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M edium  and Pressure Effects on the R eactiv ity  
and Spectra o f Iron(II)—diim ine Com plexes

Abstract

Solvation trends of ternary  iron(II)-cyanide-diim ine complexes in  binary 
aqueous m edia are examined using spectroscopic and therm odynam ic tech
niques. The observed trends are discussed in term s of the solvent-solute interac
tions present, and how the relative im portance of these interactions varies with 
the technique and the complex. Crystallographic d a ta  for two of these struc
tures are reported and show the effect of the solvate molecules on the structure. 
Pressure effects on M LCT frequencies are investigated, and the correlation be
tween piezochromic and solvatochromie effects for mono- and binuclear iron(II) 
and iron(III)-diim ine complexes is shown.

Pressure and solvent modification of the ra te  of oxidation of a series of 
iron(II)-diim ine complexes are in terpreted  and discussed in term s of the sol
vation changes th a t occur upon transition  state  form ation. Com plem entary 
partia l m olar volume d a ta  for these complexes are also reported, and combined 
to form a volume profile for one reactan t pair.

The structure  of a binuclear iron(II)-d iim ine complex is exam ined in the 
solid state  and in solution. Solvation trends in binary aqueous m edia are re
ported for this binuclear cation, and comparisons are m ade w ith m ononuclear 
iron(II) and cobalt (III), and w ith binuclear cobalt (III) complexes.

Kinetics of base hydrolysis of several binuclear iron(II)-diim ine complexes 
are discussed in term s of the s truc tu ra l differences between these complexes. 
The effects of added organic cosolvents on the ra te  constants for one of these 
binuclear complexes is also reported. Spectroscopic evidence for a ligand sub
stitu ted  interm ediate is found. The structu re  of such interm ediates is discussed 
w ith respect to  existing d a ta  for m ononuclear iron(II)-diim ine complexes.

Finally, a prelim inary chemical and  electrochemical redox investigation is 
m ade on the most suitable binuclear iron(II)-diim ine complex in light of the 
base hydrolysis reactivity patterns established.
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Chapter 1

Introduction



1.1 Introduction.

Reactions in solution are fundam entally different from those in the gas phase 

because of the interactions th a t occur between solvent and reactant molecules. 

These interactions can be seen from a simple energy cycle of the type shown 

below;

energy of solution 
MX (,) — ---------------------M+ (aolv)

lattice energy

M+ (,) +  X - (,)

+ X (aolv)

S ion solvation

energies

The solubility of a solute in a solvent is therefore determ ined by the energy 

of solution. This represents the small difference between the large am ount of 

energy required to separate the ions in a  crystal lattice and the energy gained 

when these ions are introduced into solution (solvation energy). It is the nature 

and strength  of these solvation interactions, and how they vary between the gas 

phase and in solution and between different solvent media, th a t affects reaction 

rates and spectra. Some idea of the effect of the reaction environm ent on ra te  

constants for two different reactions can be seen from Table 1.1.



Thus for N 2 O 5 decomposition, there is a factor of about 2 between the ra te  

constant in the gas phase and in organic solvents. In contrast, the ferrocene- 

ferricinium exchange reaction is some 1 0 “̂ times slower in solution than  in the 

gas phase. In addition, it can be seen from Table 1.1 th a t relative to this large 

difference in ra te  constants between the gas phase and in solution, there is a 

factor of only about 3 in ra te  constants between the solvent systems.

Reaction Medium Rate constant “ Ref.

N2O5 decomposition (10" ki /  s - i)

gas phase 0.79 [1]

CH3NO2 1.35 [2]

CCI4 1.83 [2]

[Fe(cp)2]°/‘*‘ exchange (10“® k2 /  mol dm® s"^)

gas phase 13000 [3]

(CH3)2C0 8 [4]

MeOH 18 [4]

PhN02 30 [4]

MeCN 9 [4]

DMSO 9.5 [4]

“ Measured at 298.2 K.

T a b le  1 . 1  General view of m edium  effects on ra te  constants 

between the gas- and liquid-phase.



Since M enschutkin’s initial observations , medium  effects on reaction rates 

have been of interest; since not only do rates vary w ith solvent, bu t product 

d istribution  and reaction mechanisms have, in some cases been shown to be 

solvent dependent The d a ta  given in Table 1.2 give a general view of the

scale of solvent modification of ra te  constants for a variety of reactions.

Clearly the extent of solvent modification of ra te  constants depends not only 

upon the reaction type bu t also on the solvation of the participating reactants.



Reaction Solvent Rate constant “ Range ^ Ref.

t-BuCl solvolysis

water

methanol

ethanol

(10" ki /  s - i)  

3300 

0.082 

0.009

>10®

[11]

Menschutkin : 

EtaN + EtI nitrobenzene

acetone

hexane

(lO" ka /  dm® mol“  ̂ s“ )̂ 

(373 K)

1380

265

0.5

10^

[12]

Me^Sn + Bra

acetic acid 

chlorobenzene 

carbon tetrachloride

(10® ka /  dm® mol“  ̂ s“ )̂ 

9600 

117 

0.18

5 x  10"̂

[13]

trans  - [PtCl?(pip)?] 

+ thiourea acetone 

methanol 

dimethyl sulphoxide

(10® ka /  dm® mol“  ̂ s“ )̂ 

10600 

3800 

480

22

[14]

“ 298.2 K unless otherwise stated.

** Value quoted covers all of ra te  constants cited in the relevant reference.

T a b le  1 . 2  General view of solvent effects on ra te  constants.



The analysis of such dram atic changes in reaction rates has been successfully 

achieved using the initial s ta te-transition  state  approach (Section 2.6) for a wide 

variety of reaction types.

The dissection of the solvent effects into the component effects on the in itia l- 

and transition -sta tes  has given considerable insight not only into the role of sol

vation in determ ining reaction rates, bu t also to  a lesser extent, to a more de

tailed understanding of the involvement of solvent molecules in  the mechanism. 

In this la tte r respect new, more quantitative treatm ents, such as the SWAG 

approach or th a t developed by Kirkwood and Buff have considerably

more potential

In contrast to  what can be extremely large m edium effects on reactivity, 

pressure effects are in general considerably smaller. Differences in ra te  constants 

of only about a  factor of 2 or 3 occur within the pressure window of currently 

available equipm ent This corresponds to activation volumes generally lying 

in the range -30  to -t-30 cm® mol“ .̂ The largest activation volume so far 

recorded is -1-60 cm® mol~^, where the ra te  constant changed by a factor of ca. 

6  up to 1  kbar

The activation volume (derived from the pressure dependence of the rate  

constant) can also give one considerable insight into either the reaction mech

anism , or the changes in solvation of the reactants on reaching the transition  

state  for a  particu lar reaction. In many ways it provides a complementary view 

of a reaction to  the IS /T S  analysis m entioned above.

Solvent and pressure changes can also a lter the energetics of photodriven in

tram olecular electron transfer processes (solvato- and piezo-chrom ism  respec

tively). Such changes alter charge distribution w ithin the structure  and can con

sequently alter physical properties such as oxidation state  stability  (redox po-



tentials) and chemical reactivity. Examples of the la tte r include the photosub

stitu tion  reaction mechanisms in the [Rh(NH 3 )5 Cl] '̂*' and [W(CO)s(py)]

complexes

Recently, several different research areas seem to be converging. Firstly, 

links between solvato- and piezo-chromism of mononuclear M LC T/L M C T and 

poly nuclear MMCT processes are being explored This so-called solvent 

and pressure tuning of the mixed valence state  has been prim arily for binuclear 

complexes [2 .̂2 6 ] _ Secondly, the delocalisation in mixed valence trinuclear com

plexes has been shown to be dependent on tem perature and on the  dynamics 

of the  solvate molecules [2 8 ,2 9 ]̂  Indeed this seems to  be an area of converging 

in terest w ith pressure induced phase transition  in crystal lattices

The work involved in this Thesis involves the effects of solvent and pressure 

on the  spectra and reactivity of, primarily, iron(II)-diim ine complexes.

C hapter 3 examines the solvation of a series of these iron(II) complexes 

in  mixed solvents by therm odynam ic and spectroscopic m ethods. Comparisons 

between the results obtained by the two m ethods used highlight the im portance 

of specific solvent effects for these complexes, which are illustrated  fu rther in 

single crystal structure determ inations. Finally, pressure and solvent effects on 

the M LCT spectra of these compounds are m easured and discussed in  term s of 

the m etal-ligand bonding, and compared with MMCT transitions.

The following C hapter explores pressure and solvent effects on the  k inet

ics of peroxodisulphate oxidation of these iron(II) complexes. Activation and 

p artia l m olar volume d a ta  and IS /T S  analyses are reported and discussed in 

term s of the  solvation changes th a t occur during the reaction and the  possible 

m echanistic implications.

The last two chapters involve binuclear iron(II) complexes. C hapter 5 ex



amines the structure  of one of these binuclear complexes in the solid state  

by single crystal structure  determ ination, and in solution by and nm r 

spectroscopy. The final C hapter reports the reactivity of several binuclear com

plexes. On the basis of these results, the redox chemistry of suitable candidates 

is explored electro chemically to determ ine the possibility of forming mixed va

lence complexes.



C hapter 2

Experimental and Theoretical



2.1 Introduction.

This C hapter describes briefly the  experim ental and theoretical details required 

to collect and ajialyse m uch of the d a ta  recorded in this thesis.

2.2 Preparation o f Com plexes.

The vast m ajority  of complexes used in this thesis are low spin iron(II) con

taining the bidentate  diim ine un it (1 ), and involve ligands of aliphatic, semi 

arom atic, and arom atic character (2 )—+(4) respectively;

N

N

R
I

R

R

I
R

2

N

N

The synthesis of such SchifT-base ligands [2 3) involves the reaction of

the appropriate  prim ary am ine and either a ketone or aldehyde via the following 

reaction;

RhNH2 + R2R®C=0 —  ̂ R2R®C(NHRi)(0H) R2R®C=NR1 +  HgO

More detailed preparations of the individual complexes are integrated into 

the experim ental section of the relevant Chapters.
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2.3 Instrum entation.

2.3.1 H P 8451A D iode Array Spectrophotom eter.

This is a single beam  instrum ent with a wavelength range of 190 nm  to 820 

nm . A tem perature probe is em bedded into the block and connected via a 

tem perature  control unit to a digital display unit.

The instrum ent is controlled by two microcomputers; the Z80 which controls 

the  in ternal hardw are of the instrum ent and the HP85A which deals with the 

d a ta  and acts as an interface between the user and the spectrophotom eter.

The instrum ent is capable of recording absorbance readings at up to  0.1 s 

intervals. The software and more detailed operational inform ation are described 

elsewhere

2.3.2 P ye—U nicam  SP 8-100 Spectrophotom eter.

The instrum ent is capable of measuring absorbances from 0.000 to  2.000 (±0.001) 

over the wavelength range 200 nm  to 800 nm. The four-cell block holder is ther

m ostatically controlled by circulating w ater from a built in tem perature con

troller. The tem perature is m onitored by a p latinum  resistance therm om eter 

placed in the cell holder, which gives a digital display (±0.1 K).

In addition, the cell holder can be removed, and replaced w ith the h igh- 

pressure cell described in more detail in Section 2.4.1. This then  enables spectra 

to be recorded at high pressures.



2.3.3 Pye—Unicam  SP 1800 Spectrophotom eter.

The SP-1800 is a double beam  instrum ent operating in the UV/ visible region

over the range 190 to 820 nm. It is capable of m onitoring 3 sam ple and 3

reference cells simultaneously. The instrum ent is interfaced to  an IBM PC . The

software was developed by Dr. M. J. B landam er, and is described elsewhere 

[32],

2.3.4 Shimadzu UV160 Spectrophotom eter.

This is a m icrocom puter-controlled double beam  recording spectrophotom eter 

consisting of a m onochrom ator, keyboard, screen and therm al p rin ter. It is 

capable of m easuring absorbances from 0.000 to 2.500 (±0.002) over a range of 

200 nm  to  1100 nm  (±0.5  nm ). Incorporated w ithin the hardw are are routines 

enabling peak picking, spectral m anipulation, repeat scan spectra, and  d a ta  

storage.

2.3.5 Perkin Elmer llOOB A tom ic A bsorption Spectropho

tom eter.

This is a m icrocom puter-controlled single beam  atom ic absorp tion/ emission 

spectrophotom eter w ith a CRT screen and keyboard. The control of the  pho

tom ultiplier gain, lam p current, signal processing, and d a ta  processing are au

tom atic. The spectrophotom eter is capable of operating w ith either a graphite  

furnace or a flame to effect atom isation. All work undertaken in th is Thesis 

involved the use of an air/acetylene flame following the m anufacturer’s recom 

m endations

10



2.3.6 Cyclic Voltam etry.

This consisted of a PA RI 74 polarographic analyser coupled to  a PAR program 

m er unit controlling the sweep w idth and the scan rate. The equipm ent was 

able to  scan between -2 .5  V and -f-2.5 V w ith scan rates of between 50 mV s~^ 

to  2 0 0  mV s“ .̂ O utput from the analyser was obtained on a X -Y  recorder.

The electrochemical cell consisted of a 10 ml glass cell fitted w ith a tefion 

stopper in which were apertures for the various electrodes (a platinum  disk 

working electrode, a platinum  wire auxiliary, and a calomel reference electrode).

TB A P (tetrabutylam m onium phosphate) was used as the supporting elec

tro ly te  for all of the experim ents conducted in this Thesis.

2.4 High Pressure Apparatus.

2.4.1 P iezo chromism.

This consists of a high pressure cell (Figure 2 .1 ) located in the SP 8-100 spec

trophotom eter. The application of pressure into the cell was achieved using a 

modified KBr press (Figure 2.2) as described previously and was capable 

of producing pressures up to  1  kbar.

A hollow closely fitting brass jacket was connected into the therm ostatting  

system  of the spectrophotom eter, w ith a platinum  resistance therm om eter lo

cated inside the cell connected to  the spectrophotom eter’s digital display unit.

2.4.2 A ctivation Volumes.

The apparatus is based on a design by Prof. D. R. Stranks and was manufac

tu red  w ithin the departm ent. The high pressure cell consists essentially of a

11



therm osta tted  ‘bom b’ which sits in a w ater ba th  m aintained at 298.2 K. The 

cell is pressurised by the transference of pressure from a nitrogen powered hy

draulic pum p, w ith water transm itting  pressure to the teflon plunger in the cell 

(Figure 2.3). The pressure in the line is m onitored using a high pressure guage, 

with the pressure m aintained by the hydraulic pum p (M adan type).

Aliquots of the reaction m ixture were w ithdraw n from the cell. The ab

sorbance of each sample was measured in the SP 8 - 1 0 0  spectrophotom eter. 

More detailed procedures for the operation of the equipment are described else

where
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2.5 Physical M easurem ents.

2.5.1 Solvent M ixtures.

All solvent m ixtures were prepared from  reagent grade solvents; w ith the com

ponent solvents dried by conventional m ethods All mixed solvent compo

sitions are reported as percentage volumes. This refers to the composition (by 

volume) prior to mixing. All w ater was de-ionised prior to  use.

2.5.2 Solubilities.

S atu ra ted  solutions were obtained by vigorously shaking a sealed vessel con

tain ing the solvent m ixture and a generous excess of the solid. The vessels 

were then therm ostatted  in a  constant tem perature ba th  m aintained a t 298.2 

K. The samples were left for about 6 hours w ith periodical shaking to ensure 

complete saturation. Each sample was then centrifuged to separate undissolved 

solid from  the satu rated  solution. Subsequently, after filtering through a sinter 

if necessary, aliquots of the satu rated  solution were carefully removed from the 

vessel w ith a  1 ml bulb pipette . Dilution of the satu rated  solutions was effected 

w ith the respective solvent m ixture so th a t concentrations could be m easured by 

U V /visible spectrophotom etry using the B eer-Lam bert law and the extinction 

coefficient of the sample.

In some cases it was necessary to  determ ine concentrations directly by 

atom ic absorption spectrophotom etry. In these cases dilution of the saturated  

solution was w ith water. The dilutions were sufficiently large for calibration 

w ith the appropriate aqueous standard  elim inating the need to prepare m etal 

ion standards in non-aqueous or mixed solvents.
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Extinction coefficients were measured by a combination of uv/visible spec

trophotom etry  and either atomic absorption or gravim etric m ethods. The re

ported  values of concentration and extinction coefficient are the m ean of three 

separate determ inations.

It is im portan t to note th a t all concentrations m entioned in this thesis are 

on the m olar scale and hence, values are expressed in mol dm “ .̂

2.5.3 First—order R ate Constants.

For a reaction which proceeds to completion such as

A -k B -k C — > P

the concentration of only a single reactant. A, varies appreciably if all o ther 

reactants are present in much larger concentrations, i.e. under first-order con

ditions.

The change in concentration of reactant A with tim e can now be expressed

as

-  ^  =  k[A]»

where a is the order of the reaction with respect to  reactant A, and a first-order 

dependence occurs when a =  1. The ra te  of reaction varies directly w ith the 

concentration of reactant A. Equivalent in tegrated forms can also be w ritten

[A]t =  [A]o exp(-^*)

where

17



[A]o is the initial concentration of A 

[A]t is the concentration of A at tim e t

and k is the ra te  constant at the given tem perature (T) and pressure (P ).

