*

I

t'
I
.t

,ì
t:

6.3 Elemental Analysis

Microanalyses \üere performed by the .¿\ustralian i'ficroanalytical

Service, Melbourne. Metal ion content and stoichíometry of the

comprexes ï¡ere quantitatively determined by the methocl of Vogell.

A known weight of complex h'as clissolved in water and eluted

through a (Dowex 50 úl mesh) caÈion exchange columu (in ttre H+ fornn).

The acídic effluent was tiËrated against standardised sodium hydroxide

(see Table 6.1) " For those complexes (rnarked with an asterisk) r,rhich

had a low water solubility a water/ethanol míxture (¡, 507" v/v) was

used" (It has been shovm thaË pH measure¡lenÈs in aqueous ethanol

solutions accurately reflect aqueous pH va1.uesq.)

6.4 PreoeraÈion of nnr samol.es

The nmr solutions we-re prepared by Èhe successive addiÈion of

weíghed quantities of conplexr lígand and i.nert diluent into a I cm3 or

2 cm3 vol-uneËrí,c flask, giví-ng both nolaliÈy and nolarity of the solutions.

Dilutíons rrrere then made by the addition of the appropriate ínert diluent:

to weighed anrounts of a eoncentrated solution. Aft.er rvhich portions

('r,0"5 cm3) of each solution were degassed and sealed under vacr¡um in

5 nm o.d. nmr tubes. To ensure anhydrorrs condítions all tïansfers etc.

were carried out in a dry nitrogen atnosphere and. a1.1 glassware was dried

in an oven at > 400 K for at least 24 hours prior to use.
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Table 6.1 Analvtical Results

Z Metal zc 7,H ZNrPorS

lzn(tmÈu)*J(ctOu),

Izn(tmu)+J (CtOu¡"

lZn(amr)oJ(utou¡,

lZn(dua) ol (C10+)z

IZn(nma),+] (c10,+)z

Izn(rrnpa)+J (ct.ou¡,

lzn(trup)sl(ctou¡t

lzn(dump)sJ (ctou¡,

*¡zn(tppo)+J(ctou¡,

IZn(dmso)sJ(cto*),

IBe(dnso) q ] (ctou ),

lBe(tmu)+l (ctou)"

calcd.

found

Calcd.

found

calcd.

found

calcd.

found

calcd.

found

ealcd.

found

cai.cd.

found

calcd,

found

calcd.

found

calcd.

found

calcd.

found

calcd.

found

calcd.

found

8.2

8.1

9.0

8.9

9.3

9.3

8.3

8.3

LL,7

LL"7

6.6

6.5

4.6

4.6

7.5

7.4

4.7

4.6

9.98

9.79

L.73

L.7L

L.34

L,43

1.01

1 .10

30.3

30.0

33 .0

33 .0

30 .8

30.6

36,6

36.7

25.9

25.8

29.4

29.3

18 .6

18.3

20.3

19 .5

62.7

6i. .1

L8.46

20 .0

35.7

34.5

43.1

41.8

6.0

6.0

6.6

6.6

6.0

6.1

6.9

6.9

5.1

5.1

7.3

7.3

4.6

4.6

c1

5.2

4.4

4,3

4.64

5.1

7 .L9

6.95

4.98

4.97

L4,L

L4,0

L5.4

15 .4

L2.A

LL,9

10.7

10 .7

10 .1

9.8

17.L

N. L7 .O

16,0

16"1

L7,s

16.0

9.0

8.9

1

lne(nnpp)ul(C10a)z

7.6,6

L6.L

13 .9

L3 .6
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Table 6.L (Continued)

7, I'IetaL 7"C 7,H ZNrPorS

lne(¿mp)ol (clo'+)2

* ¡ru(rppo)+J (cton¡,

lBe(nna)+J(clou¡,

IBe(dna),*J(CtOo),

[¡e(¿nr) + J (ctou ),

[Be(dea)+J (ctou¡,

[ne(npa),+] (cloþ)2

ca1cd.

found

calcd.

found

calcd.

found

calcd.

found

calcd.

found

calcd.

found

calcd.

found

1 .28

L.28

o.682

0;689

1_.80

L.79

L.62

L.62

1 .80

L,7g

I .35

L,34

L.20

L.25

20,5

20.3

65.4

65,2

28.8

28.0

34.s

33. B

28.8

28,6

43.L

43.O

51 .3

51.0

5 ,15

5.2

4.6

4.6

5.6

5,7

6,5

6.4

5.6

5,4

7 .83

7.69

4 .8s

4.9t

L7 .6

17.10

9,4

9.9

Ll,2

l_0.5

10.1

9.5

LL.2

10.g

I .38

8.4L

7.48

7 ,30
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6,5 InstrumentaÈíon

For the Izn(turtu) +f2+f tmttr/cD2cl.z systems the proton nmr spectra

Ìtere recorded at 90 Ìúlz on a Bruker HX-90E nur spectromeËer operating

in the pulsed free precession mode. For the other systems rH nmr and

broad band tH decoupled 3lP nmr spectra \¡rere recorded at 90 MHz and

36.43 MIlz respectively on a modified Br-uker HX-908 spectrometer

(quadrature detection) in a pulsed fourier transform mode. An internal
2H loclc was used (with cleuterated diluents) in both cases. The

temperature \"¡as controlled to hrithin 10.3 K by a copper constantan

thermocouple using a Bruker (B-VT 1000) variable temperature unit which

was periodically checked usíng sEandard methanol and eÈhylene glyeol

sanrples6. The specËra (conËainíng kínetíc data) were sÈored as L K (1024

datum points) blocks on disk (liaulo Disk systeu) and v¡ere later

simulated (using the Nicolet BNC-12 mini computer of the spectrometer)

utilising a lineshape generating program adaptede from publishecl

methodsT'8.

6 .6 Inf rarecl Analys is

AlL ínfrared sanples v¡ere prepared under anhydrous conditions

and were irnmecliately recorded on a Perkin Elmer 457 graEíng infrared

spectrophotometer usíng either Nacl plates or ceL1s. The infrared

sPectra obtained rvere used to help characterise ttre ccmplexes prepared.

As expected no absorption barrds typical of 0-H streËching urodes (in the

region 3200 - 3600 cn-l) rgere observed indicating the absErnce of either

free or bound H20" All spectra \,rere consisterit v¡iih the presence of

non-coordinated perchlorate ion (crou-¡ " The change from ionic

perchloraËe to unidentate and bidentate perchloraEo groups l-owers Ëhe

s)nfrnetry fronr To to cev to czv respectively which results in
signíficant changes to the infrared speetrumr0'll. tr'urthermore, the

r:eduction in P=Or S=0, c=O and C=S stretching frequencies for the
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conplexes (c.f. those found for the free ligand) are indicative of

oxygen to metal and sulphur to metall2 bonding respectively.
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