A characteristic quantity  of a first-order reaction is the reaction half-life 

and is the value of t when

[A], _ Ldk

H  =  T

For the bimolecular reactions considered in this thesis, the observed firs t- 

order ra te  constant varies w ith the concentration of the other reactant, enabling 

the second-order ra te  constant to  be calculated. All ra te  constants calculated 

and quoted in this thesis are, unless labeled otherwise, a t 298.2 K.

2.6 Transfer Chemical Potentials.

Consider a pure solid electrolyte in equilibrium  w ith two of its satu rated  solu

tions (in m edia A and B) at the same tem perature  and pressure. The solubility 

product, Kgp, of the electrolyte in each satu rated  solution is directly related to 

AG® or /X® by

AG® , /X® =  -R T  InK ap

where /x® is the chemical potential, R  is the gas constant and T the absolute 

tem perature. The transfer chemical potential between the two media can then 

be derived as

f m /  [ML.]Xn =  /  (B) [M LJX„ -  (A) [M L.]X.

for an electrolyte

18



[M LJX„ =  -R T ln  { ^ )  

or, for an uncharged complex, [MLa,]

c B rTVyfJ 1   —■RTln (  ° f  M L x in  so lven t m ix tu r e
O m fl  L^Vllja,J -  H ± m  \  so lub ility  o f  M L ^  in  so lven t m ix tu T e  {A ) )

More generally, for an electrolyte consisting of, as here, (n-j-1) component ions

[ML.]X„ =  -(n + 1 ) RTln

These solubilities are calculated as described earlier, either directly by atomic 

absorption spectrophotom etry, or by relating the absorbance of the satu rated  

solution to  the concentration using the Beer-Lam bert law. Therefore, in  a more 

relevant form to  this thesis

[M L.]X. =  -(n + 1 ) RTln

w ith m ixture (A) being pure water and m ixture (B) a binary aqueous solvent 

(n =  0 for a non-electrolyte).

For electrolytes an assum ption about activity coefficients is required (except 

when the saturated  solutions are very dilute). This is generally th a t the ratio  

of activity coefficients for the reference and the m ixture is unity.

2.6.1 Single Ion Assum ptions.

For electrolytes, the above analysis refers to  transfer chemical potentials for 

the salt [MLa;]X„. The separation into the transfer chemical potentials for the 

component ions [MLg.]”"̂  and X~ requires the adoption of an extratherm ody

namic assum ption At present, and although other assum ptions have been 

proposed the TATB is the most generally acceptable This is based on 

the assum ption th a t an anion and cation of similar size, charge, and exterior 

have sim ilar solvation characteristics, i.e.
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f m /  (Ph4As+) =  (Ph^B-) =  ([Ph4As][BPhJ)

Throughout this thesis the transfer chemical potentials quoted are based 

on this assum ption (or for m ethanol-w ater m ixtures the closely related T P T B  

assum ption

2.7 Solvent Effects on Reactivity.

In any reaction, the ra te  constant and the various transition state  theory acti

vation param eters (AG ^, AH^, AV+, and TAS^) reflect a barrier between the 

in itia l- and transition -sta te . Solvent effects on a ra te  constant therefore reflect 

a composite effect on the in itia l- and transition -sta te  energies. To separate 

into these components, therm odynam ic transfer param eters (as described in 

the previous Section) are necessary, since they describe changes in  the Gibbs 

free energy of the initial state. In com bination with ra te  constant changes (re

flecting changes in AG ^), an in itia l-sta te  transition -sta te  dissection is possible. 

This is shown in Figure 2.4, with several of the possibilities th a t can arise from 

such an analysis illustrated  in Figure 2.5.
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AG

AG

F ig u re  2,4  Representation of the solvent modification of the in itia l- and 

transition -sta te  components to the activation barrier.
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(a)

TS

AG

(I) n e w  s o lv e n t  ^
REFERENCE 

SOLVENT “
(If) new  s o lv e n t

( b )

(I) n ew  s o l v e n t -4- REFERENCE 
SOLVENT

-► (II) new  so lv e n t

F ig u re  2.5 Representation of m edium  effects on the Gibbs free energy of

activation, AG^, for initial and transition states»
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If, on changing the medium, the ra te  constant increases (AG^ decreases) 

a t fixed tem perature and pressure, the situation is as shown in Figure 2.5 (a). 

This can stem  from either (1) destabilisation of bo th  states, with the initial 

s ta te  being destabilised to  a greater extent, or (2) stabilisation of both  states 

w ith the transition state  being stabilised to  a larger extent.

It is also possible for the in itia l- and transition -sta tes  to be affected differ

ently, leading to an increase or decrease in AG^, Figure 2.5 (b).

Bimolecular reactions are particularly  suitable for such an IS /T S  analysis 

since the rates can be adjusted by m odification of reactant concentration and the 

therm odynam ic transfer param eters can be measured for the separate reactants.

The calculations required for the initial state  have been mentioned already. 

The calculation for the transition  state, derived from  the appropriate kinetic 

da ta , will be discussed next.

2.7.1 Principles o f the Analysis.

For a single stage reaction between reactants A and B, a transition  state  (AB)^, 

and  products P

A +  B #  (AB)t — > P

transition  state  theory provides a link between a ra te  constant, ky, (which refers 

to  an irreversible process) and AG^ (which can be trea ted  using the principles 

of reversible therm odynam ics) at fixed tem perature  (T ) and pressure (P);

k. =  f  e x p ( " ^ )

where k and h are B oltzm ann’s and P lanck’s constants respectively.

If the solvent is a m ixture of composition X2 , then A G t(xg) is given by
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AGÎ(x2) = -  b(^)] +  K b)]

where and are the standard  chemical potentials of reactants A and 

B, w ith their sum  making up th a t of the initial state. Also, the standard  

chemical potential of the transition state  is /x^. Hence, A G ^(x 2 ) is given by the 

difference between the chemical potentials of the transition  and initial states 

in their respective standard  states; i.e. if the ra te  is expressed in dm® mol“  ̂

s“ ^, the relevant standard  state  is th a t where the concentration is 1.0 mol dm “® 

and the corresponding activity coefficient is unity. This relationship is more 

conveniently rew ritten w ith the inclusion of a solvent operator Sm (to avoid 

confusion) so th a t

^mAG^ =  AG^2) “  AG^^

and, from above,

S ^ A G i  = -R T  I n ( ^ )  

where k(i) and k(2 ) are ra te  constants in m edia (1) and (2) respectively.
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2.8 Pressure Effects on R eactivity.

From fundam ental therm odynam ics, the first differential of the Gibbs free en

ergy w ith respect to  pressure (at constant tem perature) is related to  the volume

(Ü)r = V

The determ ination of the volume of activation for a reaction is obtained 

from the pressure dependence of the ra te  of reaction via the transition state  

theory form alism  (and hence the Gibbs free energy of activation, AG^).

AG* =  -R T ln  ( ^ )

to give

AV* =  -R T

The activation volume reflects the change in volume of the reactants on 

reaching the  transition  state, i.e. , the difference between the partia l molar 

volume of the in itia l-  and transition -sta te  {V t s  ~ V is ) '

The experim ental AV^ value is however a composite quantity  consisting 

of intrinsic and solvation components. A schematic representation of these 

components for a  typical bond form ation or bond cleavage process, during which 

partial charge neutralisation or creation can occur, is shown in Figure 2.6. For 

reactions in  which no m ajor solvational changes occur in the activation process 

one can estim ate activation volumes in a relatively straightforw ard m anner. 

Typical estim ates for a variety of processes are given in Table 2.1
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M echanistic feature C ontribution to AV^ (cm® mol ^)

bond cleavage +10

bond deformation 0

bond formation -10

cyclisation 0

ionisation -20

neutralisation +20

charge dispersal + 5

charge concentration -5

T a b le  2.1 AV^ estim ates for a variety of reaction types.

The decrease in intrinsic reactant volume (reflecting changes in bond lengths 

and angles on transition  state  form ation) has therefore been estim ated to  be in 

the region o f -10  cm® mol“  ̂ and +10 cm® mol~^ for associative and dissociative 

reactions respectively '̂*®L These estim ates refer to organic reactions. Estim ates 

for inorganic reactions are slightly more complicated An estim ate for AV^^ 

for bond form ation between 2 spheres of radius 3 Â of ca. -12  cm® m ol”  ̂ has 

however been reported For reactions in which charge is diminished (or 

delocalised), electrostricted solvent is released from the solvation shells of the 

participating reactants resulting in a positive contribution to  the A vf^, value. 

In  some cases the solvation term  can be much larger than  the  intrinsic term
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and positive values are found.

Thus, for base hydrolysis or cyanide attack at low-spin iron(II)-diim ine 

complexes, activation volumes ranging between +30 cm® m ol“  ̂ in water to 

close to  -10 cm® mol“  ̂ in organic-rich binary aqueous solvent m edia have been 

in terpreted in term s of the release of electrostricted w ater from the  heavily 

hydrated 0 H “ and CN“ nucleophiles

Further evidence to  support this proposal emerged from similar studies on 

the nucleophilic substitu tion of [Mo(C0)4(diimine)] complexes. Here, reactions 

were carried out in m edia such as toluene and chloroform where the incoming 

nucleophile was effectively unsolvated. Consequently, activation volumes of 

around -10 cm® mol“  ̂ were obtained

For ease of experim ental operation, pressure units are in psi or bar ra ther 

than  Pascals (1 bar =  14.5 psi =  10® Pa).

During a typical kinetic experiment the reaction m ixture was m onitored 

simultaneously at bo th  atm ospheric pressure and under high pressure condi

tions so th a t any system atic errors in the activation volume determ ination were 

minimised.

2.9 Partial Molar Volumes.

The partia l molar volume of a sample (V) is defined as the change in volume 

th a t occurs when the m aterial is added to  an indefinitely large sample of the 

solution

P \ T  ] riB

at constant tem perature, pressure, and w ith the num ber of moles of component 

B constant.
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The m agnitude is determ ined by the intrinsic size (as governed by the  re

spective van der Waals radii) of the constituent atom s and, particu larly  for a 

charged species, by électrostriction of the surrounding solvent.

D ata for simple inorganic ions and a relatively sparse selection of inor

ganic complexes exist, particularly  in connection with the establishm ent

of activation volumes and volume profiles for substitu tion

Calculation of partial molar volumes involves the extrapolation to  zero ionic 

strength  of a plot of density (apparent m olar volume) against salt concentration 

using the Redlich-M ayer equation .

Solution densities were determ ined using a vibrating needle densitom eter 

cell (Anton Paar, Model 602), calibrated w ith air and doubly distilled w ater.

In an analogous m anner to  the transfer param eters described in  Section 

2.6.1, the assignment of single ion values requires the adoption of an ex tra th er

m odynamic assum ption. The usual convention is to  take V  (H"^) as zero If 

however comparisons between anion and cation volumes are to  be m ade then  an 

estim ate for the absolute value for V  (H"*") is needed. Estim ates of between +5 

cm® mol~^ and -5  cm® mol“  ̂ (the value accepted by the m ajority  of authors) 

have been reported

If one uses the TATB assum ption m entioned in Section 2.6.1 [and assum e 

th a t V  (AsPh^ ) = V  (BPh^ )] then V  (H ^) =  -  11 cm® mol“ .̂ Such a variety of 

estim ates has led to the adoption of V  (H"*") [conventional] =  V  (H ^) [absolute] 

=  0 cm® mol~^ for the values quoted in this Thesis.
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2.10 Volume Profiles.

In general, partia l m olar, reaction, and activation volume d a ta  can be combined 

to construct a reaction volume profile th a t describes the volume changes th a t 

occur along the reaction coordinate. Such a profile gives a pictorial view of 

the chemical reaction in term s of the volume changes th a t occur. Unlike the 

energy profiles mentioned previously, absolute values for in itia l-, transition -, 

and p roduct-sta tes can be determ ined relatively easily. In terpretation  of the 

reaction volume profile allows one to  speculate w hether the transition state  is 

closer to  the in itia l- or p roduct-sta te  in structure , and can therefore lead to a 

clearer understanding of the underlying reaction mechanism. Volume profiles 

for a variety of complex form ation, hydrolysis, and substitu tion reactions have 

been reported. These, and many organometaliic and organic reactions have 

been extensively reviewed Recent a tten tion  has also focused on bioinorganic 

reactions such as th a t between vitam in B 1 2  and pyridine [®®L
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C hapter 3

Structure, Solvation, Solvatochromism 

and Piezochromism of Ternary 

Iron(II)-diimine Complexes



3.1 Introduction.

M LCT (m etal to ligand charge transfer) bands are commonly observed when a 

low -spin d® m etal is bound to  an arom atic heterocycle such as 2,2’-bipyridine 

For a given m etal the frequency depends on bo th  the <j-donor and t t-  

acceptor abilities of the ligand. The frequencies of the transitions for tr is -  

b identate complexes such as [Ru(bipy)3 ]®+ [57,58] [Fe(bipy)3 ]®'̂  show very

little  solvent dependence. In contrast, ternary  complexes such as [M(C0)4(bipy)] 

(M =  Mo Cr W  [®®]) and [Fe(CN)2 (bipy)2 ] display m arked sol

vatochromie shifts -  as well as dependence on such physical param eters as 

pressure and tem perature [®'*'®®L The direction of these solvato-, piezo-, and 

therm o-chrom ic shifts is bathochrom ic (to  lower energy) as the solvent polarity 

decreases. This direction is a characteristic of the M LCT transitions exhibited 

by these d® complexes, and is the reverse of th a t for the LM CT in the  iron(III) 

analogues [®'̂ L

The m agnitude of the shift can conveniently be quantified by introducing a 

solvent sensitivity scale. Here again, a reference com pound is needed, and is 

selected on the basis of its solubility and sensitivity in as wide a range of solvent 

m edia as is possible. Unfortunately, previous studies on the organom etaliic and 

the ternary  iron complexes used different reference compounds because of the 

difficulty in finding a single standard  whose solubility could encompass solvents 

as diverse as water and heptane.

For consistency w ith previous work ®̂®̂, the Fe(CN)2 (bipy ) 2  complex has 

been used here as an internal standard  ra ther than  the Fe(CN)2 (phen ) 2  analogue

[67]

This solvent dependence provides a spectroscopic agent w ith which pref-

31



erential solvation patterns can be compared with trends obtained using other 

m ethods such as transfer chemical potentials

This chapter examines and compares the solvation of a series of ternary  

iron(II)-cyanide-diim ine complexes utilising both  of the m ethods mentioned 

in the preceeding paragraph. The solvato- and piezo-chromic shifts of these 

complexes are characterised, and their m agnitudes are discussed in term s of the 

extent of the m etal-ligand bonding.

In addition, the X -ray  crystallographic structures of the K2[Fe(CN)4(en)].3H20 

and H[Fe(CN)4(bipy)].2H20 complexes have been determ ined. The results are 

discussed in term s of the effect of oxidation state  and solvate interactions on 

the structu ra l param eters.
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3.2 Experim ental.

The complexes K 2 [Fe(CN)4 (LL)] w ith LL =  bipy or phen were prepared by 

Schilt’s m ethod The K 2 [Fe(CN)4 (LL)] complexes w ith LL =  ein and bqdi 

were prepared by the aerobic oxidation of the respective ternary  complexes 

K 2 [Fe(CN)4 (LL)], where LL is ethane-1 , 2-diam ine and 1, 2-diam inobenzene 

respectively.

The other ternary  complexes K 2 [Fe(CN)4 (LL)) were prepared by addition of 

an excess of KCN to the tris-diim ine complexes, each made by the addition of 

appropriate prim ary amine and ketone to  a solution of FeCl2.4H2 0  as shown

CH

CH

CH.

CH,

N H

Mc2bsb

gda
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Subsequently, the solution volume was reduced by ro tary  evaporation and 

any rem aining [Fe(CN)2 (LL)2 ] interm ediate and free ligand were extracted into 

CH 2 CI2 . The aqueous component was ro tary  evaporated to  dryness and re

moved from the flask. The solid was washed sparingly w ith m ethanol -  leaving 

any unreacted KCN in the funnel. The complexes were characterised by their 

extinction coefficients and their Xmax since therm al C, H and N analysis is ex

tremely unreliable for such iron(II)-cyanide complexes H ydration numbers 

were determ ined by therm ogravim etry.

The transfer chemical potentials were derived from the appropriate solubility 

measurements as described in Section 2.4.2, except th a t dilution of the satu rated  

solution was effected w ith water to  eliminate the need to  obtain e at each solvent 

composition.

The frequencies quoted ( i^m l c t )  were m easured on a Shimadzu UV160 spec

trophotom eter, and are quoted with cr =  50 cm “ .̂ Solvent sensitivities were 

calculated as the ratio  of the shift in i^m lc t  for the [Fe(CN)4 (LL)]^“ complexes 

between water and DMSO, and the corresponding shift for Fe(CN)2 (bipy)2 . 

This m ethod of calculation was adopted so th a t any preferential solvation of 

the participating species did not affect the sensitivity, and also m eant th a t the 

values obtained here were consistent w ith those calculated previously

C rystal structures were kindly determ ined by Dr. D. R. Russell and his 

group. The K2[Fe(CN)4(en)].3H20 crystal was precipitated from a concentrated 

aqueous solution by the slow addition of acetone. The H[Fe(CN)4(bipy)].2H20 

crystal was grown slowly from  aqueous solution. The X -ray  diffraction d a ta  for 

K2[Fe(CN)4(en].3H20 and H[Fe(CN)4(bipy)].2H20 are detailed in Appendices 

A and B respectively.
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3.3 R esults and Discussion.

3.3.1 Solvation.

Transfer Chem ical P otentials.

The transfer chemical potentials for a representative selection of ternary  iron (II)- 

cyanide-diim ine complexes are given in Table 3.1. Ligand formulae are shown 

in Scheme 3.1. The im portance of charge and ligand periphery in determ in

ing solvation patterns can be seen from the trends shown in Figure 3.1. Most 

striking are the very different solvation trends for the uncharged, and pre

dom inantly hydrophobic, [Fe(CN)2 (bipy)2 ] complex and the predom inantly hy

drophilic [Fe(CN)4 (bipy)]^“ anion. The [Fe(CN)2 (bipy)2 ] complex shows marked 

preferential solvation by DMSO, with the characteristic m inim um  for complexes 

with a mixed hydrophilic and hydrophobic surface This can be rationalised 

as the sum of cyanide hydration and DMSO solvation of the bipyridyl ligands. 

It is interesting if one looks at Figure 3.2, th a t this m inim um  is considerably 

less pronounced than  for other binary aqueous solvent m ixtures.

All the anionic complexes are destabilised as the DMSO content of the sol

vent m ixtures increases underlying the relatively poor anion solvating ability 

of DMSO and the dom inant role played by the charge in determ ining the sol

vation trends. W ithin these trends, the nature  of the diimine moiety plays an 

im portan t, but secondary role. The extent of the hydrophobic diimine-DM SO 

stabilisation is in line w ith the hydrophobicity of each individual diimine moiety.

le

Me2 bsb phen >  bipy %$> ein
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Thus, substitu tion  of Me2 bsb has the effect of inducing a 28 kJ mol~^ sta

bilisation relative to its bipy analogue even at 60% DMSO. The ra ther small 

destabilisation for the [Fe(CN)4 (ein)]^“ anion relative to its bipy and phen ana

logues can be simply ascribed to the very hydrophilic ein moiety being able 

to  retain  strongly hydrogen-bonded w ater molecules in its prim ary solvation 

shell -  even a t modest DMSO concentrations. Similarly, the transfer chemical 

potentials of the  hydrophilic [Fe(CN)6]^“ anion in w ater-m ethanol m ixtures are 

in terpreted  such th a t th a t the solvation shell of the anion is composed prim arily 

of water even in  solutions of high m ethanol content

Also included in Figure 3.1 are the transfer chemical potential trends for a 

selection of cations and anions reproduced from the litera tu re  This puts 

the d a ta  for the  complexes m easured here into context and shows the general 

distinction between trends for cations and anions.
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H

H

CH.

cm bqdi

CH3

Mc2bsb

N

N

b ip y phen gda

S ch em e  3.1  General ligand formulae.

37



Solvatochrom ism .

The frequencies of the lowest energy M LCT transition  for the ternary  iro n - 

cyanide-diim ine complexes are reported as a function of solvent composition in 

Table 3.2, and shown in Figure 3.3. Here again, the im portance of the hydropho

bic /hydrophilic balance of the ligand periphery can clearly be seen, w ith the 

small, predom inantly hydrophilic species, [Fe(CN)4 (ein)]^“ and [Fe(CN)4 (bqdi)]^“ 

exhibiting preferential hydration. In contrast, the much more hydrophobic 

species, [Fe(CN)4 LL]^“ (LL =  gda, bipy, phen, Me2 bsb) show varying degrees 

of preferential solvation by DMSO consistent with the relative hydrophobicity 

of each diimine moiety.

Comparisons between the preferential solvation trends obtained by the two 

m ethods are not particularly  good, being m ost satisfactory for the [Fe(CN)4 (ein)]^' 

and [Fe(CN)4 (bqdi)]^“ anions.

The two techniques measure fundam entally different processes, the transfer 

chemical potentials describing an absolute change in the ground state  solvation, 

whereas solvatochromie shifts reflect solvation changes on a difference between 

a g round- and excited-state. One would expect th a t for the la tte r technique, 

solvation of the ground state  would predom inate w ith, due to the F ranck- 

Condon principle, the solvent dipoles frozen in an orientation appropriate to 

the ground state.

M cRae’s equation and other similar dielectric cavity models are used 

extensively in discussions of the origin of solvatochromism Recently, such 

models have been shown (after reasonable assum ptions) to be coherent 

but relevant only for solvent systems where specific solvent-solute interactions, 

such as hydrogen-bonding, are small or absent. In fact it is still able to  deal
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satisfactorily only w ith pure solvents. For systems where specific solvation 

effects are im portan t, as is the case here, alternative m ethods are needed.

Correlations have prim arily involved the DN and AN scales. The 

choice of scale used depends on the nature of the predom inant solvent-solute 

interaction. For systems such as [Ru(NH 3 )g(py)]^+, where the Lewis acid abil

ity of the solvent molecules is im portan t, correlations against DN are invoked 

In contrast, AN are used for systems such as [Fe(CN)2 (bipy)2 ] which 

characterise the Lewis base ability of the solvent. Here, hydrogen-bonding can 

occur to the exposed cyanide (or carbonyl) lone pairs in protic media. Solvents 

which are less effective at (or incapable of) hydrogen-bonding destabilise the 

ground state  energy (reduce the redox potential) by m odulating the Fe— C =N  

dipole moment. Thus, significant differences in electronic transition  energies are 

found between solvents such as water and DMSO. In addition to this ground 

sta te  dom inated dependence of MLCT (and LM CT) frequency, excited state  

properties can be dram atically influenced by changes in the m edium and

in pH

Certainly solvent shifts on the M LCT transitions have corresponding changes 

in the  m etal-carbonyl and carbon-oxygen frequencies, and nm r shifts of the rel

evant nuclei (̂ ®C and ®®Mo) within a series of ternary  M o(C0)4(LL) complexes 

Furtherm ore, protonation of the cyanides in the [Fe(CN)4 (bipy)]^~ anion 

[®®] (which can be considered as the extreme case of hydrogen-bonding) leads 

to  a considerable hyp so chromic shift in the charge transfer energy.

Unfortunately, several problems arise when using the empirical scales m en

tioned above. Firstly, the DN scale is of lim ited value for aqueous m edia because 

of the  tendency for the calorim etric empirical standard  to  decompose Sec

ondly, and most im portan tly  here, these empirical scales do not account for
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differences in preferential solvation (although this has not stopped R eichardt’s 

Ey param eter being used widely as a solvent polarity indicator for mixed 

solvents Figures 3.4 and 3.5 show the correlation of the M LCT frequen

cies for the iron(II) complexes against AN and Ey respectively. Differences in 

preferential solvation between the ternary  iron(II) complexes and the empirical 

standards are reflected in the curvature of these plots. The correlations against 

E r  for these complexes are much more satisfactory than  those w ith AN.

Clearly the simple balance between electrostatic and hydrophilic/hydrophobic 

solvent-solute interactions used to  explain the transfer chemical potential trends 

cannot be used for those obtained by the spectroscopic m ethod. Here cyanide 

solvation is the dom inant factor {vide supra ), w ith the diimine hydrophobic

ity and charge effects playing relatively minor roles. It is interesting therefore 

th a t the best correlations between the two solvation techniques occur for the 

complexes involving the diimine ligands th a t are most likely to  be involved in 

hydrogen-bonding (i.e. ein and bqdi). Such hydrogen-bonding interactions are 

discussed in more detail in Section 3.3.4.
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% D M S O 0 20 40 60 80 10 0

2x6mt^^  ( K + )  “ — - 0 .6 —3 .0 - 8 .8 - 2 6 .2

[F e (C N ) 2 ( b ip y ) 2 ]

( c o m p le x ) - 3 . 8 - 5 .6 - 8 .0 - 1 0 .9 - 1 0 .2

K 2 [F e (C N ) 4 (b ip y ) ]  

( s a l t )  

6mH^ ( a n io n )

— + 2 .6

+ 3 .2

+ 1 3 .2

+ 1 6 .2

+ 2 1 .2

+ 3 0

+ 3 3 .8

+ 6 0

K 2 [F e (C N )4 (M e 2 b s b )]

( s a l t )

( a n io n )

— - 0 .5

+ 0 .1

- 2 .0

+ 1 .1

- 4 .7

+ 2 .0

- 2 .2

+ 2 8

K 2 [F e (C N ) 4 (p b e n ) ]

( s a l t )

( a n io n )

— + 1 .8

+ 1 .2

+ 8 .1

+ 1 1 .2

+ 1 7 .8

+ 2 5

K 2 [F e (C N ) 4 (e in )]  

( s a l t )  

6m^^^ ( a n io n )

— + 4 .1

+ 4 .7

+ 7 .4

+ 1 0 .5

+ 1 2 .2

+ 1 8 .9

“  T a k e n  f r o m  re fe re n c e  .

T a b l e  3 .1  T r a n s f e r  c h e m ic a l  p o t e n t i a l s  o f  t e r n a r y  i r o n ( I I ) —c y a n id e - d i im in e  

c o m p le x e s  in  D M S O - w a te r  m ix tu r e s  ( k J  m o l~ ^ ;  2 9 8 .2  K ) .
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F ig u re  3.1 Transfer chemical potentiais trends of ternary 

iron(II)-cyanide-diim ine complexes in water-D M SO  m ixtures.
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Vol % DMSO 0 20 40 60 80 100

^ D M S O 0.000 0.060 0.145 0.276 0.504 1.000

A.N. “ 54.8 51.3 48.5 44.0 35.9 19.3

Er ^ 62.8 60.0 57.0 53.7 50.1 45.1

[Fe(CN)2(bipy)2] 19267 18762 18248 17730 17094 16287

[Fe(CN)4(ein)]2- 19608 19552 19302 19151 18709 15600

[Fe(CN)4(Me2bsb)]2- 18657 17953 17422 16722 16026 14728

[Fe(CN)4(phen)]2- 21276 20576 19800 18761 17271 14859

[Fe(CN)4(bipy)]2- 20747 19920 19084 18018 16750 14815

[Fe(CN)4(bqdi)]2- 17271 17286 17361 17528 17809 18500

[Fe(CN)4(gda)]2- 17498 17123 16892 16639 16313 16051

“ TaJcen from ref. .

 ̂ TaJcen from ref. .

Table 3.2 v m l c t  o f  ternary iron(II)-cyaiiide-diimine complexes 

in water-DMSO solvent mixtures.
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( F e ( C N y b q d i ) l

DMSO0.80.4

E
Ü

h*
O

- 2
>
X

o

[ F e ( C N U M 0 ,b s b ) l-4

- 6 [F e (C N Y b ip y ) ]

2 -

F ig u re  3 .3  Solvatochromie shifts of ternary  iron(II)-cyanide-diim ine 

complexes in w ater-D M SO  m ixtures.
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3.3.2 Solvent Sensitivities.

The solvent sensitivities for each com pound are reported in Table 3.3, which also 

includes sensitivities for other ternary  iron(II) and iron(III)-cyanide-diim ine 

complexes. Most striking is the anomalous negative sensitivity for the [Fe(CN)4 (bqdi)]^' 

anion -  consistent w ith the LM CT transitions in the iron(III) complexes also 

included in Table 3.3.

Complex Solvent sensitivity Ref.

K 2 [Fe(CN)4 (ein)] 1.3 a

K2[Fe(CN)4(gda)l 0.49 a

K2[Fe(CN)4(bqdi)l -0.41 a

[Fe(CN)2 (bipy)2 ] 1.0 a

K2[Fe(CN)4(Me2bsb)] 1.3 a

K 2 [Fe(CN)4 (bipy)] 2.0 a

K 2 [Fe(CN)4 (phen)] 2.1 a

[Fe(CN)2 (bipy)2 ](N 0 3 ) -0 .5 [64]

H[Fe(CN)4 (bipy)] -1.0 [64]

“ This work.

T a b le  3 .3  Solvent sensitivities for a series of ternary  iron(II) 

cyanide-diim ine complexes (298.2 K).

48



The bqdi ligand is one of a series of so called ‘non-innocent’ ligands because 

of the relative ease of conversion between the different redox forms

H
N

H

( I ) (2 )

©

0

H
N,

N
H

(3)

These range from  the bqdi diimine unit (1), the radical anion (2), to the 

dianion of the parent diamine (3). The free bqdi ligand has been postulated  to  

exist in solution but only when stabilised (by complexation to  a m etal) has 

it been confirmed The possibility of the [Fe(CN)4 (bqdi)]^~ anion existing as 

an iron(III) atom  spin-coupled w ith a [C@H4 (NH)2 ]"" radical (2) was explored, 

but the single crystal struc tu re  confirmed the localised alternating double bond 

system (1) w ithin the chelate ring The anomalous behaviour m ust therefore 

be due to some subtle difference in the m olecular orbitals involved in the tra n 

sition. The ‘negative’ solvatochromism of the [Os(NH3 )g(PzMe)]^'^ cation has 

recently been explained using such argum ents It is relevant at this point 

therefore to briefly review the M LCT process.
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The conventional in terpreta tion  of a M LCT transition is the interaction be

tween a TT-symmetry ‘non-bonding’ m etal orbital and an empty, high energy, 

ligand antibonding orbital. Elegant resonance Ram an studies have shown con

clusively th a t the lowest energy M LCT transition  for the [M (C0)4(diimine)] 

analogues [M =  Mo(0) and W (0) is the z-polarised b 2 —  ̂ b j tran si

tion, with the transition moment lying antiparallel to  the ground state  dipole 

moment

As the [Fe(CN)4 (LL)]^“ complexes are bo th  isoelectronic and isostructural 

w ith these [M (C0)4(diim ine)| analogues it is quite reasonable to assume th a t 

the same transition is involved for both. The MO diagram  for this transition  is 

shown in Figure 3.6.

Thus, on excitation the dipole moment of the excited state  is reduced relative 

to  the ground state  as the ligand acquires significant radical character

12-[Fe(CN)4(bipy)]2- ^  [Fe(CN)4(bipy*)]‘

The ground state  is strongly solvated in polar solvents, the Franck-Condon 

excited state  will be correspondingly destabilised relative to  th a t in non-po lar 

solvents. In the la tte r, solvent interactions w ith the g round- and excited-states 

are weaker, and the transition  lies at lower energy.

The solvent sensitivity will be greatest when the change in dipole m om ent 

between the g round- and excited-state  is greatest, i.e. when the mixing between 

the d,r and L,r* orbitals is small (Figure 3.6a). The extent of mixing will 

depend predom inantly on the  7r-acceptor ability of the diimine moiety so th a t 

as the TT-acceptor ability increases, the orbital mixing increases, and the solvent
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sensitivity decreases. As the energy of the orbital lowers (as its 7r-acceptor 

ability increases) the situation arises where the m etal and ligand manifolds are 

degenerate (Figure 3.6b). Now, the transition is purely m etal-ligand bonding 

to antibonding and will effectively not be solvatochromie.

The relative ir-acceptor ability of a series of bidentate diimine ligands has 

been calculated These are depicted in Figure 3.7. The solvent sensitivities 

in Table 3.3 are consistent w ith these values, and fall into the general trend of 

ligand vr-acceptor ability

R
I

R 

R

If the TT-acceptor ability increases even further, to the position illustrated 

in Figure 3.6c, the orbital energy ranking is similar to th a t for a typical LM CT 

transition. This is quite reasonable for the [Fe(CN)4 (bqdi)]^“ anion when one 

looks at Figure 3.7. A M LCT transition  for such a species will reduce, or 

even possibly reverse, the m olecular dipole m om ent, and hence give rise to the 

unexpected solvatochromie shift.

Several other anomalies arise over complexes containing the bqdi ligand. 

The C— N bond lengths in [Fe(bqdi)3 )^+ and in [Fe(CN)4 (bqdi))^“ are com pa

rable to other ligands of pure a-d iim ine  character such as gmi and bmi. The 

iron-nitrogen bond lengths are however considerably shorter than  for any other
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diimine ligand, confirming exceptionally strong m etal-ligand bonding (see Sec

tion 3.3.4). The stabilisation of the iron(II) oxidation state  is also much greater 

th an  th a t for o ther iron(II)-diim ine complexes, and reflects the exceptional tt-  

acceptor ability of this ligand. The standard  redox potentials are given in Table 

3.4.
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F ig u re  3 .6  Molecular orbital diagram  illustra ting  the relevant optical 

transitions in the [Fe(CN)4 (LL)]^~ anion.
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3.3.3 Piezochrom ism .

In this Section the piezochromism of a selection of new ternary  iron(II) com

plexes has been undertaken to  extend the correlation between solvatochromie 

and piezochromic effects.

The correlation between piezo-, therm o-, and solvatochromie shifts for 

te rnary  M o(C 0 )4 (LL) complexes has been established A ttem pts to re

peat this procedure for ternary  iron-cyanide-diim ine complexes are particularly 

promising because of the possibility of having both  iron(II) and iron(III) oxida

tion states. This enables one to  correlate bo th  M LCT and LM CT transitions.

The pressure dependence of the charge transfer frequency of two ternary  

iron(II)-cyanide-diim ine complexes is reported in Table 3.5. Table 3.6 compares 

these piezochromic coefficients w ith several complexes taken from the literature. 

Figure 3.8 shows the overall correlation of solvent sensitivity against pressure 

sensitivity. Also included in this Figure are d a ta  for the binuclear mixed valence 

bis(fulvalene)diiron complex [24,io6,io7] faint line shown in this Figure is the 

correlation line for the [Mo(C0 )4 (diimine)] series
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3.3.4 C rystal Structures.

This Section reports the crystal structures of the H[Fe(CN)4 (bipy)].2 H 2 O and 

K2[Fe(CN)4(en)].3H20 complexes, and compares them  with related structures 

taken from the  literature . The relevant bond angles and bond lengths are 

reported in Table 3.7 w ith d a ta  for analogues.

The structures of K2[Fe(CN)4(en)].3H20 and H[Fe(CN)4(bipy)].2H20 are 

illustrated in Figures 3.9 and 3.11 respectively.

C oordination  Polyhedron.

The iron-n itrogen  and carbon-nitrogen bond lengths w ithin the chelate ring for 

the [Fe(CN)4 (en)]^~ anion are 2.07-2.08 Â and 1.45-1.47 A respectively. These 

are of course substantially  longer than  for those ligands capable of m etal-ligand 

delocalisation (cf. Table 3.7).

Several te rnary  te tracyano-iron(II)-d iam ine complexes; [Fe(CN)4 (LL)]^~ (LL 

=  cxa and cpa) have been synthesised S tructural d a ta  for such simple Fe— 

N (T bonds have yet to be reported however. Possibly the best (and only) com

plexes w ith which to  make constructive comparison are the low-spin iron(II) 

complexes [Fe(hxsbH)]^"^ and [Fe(tptcn)]^'*' Here, the Fe— N and C— N

bond lengths w ithin the central N— CH 2 — CH 2 — N chelating unit are 2.00 and 

1.49 A (for hxsbH) and 2.00 and 1.51 A (for tp tcn) respectively. Thus, all 

C— N bonds are com parable to th a t in RNH 2 (taken to  be 1.47 A ^̂ ^̂ ]). The 

iron-nitrogen bonds in [Fe(CN)4 (en)]^~ are, in contrast, significantly longer 

than  in either [Fe(hxsbH)]^+ or [Fe(tptcn)]^+.

The bond angles at the carbon and nitrogen atom s within the 5-m em bered 

ring are all close to  th a t one would expect for sp^ hybridised atom s (109.5°) 

except for the  ZC— C— N angles, which are slightly expanded to  112°. This
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reflects the relatively small bite of such a flve m embered ring at iron(II), and 

the large crystal fleld stabilisation energy for the la tte r being able to force 

slight angle strain  in the relatively flexible (cf. bmi or gmi) chelate ring. This is 

reinforced by the angle subtended at the iron by the diamine ligand (ZN— Fe— N 

=  82°), greater th an  for the Schiff base diimine ligands in Table 3.7.

Significantly, the C— C bond in the chelate ring is substantially  shorter 

th an  one would expect (bond lengths for hxsbH and tp tcn  are 1.51 and 1.52 

Â respectively). In fact, at 1.45 A, it falls w ithin the range of those ligands 

w ith some degree of m ultiple bond character. In comparison typical C— C 

bond lengths are 1.53 A (in cyclohexane), 1.40 A (in benzene), and 1.34 A 

(in ethene).

The N i— C l— C 2— N2 torsion angle in the diam ine ring is 45.7° and is shown 

in Figure 3.10. The Newman projection along the C i— C2 axis highlights the 

torsion angle, W ithin the chelate ring there appears to be a considerable 

degree of van der Waals strain , w ith several H -H  non-bonding distances being 

substantially  less than  the sum of their van der Waals radii (i.e. <  2.5 A). 

The degree of torsional strain  imposed by the above, and by coordination, is 

significantly less than  for either [Fe(hxsbH)]^"'" (#  =  42.5°) or [Fe(tptcn)]^+ ($  

=  29°). Presum ably the la tte r ligands impose greater geometric constraints 

because of their m ultidentate nature.

Unlike the [Fe(Bcxcage] complex no evidence for ring inversion was ob

served during structural refinement. Rapid inversion (in the iron(III) analogue) 

occurs in solution however, w ith k% =  3 x 10® s~^
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Complex “ Bond lengths /  Â ZN—Fe—N Ref.

Fe—N N—C C—C

[Fe(bipy)3]2+ 1.96-1.99 1.34-1.35 1.42-1.48 82 [114]

[Fe(phen)3]2+ 1.96-1.98 1.31-1.39 1.38 83 [115]

[Fe(C3N3Cxcage)]^+ 1.90-1.93 1.26-1.29 1.43-1.45 77-79 [116]

[Fe(gmi)3]2+ 1.95 1.27 1.42 80 [117]

[Fe(bmi)3]2+ 1.96 1.29 1.48 79.5 [117]

[Fe(bqdi)3]2+ 1.90-1.92 1.29-1.32 1.45-1.46 79.4 [118]

[Fe(bdh)3]2+ 1.96 1.29 1.47 79.4 [112]

[Fe(CN)2(bdh)2] 1.94 1.32 1.45 78.6 [112]

[Fe(CN)4(bqdi)]2- 1.91 1.32 1.44 80.4 [71]

[Fe(SCN)2(phen)]2- ^ 2.00 1.35 1.43 81.8 [119]

[Fe(SCN)2(phen)]2- 2.20 1.37 1.42 76.1 [119]

[Fe(CN)4(bipy)]- 1.98 1.34-1.35 1.47 80.8 d

[Fe(CN)4(en)]2- 2.07-2.08 1.45-1.47 1.45 82 d

“ Ligands are shown in Scheme 3.1. 

 ̂ Low-spin.

° High-spin.

 ̂ This work.

Table 3.7 Bond lengths and bond angles for the ternary 

iron(II)-cyanide-diimine complexes and analogues.
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N(3)

C(3)

H(3 2) N(5)

C(5)

N(1)H(21)
N(4>

C(4)H(31)H(12) H(41)

C(1)
t ( 2 )  N(2)'

0 ( 6 )H(22)
H(11)

H(42)'

N(6)

F ig u re  3 .9  Crystzd s tructu re  of K2[Fe(CN)4(en)].3H20.
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N'

.Fe

■N'

F ig u re  3 .10  Illustration of the torsion angle in [Fe(CN)4 (en)]^ .
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O xidation  S tate.

The coordination polyhedron of the bipy ligand in the [Fe(CN)4 (bipy)]“ anion 

is, w ithin experim ental error, unchanged from th a t in [Fe(bipy)3 ] '̂^, w ith Fe— N 

=  1.98 Â .

The loss of an electron should weaken m etal-ligand bonding, although this 

would be more significant for high spin complexes than  for low spin. Thus for 

[Pe(phen)3 ]:+/^+ «(Fe— N) =  0.003 Â , and 0.026 A for [Fe(CN)e]®-/^-. This 

compares w ith 0.128 A for [Fe(OH2 )6 ]^*^^^

The Fe— C and C =N  bond lengths vary considerably for both  complexes. 

Such variations are due in part to hydrogen-bonding between the nitrogen 

lone pairs on the coordinated cyanide moieties and hydrate molecules. This is 

discussed in the following Section.
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F ig u re  3 .11  Crystal s tructu re  of H[Fe(CN)4(bipy)].2H20.
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Solvate interactions.

The im portance of the interaction between solvent molecules and the periphery 

of these ternary  complexes, evident from the solvatochromie and solvation stud 

ies conducted in Section 3.3.1, is illustrated  further when one looks at the role of 

the solvate molecules in the unit cell. Figures 3.12 and 3.13 show stereo pair di

agram s of the unit cell for K2[Fe(CN)4(en)].3H20 and H[Fe(CN)4 (bipy)].2 H 2 0 .

In the former, interactions occur prim arily between hydrate and potassium  

counter-ions, with the water molecules orientated  to  maximise the electrostatic 

stabilisation. The hydrogen-bonding interactions between hydrate molecules 

and the cyanide nitrogens for K2[Fe(CN)4(en)].3H20 and, more significantly, 

for H[Fe(CN)4(bipy)].2H20, are illustrated  as faint lines in these Figures. For 

the la tte r, the proton and the two water molecules appear to be combined into 

a [Hs02]'^ cation (see Figure 3.16), w ith three hydrogen atoms from this cation 

involved in hydrogen-bonding to  the anion. A quantitative evaluation of these 

interactions can be m ade from Figures 3.14 and 3.15.

As one would intuitively expect, hydrogen-bonding leads to  an increase in 

C =N , and a corresponding decrease in Fe— C bond lengths. The d a ta  are 

slightly complicated by the different trans effects of the hi dent ate and the 

cyanide ligands.
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1.911 1.133

Fe — C(3) = N,3 )
1.917 1.128 2.373

Fe — C,„ = N,„■•■■■■ H,„
1.878 1.164 1.713

Fe — C(5) = N(5) ......... H(3)
1.921 1.161 2.044

Fe — 0(5) = N(g) H(3)

H(12)

NO)

CO)

H02) N(5)

0 (5 )
H(21) N(1)

HOI) 0 (4 )H(41)

0( 1)

0(2) N(2)’

H(22) 0 ( 6 )H(11)

H(42)'

N(6)

N(4)

F ig u re  3 .14  Hydrogen bonding interactions for K2[Fe(CN)4(en)|.3H20.
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1.909 1.134 1.467

Fe — C(i) = N(3) H(o)
1.950 1.145

Fe C(2) = N(4)
1.923 1.138 2.068

Fe C(3) = N(5 ) •••••• H(3)
1.941 1.145 1.283

Fe — C,., s  N,., H„

N3

Cl

C14 Cl 3

C12
H12

CIO Cll

F ig u re  3 .15  Hydrogen bonding interactions for H[Fe(CN)4(bipy)[.2HaO.
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3.4 Concluding Remarks.

Clearly, such specific solvent effects are im portan t -  not only for the intram olec

ular electron transfer transitions described here, bu t for all aspects of solution 

chemistry. New techniques, or at least new developments in current techniques 

are needed so th a t specific solvent effects can be m onitored in situ. EXAFS 

is one technique which shows considerable promise. Bond lengths in a se

ries of iron and ruthenium  complexes from crystallographic and from EXAFS 

sources have been compared D ata were com parable for complexes such as 

[Fe(phen)3 ]^+. For the [Fe(CN)g]'^'" and [Fe(OH2 )6 ]̂ '*’ complexes, where ligand- 

solvent hydrogen-bonding can occur, m etal-ligand bond lengths obtained via 

EXAFS were consistently shorter than  those in the solid state.

An additional approach to  characterise ligand-solvent interactions in situ 

is preresonance Ram an spectroscopy analysed using tim e dependent sca tter

ing. Changes in the charge transfer energy for the [Ru(bipy)(NH 3 )4 ]̂ '̂  cation 

were recently analysed quantitatively in term s of the modification of Ru— NH 3  

bond strengths and consequent charge distribution brought about by hydrogen- 

bonding

Significant advances in the analysis of solvent effects on redox processes, 

particularly  preferential solvation in mixed solvents, are being m ade through 

ternary  ruthenium  complexes such as [Ru(NH 3 )4 (bipy)]^"^/^^ Unsymmet- 

rical preferential solvation in binuclear analogues, such as [(bipy)2 C lR u-pz- 

Ru(NH 3 )4 (py))^"^, occurs between the diruthenium (II) and the mixed valence 

complex In addition, differences in solvent-solute interactions are able to 

m odulate the extent of orbital mixing and electronic coupling

In the following C hapter the ternary  iron(II)-cyanide-diim ine complexes
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m entioned in this C hapter are used as reductants to  examine solvent and pres

sure effects on interm olecular electron transfer rates.
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C hapter 4

Volumes o f Activation, Partial Molar 

Volumes, and Solvent Effects Related 

to the Peroxodisulphate Oxidation of 

Ternary Iron(II)-d iim ine complexes



4.1 Introduction.

In comparison to other inorganic reactions there is a relatively small am ount 

of da ta  involving solvent and pressure effects on redox reactions. This applies 

particularly  to simple outer-sphere electron transfer reactions, for which very 

few volumes of activation have been reported Some of these are given in 

Table below.

Reaction Solvent AV^ /  cm^ mol ^ Ref.

[Co(terpy);]'+ +  [Co(bipy)3 ]^+ [126]

MeCN -5

water -9

formamide -14

[Fe(CN)4(bipy)]2- +  S^Oi" water 0 [127]

[Co(NH3)5(N3)]^+ +  Fe:+ water +12 [128]

[Co(NH3 )6 (OH 2 )]"+ +  [Fe(CN)e]^- w ater +27 [129]

The electron exchange between [Fe(OH)]^+ and Fe^+, and the peroxodisul- 

phate oxidation of [Fe(CN)4 (bipy)]^“ have activation volumes of zero. These 

have been in terpreted  as the balance between opposing intrinsic and solvation 

contributions of the reactants. Counter-ion solvation has also been shown to be 

im portant for the [Mn0 4 ]^“ / “ exchange reaction, where activation volumes for 

the cation-dependent pathw ay are +3.3 and -1.1 cm^ m ol“  ̂ for the Na"^ and 

K'*' salts respectively

Amongst the few simple OSET reactions reported , only a small num ber have
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shown a significant solvation effect. Thus for the reaction

[Co(bipy)3]^+ +  [Co(terpy)2]^+ —  ̂ [Co(bipy)3]^+ +  [Co(terpy)2]^+

+
AYgbs varies from -5  to  -14  cm^ mol“  ̂ between acetonitrile and formamide.

t  .  .  .  .Such solvent variation of implies significantly different solvation patterns

between the in itia l- and transition -sta te  in each of the respective media.

In this C hapter the outer-sphere electron transfer reaction between the per- 

oxodisulphate anion (S2 0 g“ ) and a series of ternary  iron(II)-cyanide-diim ine 

complexes is examined. Kinetic and therm odynam ic da ta  are measured as func

tions of pressure and solvent composition. D ata  are discussed in term s of the 

differences in the solvation of the participating species due to electrostatic and 

ligand hydrophilic/hydrophobic nature.
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4.2 Experim ental.

The complexes Fe(CN)2 (bipy ) 2  and K 2 [Fe(CN)4 (LL)] (LL =  phen, ein, Me2 bsb) 

were all prepared as described in C hapter 2. All reagents were obtained from 

Aldrich except K 2 S2 O 8  which was AnalaR grade. The apparatus and technique 

used to  determ ine the kinetic param eters is described in C hapter 2. The oxi

dation of the iron(II) complexes is proposed to  occur via the m echanism  shown

[Fe(CN)4(LL)]2- +  8 2 0 !“ [Fe(CN)4 (LL)]- +  8 0 ^  +  SOJ- • • • (1)

[Fe(CN)4 (LL)]2 -  +  8 0 ^  [Fe(CN)4 (LL)]" +  8 0 | -  • • • (2)

where step ( 1 ) is ra te  determining.

The peroxodisulphate concentration was in vast excess com pared w ith th a t 

of the iron(II) complex. Good first-order kinetics were observed for the first 

half-life after which tim e the quality of the fit began to deteriorate slowly due 

to  the presence of radicals. The extent of radical interference is much less than  

th a t observed for the S2 0 |~  oxidation of [Fe(phen)3 ] ‘̂*'

The reaction was m onitored from the decrease in absorbance of the iro n (II)- 

diimine chromophore with

-  =  U ,  [Complex]

The 8 2 0 g“ oxidation of iron(II)-diim ine complexes, particularly  those in

volving electron withdrawing ligands such as [Fe(5 -N 0 2 phen)3 ]^+ showed 

th a t significant unimolecular decomposition of the iron complex occurred on 

the reaction timescale. The observed ra te  constant was therefore fitted to  an 

equation of the general type

k(oi»5) =  (ki +  k2[S20g ])
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where the term  corresponds to unimolecular decomposition of the iron(II) 

complex and lc2 to bimolecular oxidation.

The ternary  complexes used here are ideal in this respect since ki Vcdues 

are extremely small The observed ra te  constant, ko^,, is therefore purely a 

function of the oxidation of the ternary  iron(II) complex.

A small am ount (ca. 10“ ® mol dm “^) of ED TA was present to  sequester 

any trace transition  m etal im purities present in  the S2 0 g" - avoiding unw anted 

catalysis.

All kinetic d a ta  were obtained using the SP 8-100 spectrophotom eter de

scribed in Section 2.3.

The m easured apparent partial molar volumes axe calculated for the hy

d rated  solid samples. Conversion to the value for the anhydrous anion was 

m ade by subtracting V  (H 2 O) for each w ater of crystallisation (determ ined 

by therm ogravim etrically or from the relevant crystal s tructure). P artia l m olar 

volumes were kindly m easured by Dr Colin D. H ubbard and Dr Pilax G uardado.

H

H

N

N

ein bipy phen Me2bsb
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4.3 R esults and D iscussion.

4.3.1 Volum es o f A ctivation.

The logio of the ratios of observed first-order ra te  constants at high pressure 

to their equivalents at atm ospheric pressure are given in Table 4.1. P lots of 

these logarithm  ratios against pressure were essentially linear and are shown in 

Figure 4.1. The dotted lines in this Figure correspond to  a 60% D M SO -w ater 

m ixture. The volumes of activation derived from such plots are given in  Table 

4.2.

Firstly, it is clear th a t the previous in terpreta tion  of balancing intrinsic 

and solvation term s for the peroxodisulphate oxidation of [Fe(CN)4 (bipy)]^~ 

is correct. If one now compares the series of [Fe(CN)4 (LL)]^“ anions the  im 

portance of complex hydrophobicity can clearly be seen. For the largest, and 

most hydrophobic, complex, [Fe(CN)4 (Me2 bsb)]^~, AvJj,, =  -10.2 cm^ m ol“ .̂ 

This is approxim ately th a t expected for a bimolecular reaction in the absence 

of a solvation contribution. As the hydrophobicity of the coordinated diimine 

moiety decreases (and the solvation contribution to  increases) the  values

increase progressively until, for [Fe(CN)4 (ein)]^“ Avjj,^, =  -f 5 cm® m ol“ ^, where 

the release of electrostricted solvent dom inates the intrinsic volume decrease.

In view of the fact th a t the partia l m olar volume of ‘free’ w ater is -|-18 cm® 

mol~^ and th a t of electrostricted water is -f-15 cm® m ol“  ̂ it can be es

tim ated th a t approxim ately 5 water molecules are released from the solvation 

sheath of the anion on transition  state  form ation . This compares w ith approx

im ately 3 for [Fe(CN)4 (bipy)]®~ and one for the most hydrophobic (and  least 

hydrated) [Fe(CN)4 (Me2 bsb)]®“ anion.
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2-
Fe(CNUM e,bsb)

0.20 Fe(CN)Jbipy).

10

0.10
2-

Fe(CNyphen)

1-0 Fe(CN^(bipy)

p/kbar

Fe(CNK(eln)
- 0.10

2-

F ig u re  4.1 Plot of lo g io (^ ) vs. pressure.
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4.3.2 Partial Molar Volumes.

The partia l molar volumes of several ternary  iron(II)-cyanide-diim ine com

plexes are reported in Table 4.3. The dependence of V  for the ternary  complexes 

on ligand nature  is shown in Figure 4.2.

The use of relative molecular mass as the æ -ordinate may seem a ra ther 

crude approach, ignoring aspects of ligand geometry such as p lanar vs. puck

ered ring systems (ein vs. en) and group fluxionality which are of undoubted 

im portance in determ ining the solvation of such structures. A previous a ttem pt 

to correlate partial molar volumes w ith intrinsic complex volumes highlighted 

the uncertainty involved in the calculation of intrinsic volumes for such complex 

structures and consequently no a ttem pt has been made here to  do so.

The effect of solvation on V  is illustrated  by the [Fe(CN)4 (bipy)]^“ / “ couple. 

The iron(III) complex, w ith its -1  charge has a partia l m olar volume of 205 cm^ 

mol~^. This compares to 181 cm® mol“  ̂ for the dinegative iron(II) analogue. 

As the intrinsic size of the [Fe(CN)4 (bipy)]“ anion is expected to be negligibly 

different from the iron(II) analogue (cf. C hapter 3) this discrepancy m ust be 

due to  decreased solvent électrostriction and hydrogen-bonding. An increase 

of similar m agnitude occurs between [Ni(edta)]®“ (V  = 165 cm® mol“ ^) and 

[Fe(edta)]“ {V = 171 cm® mol~^)

The relationship between partial molar volumes for the [Fe(CN)4 (diimine)]®“ 

anions and a selection of other inorganic complexes is shown in Figure 4.3. The 

diagonal line is th a t taken from Figure 4.2.

The general correlation, although qualitative in its approach, is quite good, 

w ith, as one might intuitively expect, the 4 - complexes, and the large 6-f- hexol 

complex all lying below the Figure 4.2. line. D ata  for hydrophobic organic

83



cations and anions; A sP h J , decylN M eJ, and B Ph^ and the hydrophobic 

[Pe(diiniine)3 ] c a t i o n s  lie well above (and are parallel to) this line. The 

point for the particularly  hydrophobic cation [Bu3 N(CH 2 )gNBu3 ]^^ f'*®! lies even 

higher. Interestingly, the [Fe(gmi)3 ]̂ "'" cation, whose transfer chemical poten

tials [®®] indicate it to be at the hydrophobic/hydrophilic boundary, lies on the 

correlation line for the ternary  anions -  which, as m entioned in Section 3.3.1, 

have a similar mixed hydrophobic/hydrophilic surface. Complexes of greater 

hydrophilic character (of 4 -, 3-, and 3-f- charge) and even [P tC ^]^", whose val

ues lie below the correlation line, confirm the pa tte rn  of increasing charge 

or hydrophilicity leading to  less positive (P )  values.
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4 .3 .3  V olu m e P rofile

The combination of the partial molar volumes of the reactants and products, 

and the activation volume allows one to  construct a volume profile for a reaction 

(Section 2.10). The da ta  needed for such a profile are collected in Table 4.4.

The partia l molar volume of the SO*" radical anion is unavailable. Here, 

it is assumed th a t V  (SOJ“ ) =  V  (CIO 4  ). Such an assum ption is expected 

to have a small effect (± 2  cm® mol“ ^) on the analysis. The volume profile is 

illustrated in Figure 4.4.

Structure V  /  cm® mol ^ Ref.

S201-

[Fe(CN)4 (bipy)]2 -

IS

80

181

261

[137]

a

a v L

TS

0

261

b

so;- « 

so |-

[Fe(CN)4 (bipy)]-

Products

36

14

205

255

[48]

[48]

a

“ This work,

 ̂ From ref. %

 ̂ F (SO J-) ^  F(C 1 0 4  ) (cf. text).

Table 4.4 Volume profile data for the S2 0 g oxidation of [Fe(CN)4 (bipy)]2-
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There is a very small volume change of -6  cm^ m ol“  ̂ during the  reaction 

which arises entirely from a decrease in volume between the transition  sta te  and 

the products. This change masks a decrease in solvation of the iron complex 

balancing an increase in solvation of the SOJ “ and SO^” fragm ents (relative to 

S20g“ ). This is barely significant when one remembers the estim ated value for 

the SOJ~ component.

Transition state  desolvation would be greater for reactants w ith a  2 + /2 -  

charge combination, where the outer-sphere associate would be form ally un 

charged. The design of potential iron(II) complexes is complicated by kinetic 

stability constraints. Cage, semi-cage, and garland-type hexadentate ligands, 

such as those shown in Scheme 3.1 form complexes of the required stability, al

though ligand oxidation, particularly for the la tte r type, can occur in  preference 

to  a m etal centred process
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4.3.4 Initial S tate— Transition State Analysis.

The transfer chemical potentials from C hapter 3 are combined w ith the second- 

order ra te  constants for peroxodisulphate oxidation (Table 4.5) to give the initial 

s tate  transition  state  analyses in Tables 4.6 -  4.8. These initial state  transition 

state  analyses are then shown in Figures 4.5 -  4.7.

lO'  ̂ koba /  S
a

Com plex ^ Vol % DMSG

0 2 0 40 60

Fe(CN)2(bipy)2 65 2 2 4.6 0.62

[Fe(CN)4(bipy)]2- 26 2 1 12.7 9.2

[Fe(CN)4(Me2bsb)]2- 21 1 2 0 230 25

“ [K2 S2 O 8 ] — 0.02 mol dm   ̂ ( =  I) ; [complex] =  1 x 10  ̂ mol dm  

 ̂ Ligand formulae are defined in text.

T ab le  4 .5  Observed first-order ra te  constants for S2 O8  oxidation

of iron(II)-cyanide-diim ine complexes in  DM SO-water m ixtures (298.2 K).
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R ather strikingly the relatively small solvent effect on ra te  constants masks 

very large changes in IS and TS stability. In  fact the destabilisation of the 

initial s tate  in moving from water to  60% DMSO for the S20g“ oxidation of 

[Fe(CN)4 (bipy)]^“ is of similar m agnitude to the activation barrier.

Although initial s tate  destabilisation is large, reactivity patterns are deter

mined by transition state  effects. For [Fe(CN)2 (bipy)2 ] and the [Fe(CN)4 (bipy)]^“ 

anion, the ra te  re tardation  observed is due to  destabilisation of the transition 

state  relative to  the ground state. This dominance of reactivity by transi

tion state  destabilisation is relatively common for outer-sphere electron trans

fer reactions where the reactants have the same sign as in the reactions con

sidered here. It is usually rationalised in term s of the destabilisation of the 

[Fe(CN)4 (LL), S20g]^" transition  state  relative to  the component dianions. 

This is in contrast to the peroxodisulphate oxidation of [Fe(phen)3 ] ‘̂*‘ or 

of [Fe(C3 N3 cage))^+ where such transition  state  effects are less im portant 

due to the formally uncharged outer-sphere associate.
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4.4 Concluding Rem arks.

It is interesting to  note th a t the second-order ra te  constant for S20g~ oxida

tion varies directly w ith the formal iro n (II)/(III) redox potentials (and hence 

inversely w ith AG°) for the series of complexes given in Table 4.9. P artic 

ularly striking is the large drop in reactivity between [Fe(CN)4 (bipy)]^~ and 

[Fe(CN)6]'*~. Assuming th a t the reactions are all approxim ately equally adia

batic, this tren d  could suggest th a t electron delocalisation on the diimine ligand 

in the charge transfer excited state  may provide a low energy pathw ay via which 

the reaction could proceed. Consequently this would involve the specific orien

ta tion  of the ternary  complex with respect to  the S20g~ oxidant. Certainly the 

ability of such ligands to  participate in bridge m ediated inner-sphere electron 

transfer reactions is becoming apparent [̂ 40,i4i]
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C hapter 5

Structure and Solvation of 

Binuclear Iron(II)-d iim ine complexes



5.1 Introduction.

Several binuclear complexes of the general type (1 ) exist formed w ith a variety 

of terdendate ligands (2 to  6) [i44-i48]

H H

N —
PAA

HOOH H
N —  N

3-OHPAA

Me Me Me Me

^  \  ^  ^  bdh
HjN—  N N N N —  NH2

Me Me >—

PMK

N —
MeMe
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The vast m ajority of these have been homometallic, and involved either Fe '̂*', 

Co^"^, Ni '̂"' or Zn '̂*' cations. More recently, a series of mixed m etal binnclear 

complexes ([MM’(pm k)3 ] ‘̂̂ ) have been reported  (M =  Zn̂ "*"; M ’ =  Co '̂*', Cu '̂*' 

or Ni^'^) Such heterobim et alii c complexes have become useful models with 

which to study the nuclear relaxation behaviour of param agnetic m etal ions. 

This is particularly  interesting in the context of the work involved in this Thesis 

since it provides an alternative m ethod to examine m etal-m etal interaction to 

th a t provided by the Robin and Day classification (cf. C hapter 6 ).

The stability  of the iron(II) complexes formed by ligands ( 2  to  5) varies 

considerably. The 6 -M e paa  variant (§) was reported  not to form a low—spin 

complex at all Presum ably, the in ter-m ethy l distortion is too large to

perm it close enough approach of the ligands to  the m etal to  engender a low—spin 

environment. Similarly, the  [Fe(6 -M ebipy)3 ]̂ '*' cation exhibits a low -spin 

^  high-spin  transition  at ca. 89 K.

Me

Low-spin iron(II) complexes are generally substitu tion  inert as a conse

quence of high crystal field stabilisation energies, w ith m axim um  crystal field 

stabilisation in the ground state  corresponding to octahedral geometry. For 

tris-diim ine complexes considerable distortion away from  accurate octahedral 

FeNe units can occur due to the  relatively small bite of these diimine ligands. 

Ligands which are even more sterically dem anding can force even greater distor

tion from octahedral geom etry -  particularly  in sem i- and fully-encapsulating
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cage compounds. These changes in ligand structure  affect reactivity through 

the usual electronic and steric effects bu t can also influence reactivity trends in 

binary aqueous solvent m ixtures through hydrophobic and hydrophilic ligand- 

solvent interactions and consequent preferential solvation. The factors affecting 

these preferential solvation trends for m ononuclear iron(II), cobalt(III), and 

chromium(III) complexes in mixed solvents is well established D ata for 

binuclear complexes are, on the other hand, very sparse indeed.

In the present C hapter the structure  and solvation of several binuclear 

iron(II)-diim ine complexes of the type shown below are examined and com

pared where possible w ith existing da ta  on mononuclear iron(II), and binuclear 

cobalt(III) complexes.
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5.2 Experim ental.

The (Fe2 (paa)3 ]̂ ’'' [^"1 cation was prepared from iron(II) chloride te trahydrate, 

hydrazine and pyridine 2 -aldehyde, and isolated as the PFg and Cl~ salts. The 

[Fe2 (pm k)3 ]'̂ ’̂  cation was generated by the published method from iron(II) 

chloride, hydrazine and 2 -acetyl pyridine, and isolated as the Cl“ , I~, CIO4 

and PFg salts.

The attem pted  preparation of 5 via the initial isolation of the free ligand led 

to  the form ation of a blue complex (cggo =  7 x 10^). Repeating this preparation 

in the presence of an iron(II) tem plate led to  the initial form ation of the blue 

solution. On prolonged standing ( 1 2  hours) a green solution prevailed (eggo =  

0.9 X  10^) from which a solid was precipitated as the iodide and perchlorate 

salts. The iron analysis was consistent w ith the formulation [Fe2 (pbk)3 ](PFg)4 .

Presumably, the preparation of the ligand in the absence of a m etal tem plate 

led to the form ation of the cis- trans configuration (see below) because of the 

significant Ph ^  Ph steric crowding associated with the cis-cis form. Clearly 

this type of configuration is able to function as a tridentate  ligand, as has been 

observed in the hydrolysis of the [Fe2 (pah)3 ]'̂ '̂  cation
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The sample of [Fe2 (pm k)3 ]l4  used for the X -ray  study was grown from  a 

supersaturated  aqueous solution as a red cubic crystal. The structu re  determ i

nation was perform ed by Dr D.R. Russell and Ms. M. Bassett.

The acquisition of high resolution NMR spectra of iron(II)-diim ine com

plexes can be ham pered by solubility restraints (and opposing sample m icro

heterogeneity), decomposition to  param agnetic products and sample viscosity. 

Such complications dictate the choice of bo th  counter-ion and solvent to  m ax

imise the quality of spectra. Previous studies on a wide range of m ononuclear 

iron(II)-diim ine complexes found th a t the most suitable conditions were to 

use the PFg salt and CD3CN. Here however, due to the higher cation charge 

and greater probability to ion -pa ir a concentrated solution of the chloride salt 

in D 2 O was used.

Spectra were recorded on a Bruker AM300 spectrophotom eter operating at 

300 MHz for ^H and 75 MHz for and at 298 K. Chemical shifts are reported 

relative to  a DSS internal standard .

Complex solubilities were determ ined in the m anner outlined in Section 2.4.2 

except for those containing the [Fe2 (pm k)3 ]̂ '  ̂ cation which was slightly unstable 

in some of the m edia used. As a result, solubilities were determ ined more rapidly 

( |  hour) from a rapidly stirred  therm ostatted  solution. Concentrations were 

determ ined sp ect rophot omet ri cally (Pye-U nicam  SP 8-100). Samples of the 

binuclear cobalt(III) complexes were kindly supplied by Prof. T. P. D asgupta 

and K. A. Rashid.
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5.3 R esults and D iscussion.

5.3.1 Crystal Structure.

The X -ray  diffraction d a ta  for [Fe2 (pm k)3 ](I)4 .3 H2 0  are set out in Appendix C. 

Selected bond lengths and angles are included in Table 5.1 which also includes 

relevant d a ta  for related iron(II)-diim ine complexes.

In an analogous m anner to  [Co2 (pm k)3 ]'̂ + the m etal centres are coordinated 

in an approxim ately octahedral environment as can be seen in Figure 5.1. The 

geometry at each iron is fax w ith the three pyridyl nitrogens defining one octa

hedral face and the three bridging nitrogens the other. Table 5.1 includes skew 

and bond angles, and bond length d a ta  for [Fe2 (pm k)3 ]^^ and related complexes. 

(See Figure 5.2 for ligand formulae)

The bite of the diimine moiety N =C — C =N  is slightly less th an  90° produc

ing a small bu t significant distortion towards trigonal prism atic geometry. This 

is further highlighted when one looks at the skew angles of 47° and 52° (between 

faces 1  and 2, and between 3 and 4) respectively (Figure 5.3). These skew an

gles are interm ediate between those for the relatively unhindered [Fe(LL)3 ]^+ 

(LL =  bipy, phen, gmi, bmi) complexes which are close to  octahedral (a  =  

55°), and the more sterically constrained cage complexes, [Fe(C3 N3 Cxcage)]^"'" 

and [Fe(Bcxcage], where a = 22° and 0° respectively.

The N i— C 5— Cg— N 2 and N4 — C 1 5 — Cig— N3  torsional angles within the 

pmk ligand system are 3°. Each five m em bered chelate ring is therefore essen

tially co-planer with the corresponding pyridine ring. In contrast, the N i— C 5 — 

Cg— C 7 and N 4— C i 5— C ig — C 17 torsional angles are ca. 8 °, w ith the methyl 

groups bent out of this plane. This is consistent w ith a significant degree of 

in ter-m ethyl group distortion. The distortion in the [Fe2 (pm k)3 ]'̂ ''" cation, due
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to  steric methyl ^  m ethyl repulsion is constrained more than  in  the  Co(II) 

analogue (a  =  42°) by the greater CFSE for the iron(II) centre.

The C— ^ ^ id y i  bond lengths are 1.36 Â are considerably longer th an  the 

C— ^azide bonds (1.29 Â), reflecting significantly more double bond character 

for the la tte r (cf. 1.37 A for pyridine; C =N  =  1.27 A

From  Table 5.1 it is evident th a t iron-nitrogen bond lengths span only the 

small range of 1.90 to  1.99 A -  reflecting contributions from a  and tt effects as 

well as geometric restrain ts of some of the  ligands. A similar division to  th a t 

m entioned above can be seen for the Fe— N bonds. The Fe— ^pyridyl bonds (1.98 

A) are shorter th an  the Fe— Nazidc bonds (1.92 A), a trend  th a t is consistent 

w ith m ononuclear analogues involving the apm i, hxsbH, and tripod  ligands (see 

Scheme 5.1 for formulae).

Some m easure of m etal-ligand delocalisation should be provided by C— N 

bond lengths, although complications arise because of ligand asym m etry ( vide 

supra ). Probably the best reflection of delocalisation is provided by the  imine 

C— C bond lengths in the chelate ring -  although the small range of C— C bond 

lengths makes this ra ther insensitive. Using this criterion however, the degree 

of delocalisation in the [Fe2 (pm k)3 ] ‘̂̂  cation is similar to  th a t in [Fe(bipy)3 ] ‘̂*‘, 

bu t less than  in [Fe(phen)3 ]^‘*‘.

The choice of the C— C bond lengths as the best criterion to  describe the  

extent of m etal-ligand delocalisation is reinforced when comparisons are m ade 

between the cobalt and iron binuclear complexes. The C— N bonds in the 

[Co2 (pm k)3 ]̂ '*' cation are com parable to  those in the iron analogue. In contrast, 

the C— C bond lengths are significantly longer in the C o(ll) complex, reflecting 

the less effective TTj-L̂ r* donation for the d^ cobalt centre.
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Complex “ Bond lengths /  Â Bond angles Ref.

Fe—N N—C C—C N—Fe—N

[Fe(bipy)3]2+ 1.96-1.99 1.34-1.35 1.42-1.48 82 55 [114]

[Fe(phen)3]2+ 1.96-1.98 1.31-1.39 1.38 83 55 [115]

[Fe(gmi)3]2+ 1.95 1.27 1.42 80 53 [117]

[Fe(bmi)3]2+ 1.96 1.29 1.48 79.5 53 [117]

[Fe(apmi)3]2+ 1.93-1.96 1.28,1.35 1.45 80 54 [152]

[Fe(bqdi)3]2+ 1.90-1.92 1.29-1.32 1.45-1.46 79 40 [118]

[Fe(hxsbH)]2+ 1.87-1.97 1.31,1.36 1.43 81-86 - [109]

[Fe(tripod)]^+ 1.95-1.99 1.28-1.38 1.44 81-82 54 [153]

[Fe(C3N3Cxcage)]^+ 1.90-1.93 1.26-1.29 1.43-1.45 77-79 22 [116]

[Fe(Bcxcage)]^+ 1.87-1.96 1.18-1.47 1.47 76 - [112]

[Fe2(pmk)3]'‘+ 1.93-1.98 1.29-1.35 1.44-1.47 80 47,52 c

[Co2(pmk)3]'^+ - 1.25-1.39 1.42-1.58 42 [154]

“ Ligand formulae shown in Fig. 5.2.

 ̂ Defined in Fig. 5.3.

This work.

T ab le  5.1 Bond lengths and angles for the [Fe2 (pm k)3 )]'*+ cation 

and for iron(II)-diiinine analogues.
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NH,
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NH
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NH
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F ig u re  5.2 General ligand fomm lae.

bipy

110



Bex cage

C3 N3  ex cage

— I 2+

F ig u re  5.2 (cont.) General ligand formulae.
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Œ = 0 0  < a >  60 a  = 60'

(aJ (b) (c)

m

F ig u re  5.3 Illustration of the skew angles in the [Fe2 (pm k)3 ]'̂ "̂  cation.
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5.3.2 Solution N M R .

Peak assignment in NMR spectra is most often achieved using empirical correla

tion tables. Advances in equipm ent and in  theoretical aspects of Fourier tran s

form NMR spectroscopy have led to  the  development of new pulse sequences 

and spin-decoupling techniques. Such advances have enabled the detailed as

signment of complex structures, and have proved particularly  useful in detailing 

the reactivity of coordinated ligands

The NMR spectrum  of [Fe2 (pm k)3 ]'*'*' is shown in Figure 5.4, from  which 

the methyl groups can be im m ediately assigned as the (3H) singlet a t 1.49 ppm . 

The 3 other m ultiplets centred at 7.8 ppm  (2H), 7.4 ppm  (111) and 7.2 ppm  

(IH ) are the rem aining 4 pyridyl protons (Ha to  H j).

The BED and D EPT  spectra  are shown in Figure 5.5. Again,

the methyl group is easily assigned as the signal a t 13.12 ppm . The quaternary  

imine carbons (Eg and Hy) can be extracted from  the D E PT  spectrum  as the  

peaks at 177.69 ppm  and 158.30 ppm  respectively, w ith the protonated carbons 

(Hq to  H j) accounting for the rem aining peaks. The saturation  of the m ethyl 

signal at 48 Hz (1.49 ppm ) resulted in a negative (phase) enhancem ent of the 

peak at 7.40 ppm  in the NOE difference spectrum  and, on the basis o tth is , this 

peak can be assigned as th a t of proton Hj. From  the ^H<->^H COSY spectrum  

(Figure 5.6) it is possible to  further assign the  signal a t 7.25 ppm  as th a t of 

proton Hg. This m ultiplet appears as a trip let of doublets (d t), ra ther th a n  the 

doublet of doublet of doublets (ddd) as one would intuitively expect. This is 

due simply to  equal coupling to  protons Hj, and Hj (J^^c =  =  4.5 Hz),

split further by coupling to  Ha (Ja<-̂ c =  2 Hz).

Unfortunately, due to  the v irtual superim position of the resonances of Ha
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and Hfr, deconvolution of the m ultiplet is not possible beyond the reciprocal of 

those coupling constants already m entioned. The chemical shifts can be seen 

more clearly from the correlation (Figure 5.7) as peaks a t 7.81 ppm

and 7.85 however  ̂ -  and can be tentatively assigned on the basis of previous 

spectra to be Ho and Hj, respectively. The and NM R data  are 

sum m arised in Table 5.2

Some insight into the intram olecular m otion of co-ordinated diimine ligands 

has been provided using NMR spectroscopy. In  particu lar, for a  series of tris 

diimine cations, [Fe(LL)3 ]*''■, the fluxionality of the N -phenyl ring was shown 

to be dependent on the size of R

Free ro ta tion  was observed for R  =  H, bu t was restricted  for more sterically 

dem anding groups such as Me and P h

In the  present case, and although considerable steric m e th y l^ m e th y l stra in  

is highlighted from the crystal struc tu re , no evidence of restricted  ro tation  is 

seen in the spectrum , w ith the m ethyl resonances appearing as singlets.

^extrapolated from the centre of the 2D contour
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F igure  5.6 COSY spectrum of the [Fe2 (pmk)3 ]'*'*~ cation.
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5.3.3 M eta l-m et al Interaction.

Crystallographic structural da ta  have been of considerable benefit when ex

am ining the extent of m etal-m etal interaction in polymetallic mixed valence 

complexes.

In the present case the degree of interaction would be expected to  be signif

icant because of the fully conjugated nature  of the ligand framework, and also 

the close proxim ity of the m etal centres (Fe— Fe =  3.47 Â) -  especially when 

one considers th a t there is significant interaction across 7.65 Â in  the binuclear 

[Fe2 (M e b p y -b p y M e )s ]c a tio n

The N— N azide bond length is probably the best param eter to  gauge the 

extent of this interaction for the [Fe2 (pm k)3 ]^+ cation. Table 5.3 therefore 

includes this and other relevant data.

Bond type Molecule N—N /  Â Ref.

N—N hydrazine 1.45 [I ll]

N=N 1.20 [111]

N—N [Fe(bdh)3]2+ 1.39 [112]

N—N [Co2(pmk)3]'‘+ 1.43 (av.) [154]

N—N [Fe2(pmk)3]^+ 1.42 à

“ This work.

Table 5.3 Selected N—N bond lengths.

Using this criterion, the bridging N—N bond in  bo th  the iron(II) and cobalt(II) 

complexes appears to be a single bond, w ith ra th e r surprisingly, very little 

apparent delocalisation between the m etal centres.
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5.3.4 Solvation.

The dependences of absorption of satu rated  solutions on solvent composition for 

the perchlorate salt of the [Fe2 (pm k)3 ]̂ "'" cation for aqueous DMSO are given 

in Table 5.4. Also included in this Table are the derived transfer chemical 

potentials for the [Fe2 (pm k)3 ]"*̂  cation.

The transfer chemical potential trends for the [Fe2 (pm k)3 ]'̂ + cation in DMSO- 

water m ixtures are illustrated  in Figure 5.8. This Figure also includes d a ta  for 

a wide variety of mononuclear iron(II) complexes for comparison

The [Fe2 (pm k)3 ]̂ "̂  cation is quite dram atically stabilised as the DMSO con

tent of the solution increases. The m agnitude of this stabilisation is ra ther 

greater th an  one would predict, and is greater than  th a t for complexes w ith 

considerably more hydrophobic character. Also included in Figure 5.8 is the 

trend  for the ‘mononuclear equivalent’ , [Fe(pmk)i.5] ‘̂'‘. This fits slightly b e tte r 

into the overall picture, but even this is still slightly more stabilised than  the 

more hydrophobic [Fe(phen)3 ]̂ '̂  cation.
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F ig u re  5.8 Transfer chemical potential trends for the binuclear iron(II)

complexes in D MS 0 -w ater mixtures (T =  298.2 K).
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The solubilities and derived transfer chemical potential d a ta  for the  per

chlorate and iodide salts of the [Fe2 (pm k)3 ]'*‘'' for m ethanol-w ater m ixtures are 

given in Table 5.5. The transfer chemical potential trends are shown in Figure 

5.9, w ith data  for comparison

The agreement between the d a ta  obtained for the two salts in m ethanol is 

reasonable up to  60% m ethanol, bu t considerably less so for 80% and  1 0 0 %. 

The results in these m edia are dependant not only on the assum ption about 

negligible ion-pairing bu t also on the accuracy of the transfer chemical poten

tial d a ta  for the iodide and perchlorate counter-ions. Any error in  these is 

m ultiplied four times when transm itted  to  the value derived for the cation.

R ather surprisingly, the [Fe2 (pm k)3 ]'*''' cation is destabilised on transfer 

from water to w ater-m ethanol m ixtures. The extent of this destabilisation 

is of a similar m agnitude to  th a t seen for more hydrophilic species such as 

[Fe(CN)4 (bipy)]^“ and even [Fe(CN)s(NO))^". The hydrophilicity conferred 

by the 4-f charge m ust therefore overwhelm the hydrophobicity of the  essen

tially hydrocarbon periphery. It may be th a t solvent struc tu ra l effects are of 

greater significance for these exceptionally large complex ions. M easured sol

vation trends may therefore be significantly different from those ex trapolated  

from mononuclear analogues.

Iron(II) chemistry is clearly an area which, at present, is unable to  provide 

a sufficient variety of stable binuclear complexes to  probe solvation trends. A 

relatively wide variety of binuclear Co(III) complexes exist and transfer 

chemical potential trends for several such complexes in m ethanol-w ater m ix

tures are given in Table 5.6, and illustrated  in Figure 5.10.

The trends shown in this Figure are generally consistent w ith the  charge 

and hydrophobic/hydrophilic criteria used for mononuclear analogues. Thus,
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the highly hydrophilic [(ox)2 Co(/x-OH)2 Co(ox)2 ]'̂ ~ anion is quite dram atically 

destabilised on addition of m ethanol.

Several ra ther encouraging trends can be seen from this Figure when one 

compares m ono- and binuclear complexes. Firstly, trends for [(H3 N)3 Co(/x- 

C 0 3 )( /i- 0 H)2 Go(NH3 )3 ]^^ and [(H3 N)4 Co(/x-NH 2 )(/x-0 H)Co(C 0 3 )2 ], a ra ther 

similar pair of binuclear species, are close to th a t for 2 moles of their m ononu

clear analogue [Co(NH3 )4 (C 0 3 )]‘̂ . The difference between the trends for the 

[(H3 N)4 Co(/i-N H 2 )(/2- 0 H)Co(NH 3 )4 ]'*+ binuclear complex and its dien ana

logue is similar to  th a t between the trends for [Co(NH3 )6 ] ‘̂*' and [Co(en)3 ]^+.

Trends for a considerably larger range of binuclear complexes need to  be 

established before detailed understanding is achieved. In particu lar, groups in 

term inal and bridging positions may have significantly different affects.
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Vol % MeOH : 0 2 0 40 60 80 1 0 0

[Fe2(pmk)3](C104)4

Abs.sat.soln.

(salt)

4 6 ^ /  (C IO ;) “

(cation)

5.25 3.47

+5.2

+0.4

+4.8

2.56

+8.9

—0 . 8

+9.7

1.98

1 2 . 1

2.4

+9.7

1.67

14.1

+9.2

+4.9

0.165

42.9

+25.2

+17.7

[Fe2 (pm k)3 ](I) 4  

Abs.sat.soln. 

8m^l^ (salt)

( I - )  “

6 ^ / 2  ̂ (cation)

27.5 2 0 . 1

+3.9

-0.4

+4.2

14.7

+7.8

+ 0 . 8

+7.0

7.65

+15.9

+4.0

+11.9

2.14

+31.6

+13

+19

0.40

+52.4

+28

+24

M ean (cation) — +4.6 +8.4 + 1 0 . 8 + 1 2 + 2 1

Taken from ref. [40].

T a b le  5.5 Solubilities and transfer chemical potentials for [Fe2 (pm k)3 ]'̂ '̂  

in water-M eOH m ixtures (kJ mol“ ;̂ 298.2 K).
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F ig u re  5.9 Transfer chemical potentials trends for the binuclear

iron(II) complexes in water-m ethanol mixtures.
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Vol %  MeOH : 0 2 0 4 0 6 0

[ ( H 3 N ) 4 C o ( / / - N H 2 ) ( m - O H ) C o ( N H 3 ) 4 ] ( C 1 ) 4

(salt) — + 9 . 4 + 2 0 . 4 + 5 2 . 5

( C 1 - )  “ — + 0 . 8 + 2 . 0 + 7 . 5

(cation) — + 6 . 2 + 1 2 + 2 3

[ ( H 3 N ) 3 C o ( A i - O H ) 2 ( A i - C 0 3 ) C o ( N H 3 ) 3 ] ( C 1 0 4 ) 2

6 m (salt) — + 8 . 6 + 1 1 . 5 + 1 8 . 5

6 m ( c i o ; )  “ — + 0 . 1 - 0 . 1 + 0 . 3

6 m ( c a t i o n ) — + 8 . 4 +  1 1 .7 + 1 7 . 9

[(dien)Co(/x-OH)2(/i-C0 3 )Co(dien)] ( 0 1 0 4 ) 2

(salt) — + 1 . 2 + 3 . 8

6 m /  ( c i o ; )  “ — + 0 . 1 - 0 . 1

6 m /  (cation) — +  1 . 0 + 4 . 0

[ ( H 3 N ) 4 C o ( / i - O H ) ( M - N H 2 ) C o ( C 0 3 ) 2 ]

6 m /  (complex) — + 8 . 2 + 1 5 . 8 + 2 6 . 7

[(ox)2Co/i-OH)2Co(ox)2](C104)2

6 m /  (salt) — + 1 . 2

6 m /  (CIO;) “ — + 0 . 1

6 m /  (cation) — + 2 6

“ Taken from ref. [40].

Table 5.6 Transfer chemical potentials for the 

binuclear Co(III) complexes in water-MeOH mixtures (kJ mol“ ;̂ 298.2 K).
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OH

co,\
KH^NljCo'^OH-COCNH^J**

OH

kJ mof^

®° vol % MeOH40

F ig u re  5 ,10  Transfer chemical potentials trends for the  binuclear

cobalt(II) complexes in w ater-m ethanol m ixtures.
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C hapter 6

Reactivity o f Binuclear 

Iron(II)-d iim ine Complexes



6.1 In trod u ction .

In the previous C hapter the extent of the m etal-m etal interaction was exam

ined. The selective oxidation of one of these m etal centres introduces the  pos

sibility of forming a mixed valence complex. Such structures have been partic

ularly useful as models for inner-sphere electron transfer transition  states.

The classification of binuclear mixed valence complexes was introduced in 

1967 It divides them  into three classes depending on the extent of electron 

delocalisation between the m etal centres. Class 1 compounds are those in which 

there is essentially no delocalisation (the m etals having discrete valences), with 

a prohibitively large barrier to  electron transfer. Class 111 complexes are essen

tially fully delocalised, w ith the m etal centres having equal (often fractional) 

formal oxidation states. The HOMO now incorporates bo th  m etal centres and 

bridging ligands, w ith the electron transfer being from a m etal-ligand bonding 

to antibonding orbital. Only for Class 11 species is electron transfer m eaning

ful, where the m etal centres retain  the properties of the discrete valence Class 

1  species, bu t the much greater delocalisation is often accompanied by a m etal 

to m etal charge transfer (M M CT) band in the near-lR . It is from the  shape 

and solvatochromism of this band th a t classification is often made

Complex stability in solution has therefore become one of the m ain consid

erations in the design of potential mixed valence binuclear complexes. Conse

quently, ligand (and hence spin) constraints have m eant th a t the vast m ajority  

of mixed valence complexes involve Ru '̂*’/®'̂  centres, although growing num ber 

of species are being reported In particular, the discovery tha t

oxygen-bridged binuclear sites occur in m any non-hem e proteins and enzymes 

has led to  a resurgence in models for such sites

130



In this C hapter the reactivity of several binuclear iron(II) complexes is ex

am ined and com pared w ith m ononuclear analogues. On the basis of the results 

from this, prelim inary redox studies are reported.
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6.2 Experim ental.

The binuclear cations [Fe2 (LL)3 ]'̂ '̂  (LL =  paa, pmk, and pbk) were prepared 

as described in the previous Chapter. The required hydroxide and chloride 

solutions were prepared from  the respective sodium  salts (AnalaR).

The kinetics were m easured at 298.2 K and, unless otherwise s tated , at zin 

ionic streng th  of 0.33 mol d m “  ̂ (NaCl). The reaction was analysed from  the 

decrease in  absorbzmce of the  iron(II)-diim ine complex against tim e, and was 

followed for 2.5 half-lives. T he concentration of hydroxide was much greater 

th an  th a t of the  iron(II) complex. Good first-order kinetics were observed over 

the sta ted  range w ith

-  =  U.[complexl

Observed first-o rder ra te  constants for the base hydrolysis of the [Fe2 (pbk)3 ] ^  

cation were obtained on a H i-Tech Scientific stopped-flow machine (Model S F - 

3L) by 0 . D. H ubbard. All o ther kinetic m easurem ents were obtained on either 

the HP 8451A or SP 1800 spectrophotom eters described in Section 2.3.

Electrochem ical m easurem ents were conducted as described in Section 2.3.6.

R R

N — N

R=H (paa) 
R=Mc (pmk) 
R=Ph (pbk)
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6.3 R esults and Discussion.

6.3.1 N ucleophilic Attack.

The kinetics of base hydrolysis of, and nucleophilic attack, a t iron(II)-d iim ine 

complexes have been extensively studied. Rates of hydrolysis of the  parent 

diimine complexes [Fe(bipy)3 ]̂ '̂  and [Fe(phen)3 ]̂ "'" gave the fam iliar rate  

law w ith an ascending power series for the nucleophile concentration and a 

unim olecular aquation term  (ki)

ko6a =  ki +  k 2 [Nu ] +  k3 [Nu Y  4- k 4  [Nu +

with k3  and higher term s only being im portan t a t high nucleophile concentra

tions (or in some solvent m ixtures). Subsequently, base hydrolysis reactivity of 

a large range of bis-diazadiim ine ligand complexes (1-4) and several Schiff-base 

b identate (5), trident ate (6 ), linear hexadentate (7), semi cage (8 ) and finally 

fully encapsulated Schiff-base diimine complexes (9-10) have been reported  (see 

Scheme 6.1 for ligand formulae). The ra te  constants for hydrolysis span over 

nine orders of m agnitude for these complexes Even for the closely related 

b identate complexes, (1-4), rate  constants span 6  orders of m agnitude

Solvent modification of reactivity for m any of these complexes has subse

quently been analysed satisfactorily into in itia l- and tran sitio n -s ta te  contribu

tions for a variety of binary aqueous solvent m ixtures Kinetics in  he t

erogeneous microemulsion systems have also been reported The presence

of added cosolvents does not drastically alter the ra te  law (and presum ably the 

mechanism) of nucleophilic attack for the m ajority  of these complexes except 

th a t in organic cosolvent rich media k3  and k4  term s become more prom inent. 

In contrast, microemulsions have been shown to alter the  norm al first-o rder
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nucleophile dependence to zero-order for hydroxide attack at the hexadentate 

complex [Fe(hxsbH)]^'^

The exact m echanism  of nucleophilic a ttack remains one of some controversy 

(1 6 6 )̂  w ith initial nucleophilic attack either a t the central m etal atom  or at 

the ligand Early evidence in support of the la tte r route came predom 

inantly  from spectroscopic and kinetic experiments More recently, nm r

experim ents and MO calculations have been used to speculate as to 

the most likely site of a ttack  (or deprotonation). The proposed reaction scheme 

for base hydrolysis of the [Fe(bipy)]*'*' cation is illustrated  below

- i r

HO

(CH)

HO

(PB)

(NN)iîjr ^

r

(NN)îi|r Y

HO r f ^ N HO ( f ^ N

products products

134



The initial equilibrium  (Kg) involves the form ation of a covalent hydrate (or 

solvate in protic media) by the addition of H— OH (R— OH) across the C=N . 

It has been noted th a t this is very similar to  the product of direct hydroxide 

attack  a t the ligand Subsequent addition of base involves deprotonation to  

form the  pseudo base (PB). Intram olecular hydroxide transfer to the iron leads 

eventually to the products.

Although an identical m echanism for this ligand attack approach is unlikely 

for all of the various types of diimine ligands, the fast pre-equilibrium  between 

the complex and some sort of ligand substitu ted  in term ediate rem ains central. 

Persuasive but not incontrovertible evidence has been reported which favours 

such interm ediates, although as yet, only for highly activated ring systems, 

such as those illustrated  (11-12), has the equilibrium  constant been of sufficient 

m agnitude for any interm ediates to  be seen spectroscopically
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N - N N - N

=  N N=r=  NN = r

1 3

4

N —  Rl
N — RR —  N

5 6

7 (hxsfaH)

^ 3

I
CEÎ3

gmi

CHg

OÎ3

bmi

S ch em e  6 . 1  General ligand form ulae.
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B
I

X
Bex cage 

9

NO

11

—1 2+

C3N3 cx cage

10 12

S ch em e  6 . 1  (cont.) General ligajid formulae ^
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Cyanide attack.

The reaction of [Fe2 (pm k)3 ]̂ '*‘ w ith cyanide should theoretically lead to  the for

m ation of binuclear ternary  iron-cyanide-diim ine complexes in an analogous 

m anner to the preparations undertaken in  C hapter 3. After reaction, definitive 

product assignment was not possible because of the very complicated product 

distribution. M odifications to  Schilt’s m ethod were unsuccessful in cleanly 

separating b is- and te tra-cyano  complexes. P artial product separation was 

achieved by eluting the reaction m ixture on an alum ina column, firstly w ith 

dichlorom ethane and finally m ethanol -  leaving excess KCN on the column. The 

MeOH and CH 2 CI2 fractions were ro tary  evaporated to dryness and analysed. 

The UV/ visible spectra, solvatochromie shifts and TLC traces all appeared to  

indicate single products for bo th  fractions, bu t and NMR spectra were 

incom patible w ith any proposed products -  possibly due to  the incorporation 

of cyanide nucleophiles into the organic ligand framework. Further purification 

of the m ethanol fraction was achieved by eluting a concentrated aqueous so

lution down an anion exchange column (DEAE Sephadex) initially with water 

and finally w ith aqueous KI (0.1 mol dm “^). From their relative mobilities it 

appeared th a t the fractions contained anions of 2 -  and 4 - charge respectively, 

although again, structures rem ained unresolved because of incom patible NMR 

data.

Scheme 6.2 shows several interm ediates th a t are possible from  the reaction 

of cyanide w ith the [Fe2 (pm k)3 ]'̂ '̂  cation. After substitu tion of one diimine 

moiety by 2 CN~ nucleophiles at one end of the binuclear complex, additional 

nucleophilic a ttack  can occur at 3 distinct sites. If substitu tion occurs at the 

o ther end of the diimine ligand then  a d i-bridged binuclear complex results.
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Attack can also occur at the 2 other diimine units leading to  2 m ono-bridged 

geometric isomers w ith a pendant arm  bonded to  each iron centre. Each m etal 

centre in the respective isomer has the same configuration; both  are shown in 

Scheme 6.3.

The problem  of product assignment is much easier for base hydrolysis of 

these low-spin iron(II)-d iim ine complexes, w ith the iron(II)-hydroxide being 

oxidised by dissolved oxygen to  give ultim ately FegOs.nHgO. The kinetics of 

base hydrolysis for several of these binuclear complexes follows.
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- lO

I
14 -

- ] 2 -

A

B

S ch em e 6.2 Reaction scheme of possible products for the reaction 

between the [Fe2 (pm k)3 ]'̂ '̂  cation and cyanide.
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B

N — N

S ch em e  6 .3  Diagram  showing the di-bridged isomers following cyanide attack.
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Base H ydrolysis.

The hydrolysis of the [Fe2 (pm k)3 ]'*‘'' and [Fe2 (pbk)3 ] ‘̂'' cations bo th  occur in  two 

stages. For the la tte r complex, it was possible to  merge these two processes into 

a single exponential by altering the hydroxide concentration. For the  former, 

the rates of these two processes are so different th a t both  can be m easured w ith 

some confidence. The reaction involves the fast conversion to  an interm ediate 

followed by slow decomposition to  the products. The la tte r step is taken as 

the observed first-order ra te  constant which is given in Table 6.1. E stim ated 

second-order ra te  constants are also included in this Table. Figure 6.1 puts 

these estim ated second-order ra te  constants into perspective w ith existing d a ta  

on m ononuclear iron(II)-diim ine complexes.

Altering the R -group from Me to H to Ph results in ra te  constants d ra

m atically changing by a factor of ca. 10®. Such a substituent effect on ra te  

constants is considerably larger than  for the other structures given in Figure 

6.1. Presum ably steric effects here m ust be more im portan t than  for m ononu

clear analogues because of the geometrical constraints imposed by the binuclear 

nature of the cations.

Complex “ [OH ] /  mol dm ^ K b s  /  s - i k2 /  mol 4 dm^ s ^ Logio (k2)

[Fe2(paa)3]^+ 0.02 5.0 X 10-4 2.5 X 10-2 -1.6

[Fe2(pmk)3]'^+ 0.08 2.0 X 10-5 2.5 X 10-4 —3.6

[Fe2(pbk)3]^+ 0.02 2.4 120 2.1

“ Ligand formulae defined in text.

Table 6.1 Observed first-order, and estimated second-order rate constants 

for the base hydrolysis of binuclear iron(II) cations (298.2 K).
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The spectroscopic changes th a t take place when hydroxide is added to a 

solution of [Fe2(pmk)3]4+ are shown in Figure 6.2. On addition, complete con

version to  an interm ediate occurs (kgb. =  ca. 3 x 10^ s~4j [0H~] =  0.01 mol 

dm"®) w ith corresponding changes in Xmax from  506 nm  (e =  1.5 x lO^) to  520 

nm  (e — 1.2 x lO**). This conversion exhibits pH reversibility, reconversion to  

[Fe2(pmk)3]4+ is achieved on addition of acid.

W ith  a -\-4 charge it is likely th a t ion-pairing with anions will occur in so

lution. No spectroscopic changes are observed on addition of concentrated (1.0 

mol dm~®) solutions of anions (X =  Cl“ , F~ and SO^” ) however. Therefore, 

the observed changes in the UV/ visible spectrum  are not due to ion-pairing. 

Instead, they m ust be due to  an interm ediate formed by the direct interaction of 

the hydroxide ion with the complex. W hether this process involves nucleophilic 

attack a t the ligand (as shown above), or ligand deprotonation is unclear. Cer

tainly, there are no acidic C— H protons, or electrophilic carbon atoms obvious 

from the ^H and spectra reported in the previous C hapter.

The ra te  constant for the form ation of this interm ediate is such th a t lig

and deprotonation most likely, with the hydroxide acting as a base ra ther th an  

a nucleophile. In either case, the -f-4 charge will electrostatically favour such 

a pre-equilibrium , and could consequently lead to a high interm ediate con

centration. Additionally, it would appear from the UV/visible spectrum  th a t, 

irrespective of the exact na tu re  of the interaction, both  iron centres are affected 

equally by the addition of 0H ~ . This m ust be the result of either a sym m etrical 

interaction at each end of the complex or, less likely, incorporation of 0 H “ into 

the in te r-m eta l cavity.

The [Fe2(pmk)3]4+ cation is extremely stable in water at pH 7. Solvolysis 

of this cation occurs in binary aqueous solvents containing protic m edia (i.e.
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alcohol-w ater m ixtures) to  give a stable iron(II) complex w ith significantly 

different X^ax and e values. The rate constants for these solvolysis reactions is 

dependent on the cosolvent present, bu t typically, almost complete conversion 

occurs in ca. 120 m inutes. The spectroscopic properties (e and A„iaa,) also 

depend on the nature  of the cosolvent used. Solvolysis leads to  a product w ith 

a smaller Xmax and a larger extinction coefficient; values for MeOH and Bu*OH 

are 481 and 476 nm. Consistent values for the extinction coefficients were 

unobtainable, bu t are around 10% larger than  for the [Fe2(pmk)3]4+ cation. On 

prolonged standing, solid samples reconverted back to  the [Fe2(pmk)3]4+ cation. 

The ra te  of this reconversion varied slightly with tem perature and with pressure 

(i.e. in a dessicator).

Samples of these solvolysis products were isolated as their PFg salts. Satis

factory elem ental analysis of these salts could not be achieved. Dissolution in 

water did not lead to the  reconversion to  the [Fe2(pmk)3]4+ cation. Instead, bo th  

solutions are stable for several days at pH 7. Base hydrolysis of the MeOH and 

Bu^OH solvolysed samples is first-order. First-order ra te  constants ([0H~] =

0.1 mol dm “2) are 1.4 x 10“® s“ 4 and 5.2 x 10“® s~^ respectively. No significant 

spectroscopic changes are seen during the reaction except for the absorbance 

decrease norm ally associated w ith reactions of this type.

The above description of the  reactivity of the binuclear pm k cation is there

fore consistent w ith m any of the  ideas proposed by Gillard viz. covalent hydrates 

and pseudo bases, and is clearly an area which w arrants fu rther investigation.

Complicated ra te  laws can arise from the existence of interm ediates of re

duced coordination having significant lifetimes. In particular, interm ediates in 

which one iron-nitrogen bond is rup tured , so th a t the ligand is still bound to  

the iron via a b identate chelating unit, may be sufficiently stable to  give consec

144



utive kinetics. The acid hydrolysis of [Fe(bipy)3 ]2 4 ' [̂ "̂ 4] exhibits such biphasic 

kinetics. Here, after the initial conversion to the interm ediate good first-order 

kinetics are observed for 3 half-lives, w ithout the evidence to  suggest further 

interm ediates. Decomposition of bo th  iron(II)-diim ine units therefore occurs 

in a single stage.

M ean observed first-o rder ra te  constants (Table 6.2) calculated from the 

decay of spectrum  B are reported as functions of hydroxide concentration and 

solvent composition in Table 6.2. These observed first-order ra te  constants are 

shown in Figure 6.3 . As can be seen from this Figure, the da ta  can only be 

accom m odated w ith the inclusion of k3  and possibly higher term s. Even in 

w ater, the  kinetics deviate to  a small, bu t nevertheless significant, degree from 

a linear dependence.

Figure 6.1 puts these estim ated second-order ra te  constants into perspective 

w ith existing d a ta  on mononuclear iron(II)-diim ine complexes.
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bipym

pbk

log kj 

4 2

bipy
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BCx
cagehxsbPh
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vol % 
MeOH

20 6040 10080
water

- 2

-4

vol % DMSO

F ig u r e  6 .1  Com parisons of ra te  constants for base hydrolysis 

for iron(II)~diim ine complexes.
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40% DMSO

10.0

obs

5.0

40% 'PrOH

20% DMSO

20% 'PrOH

water

40% MeOH
- 8-o

0.300.200.10

F ig u re  6 .3  Observed first-o rder ra te  constant trends for the base hydrolysis 

of the  [Fe2 (pnik)3 ]̂ '*' cation in binary aqueous solvent m ixtures.
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In terpreta tion  of these ra te  constants is clouded by the complexity intro

duced because of the coupled pre-equilibrium  and subsequent reaction. Cer

tainly, the ki term  is no longer a true reflection of the solvolysis of the [Fe2 (pm k)3 ]̂ "̂  

cation.

Solvent acceleration of the  base hydrolysis is, as expected, in  line w ith the 

increased chemical potential of the hydroxide ion in various binary aqueous 

m ixtures. Such increases in chemical potential reflect a decrease in solvation 

of the highly hydrated hydroxide ion, and hence an increase in its effective 

nucleophilicity. Estim ated k 2 values in binary aqueous m ixtures are shown in 

Figure 6.1.

The slight discrepancy between observed first-order ra te  constants in water 

and 40% MeOH are due to the competing solvolysis of the complex (see above). 

For the la tte r solvent m ixture the ra te  constant for base hydrolysis is of a similar 

m agnitude to  th a t of solvolysis. The base hydrolysis ra te  enhancem ent afforded 

by the o ther solvent m ixtures is such th a t the two processes are kinetically 

distinct, w ith the ra te  of base hydrolysis being the fastest route.

6.3.2 R edox Behaviour.

The preceeding section has established the stability of the [Fe2 (LL)3 ]^‘*' (LL 

=  paa, pm k, pbk) cations in aqueous solution. The only suitable candidate 

for a mixed valence complex, using the stability of each complex in aqueous- 

containing m edia as the prim e criterion, is th a t derived from the  pmk ligand. 

The redox behavior of this cation is therefore analysed below by ‘w et’ and 

electrochemical techniques.

Complete oxidation of the [Fe2 (pm k)3 ]'*'*‘ cation needed 1 2  equivalents of the 

C e(IV )/H 2 S0 4  oxidant. No clear m etal-centred  oxidation process was observed.
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This m ost probably involved the oxidation of the — CH 3  groups to  — CH 2 OH 

in analogy w ith th a t observed for several mononuclear complexes

O xidation w ith either 1  or 2  equivalents of S2 0 g" was extremely slow (kob, 

=  ca. lOr^ s~^, w ith [S2 0 8 l^~ =  1  x 10“ '* mol dm “^). In contrast to  Ce(IV) 

the repeat scan UV/ visible spectrum  showed m etal-centred  oxidation, but the 

ra te  of oxidation was too slow to  distinguish w ith any great certainty between 

oxidation and solvolysis pathways.

E lectrochem istry.

Electrochem istry in non-aqueous solvents has proved to  be a far more effective 

m ethod w ith which to  achieve m etal oxidation of mononuclear iron(II)-diim ine 

complexes w ithout complications from ligand-centred  processes.

The cyclic voltam m ogram s of the ligands (1-3) are shown in Figure 6.4. 

Clearly, no analogous ligand oxidation to  th a t observed above occurs here. An 

irreversible reduction does occur however for all three ligands between approx

im ately 1.3 to  1.6 V. Upon coordination to  the redox-inactive Zn̂ "*" cation, 

further redox processes occur as shown in Figure 6.5(b). Here, 2  irreversible 

reductions take place a t approxim ately -1.5 V. These, and the oxidations noted 

above most probably correspond to the addition or removal of electrons from 

the pyridine tt electron system. Figure 6.5(b) shows the cyclic volt ammogr am  

of the [Co2 (pm k)3 ]'*"*" cation, which again has several irreversible reductions be

tween -1 .0  and -1 .5  V. In  addition, two irreversible reductions at ca. -0 .7  V and 

a quasi-reversible oxidation at ca. 4-0.5 V also occur. The la tte r feature is most 

probably associated w ith the Co^^ ^  Co^+ redox couple, w ith no indication of 

a stable mixed valence species.

Cyclic volt ammogr ams of the binuclear [Fe2 (pm k)3 ]^+ cation are shown in

151



Figure 6 . 6  as a function of the scan rate. From this Figure it can be seen th a t 

there is no clear indication of a mixed valence cation, although one can presum e 

th a t the waves at positive potential are associated with m etal oxidation. More 

interestingly, several reductive processes occur between -0 .5  and -1 .4  V. The 

stability of the reduction products is seen as a function of the scan ra te , w ith 

two distinct waves at low scan rates merging into a single wave as the scan ra te  

increases. Products from such a reduction are extremely difficult to  identify 

at this stage and could involve ligand radicals or even possibly iron(I) m etal 

centres.
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- 1.0 1.0 V

B

F ig u r e  6 .4  Cyclic voltam m ogram  for the tardent ate ligands; (a) paa (b) pmk (c) pbk.
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- 1.5 -1.0
V

1.0
"T"

(a)

(b)

F ig u r e  6 .5 Cyclic voltam m ogram s for the [M2 (LL)3 ]'*'*~ 

cations; M =  (a) : Zn^"  ̂ , (b) : Co^"'".
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- 1.0 0 1.0

a)

(b)

c)

(c)

F ig u re  6 . 6  Cyclic voltam m ogram s for the [Fe2 (pm k)3 ]̂ '*' cation; 

scan ra te  =  ; (a) 50 mV s~^ , (b) 100 mV (c) 200 mV s~^.
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A ppendix A
Crystallographic Data for  

the K2[Fe(CN)^(en)].3H20 Complex



B o n d  l e n g th s

B o n d  a n g le s  a n d  l e n g th s  fo r  t h e  K 2  [F e ( C N )4 ( e n ) ] .3 H 2 0  c o m p le x .

B o n d  A n g le s

N ( l ) — F e 2 .0 6 7 (1 1 ) N ( 2 ) — F e 2 .0 8 3 (1 0 )

C ( 3 ) — F e 1 .9 1 1 (1 1 ) C ( 4 ) — F e 1 .9 1 7 (1 2 )

C (5 )— F e 1 .8 7 8 (1 3 ) C ( 6 ) — F e 1 .9 2 1 (1 1 )

H ( 3 1 ) - N ( l ) 1 .0 8 0 (0 ) H (3 2 )— N ( l ) 1 .0 8 0 (0 )

C ( l ) - N ( l ) 1 .4 6 8 (1 8 ) H (4 1 )— N (2 ) 1 .0 8 0 (0 )

H (4 2 )— N (2 ) 1 .0 8 0 (0 ) C ( 2 ) - N ( 2 ) 1 .4 5 0 (1 9 )

N ( 3 ) - C ( 3 ) 1 .1 3 3 (1 3 ) N ( 4 ) - C ( 4 ) 1 .1 2 8 (1 4 )

N ( 5 ) - C ( 5 ) 1 .1 6 4 (1 6 ) N ( 6 ) - C ( 6 ) 1 .1 6 1 (1 3 )

H ( l l ) - C ( l ) 1 .0 8 0 (0 ) H ( 1 2 ) - C ( 1 ) 1 .0 8 0 (0 )

C ( 2 ) - C ( l ) 1 .4 4 9 (1 9 ) H ( 2 1 ) — C (2 ) 1 .0 8 0 (0 )

H (2 2 )— C (2 ) 1 .0 8 0 (0 ) H ( l ) - 0 ( 1 ) 0 .9 3 9 (0 )

H ( 2 ) - 0 ( l ) 0 .9 4 5 (0 ) H ( 3 ) - 0 ( 2 ) 1 .1 6 (1 1 )

H ( 4 ) - 0 ( 2 ) 0 .7 7 (1 0 ) H ( 5 ) - 0 ( 3 ) 0 .8 4 0 (0 )

H ( 6 ) - 0 ( 3 ) 0 .8 8 5 (0 )

N (2 )— F e — N ( l ) 8 2 .3 (3 ) C ( 3 ) — F e — N ( l ) 8 8 .7 (5 )

C ( 3 ) — F e — N (2 ) 8 8 .3 (4 ) C ( 4 ) — F e — N ( l ) 1 7 3 .8 (5 )

C ( 4 ) — F e — N (2 ) 9 2 .7 (4 ) C ( 4 ) — F e — C (3 ) 8 7 .5 (5 )

C (5 )— F e — N ( l ) 9 2 .9 (5 ) C ( 5 ) — F e — N (2 ) 1 7 5 .2 (5 )

C ( 5 ) — F e — C (3 ) 9 0 .6 (5 ) C ( 5 ) — F e— C (4 ) 9 2 .0 (5 )

C (6 )— F e — N ( l ) 8 9 .7 (5 ) C ( 6 ) — F e— N (2 ) 9 0 .4 (4 )

C (6 )— F e — C (3 ) 1 7 8 .0 (5 ) C ( 6 ) — F e— C (4 ) 9 4 .0 (5 )

C ( 6 ) — F e — C (5 ) 9 0 .6 (5 ) H (3 1 )— N ( l ) - - F e 1 0 9 .5 (3 )

H (3 2 )— N ( l ) — F e 1 0 9 .3 (3 ) H (3 2 )— N (1 )-- H ( 3 1 ) 1 0 9 .5 (0 )

C ( l ) — N ( l ) — F e 1 0 9 .4 (8 ) C ( 1 ) - N ( 1 ) - -H (3 1 ) 1 1 0 .0 (7 )

C ( l ) — N ( l ) — H (3 2 ) 1 1 0 9 .1 (8 ) H (4 1 )— N (2 )-- F e 1 0 9 .4 (3 )

H (4 2 )— N ( 2 ) — F e 1 0 9 .4 (3 ) H (4 2 )— N (2 )-- H ( 4 1 ) 1 0 9 .5 (0 )

C ( 2 ) — N ( 2 ) — F e 1 0 9 .2 (7 ) C ( 2 ) - N ( 2 ) - -H (4 1 ) 1 1 0 .1 (7 )

C ( 2 ) — N ( 2 ) — H (4 2 ]1 1 0 9 .2 (7 ) N ( 3 ) - C ( 3 ) - -F e 1 7 8 .8 (1 0 )

N (4 )— C ( 4 ) — F e 1 7 4 .0 (1 0 ) N ( 5 ) - C ( 5 ) - -F e 1 7 6 .3 (1 1 )

N (6 )— C ( 6 ) — F e 1 7 6 .5 (1 2 ) H ( l l ) - C ( l ) - - N ( l ) 1 0 8 .9 (8 )
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H (1 2 )— C ( l ) — N ( l ) 1 0 9 .0 (8 ) H ( 1 2 ) — 0 ( 1 ) — H ( l l ) 1 0 9 .5 (0 )

C ( 2 ) - C ( l ) - N ( l ) 1 1 1 .6 (1 3 ) 0 ( 2 ) — 0 ( 1 ) — H ( l l ) 1 0 8 .9 (8 )

0 ( 2 ) — 0 ( 1 ) — H (1 2 ) 1 0 9 .0 (1 0 ) 0 ( l ) - 0 ( 2 ) - N ( 2 ) 1 1 1 .5 (1 4 )

H (2 1 )— 0 ( 2 ) — N (2 ) 1 0 9 .0 (7 ) H (2 1 )— 0 ( 2 ) — 0 ( 1 ) 1 0 8 .9 (8 )

H (2 2 )— 0 ( 2 ) — N (2 ) 1 0 9 .0 (7 ) H (2 2 )— 0 ( 2 ) — 0 ( 1 ) 1 0 9 .0 (9 )

H (2 2 )— 0 ( 2 ) — H (2 1 ) 1 0 9 .5 (0 ) H ( 2 ) - 0 ( l ) - H ( 2 ) 1 0 1 .6 (0 )

H (4 )— 0 ( 2 ) — H (3 ) 9 3 (9 ) H ( 6 ) — 0 ( 3 ) — H (5 ) 9 7 .8 (0 )

N o n - b o n d e d  C o n ta c t s

K ( l ) . . .F e 4 .1 0 6 1 , 0 .0 0 0 0 , 0 .0 0 0 0 , - 1 .0 0 0 0

H (3 1 ) . . .F c 2 .6 3 2 H ( 3 2 ) . . .F e  2 .6 3 0

H (4 1 ) . . .F c 2 .6 4 6 H ( 4 2 ) . . .F e  2 .6 4 6

0 ( 1 ) . ..F e 2 .9 0 5 0 ( 2 ) . . .F e  2 .9 0 3

N ( 3 ) . . .F e 3 .0 4 5 N ( 4 ) . . .F e  3 .0 4 1

N ( 5 ) . . .F e 3 .0 4 1 N ( 6 ) . . .F e  3 .0 8 1

0 ( 4 ) . . .K ( 1 ) 3 .2 0 1 1, 0 .0 0 0 0 , 0 .0 0 0 0 1 .0 0 0 0

0 ( 5 ) . . .K ( 1 ) 3 .2 2 2 1, 0 .0 0 0 0 , 0 .0 0 0 0 1 .0 0 0 0

N ( 4 ) . . .K ( 1 ) 3 .0 5 9 1, 0 .0 0 0 0 , 0 .0 0 0 0 1 .0 0 0 0

N ( 5 ) . . .K ( 1 ) 3 .0 7 4 1 , 0 .0 0 0 0 , 0 .0 0 0 0 1 .0 0 0 0

0 ( 2 ) . . .K ( 1 ) 2 .7 8 2 1 , 0 .0 0 0 0 , 0 .0 0 0 0 1 .0 0 0 0

H ( 4 ) . . .K ( 1 ) 3 .2 0 1 1, 0 .0 0 0 0 , 0 .0 0 0 0 1 .0 0 0 0

0 ( 3 ) . . .K ( l ) 2 .9 1 4 1 , 0 .0 0 0 0 , 0 .0 0 0 0 1 .0 0 0 0

K ( 2 ) . . .K ( 1 ) 4 .1 7 3 2 , 0 .0 0 0 0 , 0 .0 0 0 0 0 .0 0 0 0

0 ( 3 ) . . .K ( 1 ) 3 .3 9 5 2 , 0 .0 0 0 0 , 1 .0 0 0 0 0 .0 0 0 0

N ( 3 ) . . .K ( 1 ) 2 .8 4 0 2, 0 .0 0 0 0 , 1 .0 0 0 0 0 .0 0 0 0

N ( 3 ) . . .K ( 1 ) 2 .8 9 1 0 ( 1 ) . . .K ( 2 )  2 .8 6 8

0 ( 3 ) . . .K (2 ) 3 .3 6 6 1 , 0 .0 0 0 0 , 0 .0 0 0 0 1 .0 0 0 0

K ( 2 ) . . .K ( 2 ) 4 .0 8 7 2 , 0 .0 0 0 0 , 0 .0 0 0 0 - 1 .0 0 0 0

0 ( 3 ) . . .K ( 2 ) 3 .1 9 3 2 , 0 .0 0 0 0 , 0 .0 0 0 0 0 .0 0 0 0

0 ( 4 ) . . .K ( 2 ) 3 .3 0 1 2 , 0 .0 0 0 0 , 0 .0 0 0 0 0 .0 0 0 0

N ( 3 ) . . .K ( 2 ) 2 .9 8 9 2, 0 .0 0 0 0 , 0 .0 0 0 0 0 .0 0 0 0

N ( 4 ) . . .K ( 2 ) 3 .0 5 8 2 , 0 .0 0 0 0 , 0 .0 0 0 0 0 .0 0 0 0

0 ( 1 ) . . .K ( 2 ) 2 .6 8 3 2 , 0 .0 0 0 0 , 0 .0 0 0 0 0 .0 0 0 0

0 ( 2 ) . . .K (2 ) 2 .8 1 4 2 , 0 .0 0 0 0 , 0 .0 0 0 0 0 .0 0 0 0

H ( 3 ) . . .K ( 2 ) 3 .1 9 9 2 , 0 .0 0 0 0 , 0 .0 0 0 0 0 .0 0 0 0

H ( 4 ) . . .K ( 2 ) 3 .2 3 8 2 , 0 .0 0 0 0 , 0 .0 0 0 0 0 .0 0 0 0

0 ( 3 ) . . .K (2 ) 2 .8 7 5 2, 0 .0 0 0 0 , 0 .0 0 0 0 1 .0 0 0 0
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H ( 2 ) . . .K ( 2 ) 2 .9 3 5 2, 0 .0 0 0 0 , 0 .0 0 0 0 , 0 .0 0 0 0

H ( 6 ) . . .K ( 2 ) 2 .2 7 1 2, 0 .0 0 0 0 , 0 .0 0 0 0 , 1 .0 0 0 0

H ( 1 ) . . .K ( 2 ) 2 .451 N ( 2 ) . . .N ( 1 )  2 .7 3 2

C ( 3 ) . . .N ( 1 ) 2 .7 8 2 C ( 5 ) . . .N ( 1 )  2 .8 6 3

C ( 6 ) . . .N ( 1 ) 2 .8 1 5 H (1 1 ) . . .N ( 1 )  2 .0 8 5

H ( 1 2 ) . . .N ( 1 ) 2 .0 8 6 C ( 2 ) . . .N ( 1 )  2 .4 1 2

H (3 2 ) . . .H ( 3 1 ) 1 .7 6 4 C ( 1 ) . . .H ( 3 1 )  2 .0 9 9

C ( 4 ) . . .H ( 3 1 ) 2 .6 4 7 4 , 1 .0 0 0 0 , - 1 .0 0 0 0 ,  0 .0 0 0 0

C ( 3 ) . . .H ( 3 2 ) 2 .5 8 8 C ( 1 ) . . .H ( 3 2 )  2 .0 8 8

H (1 2 ) . . .H (3 2 ) 2 .2 5 3 C ( 3 ) . . .N ( 2 )  2 .7 8 5

C ( 4 ) . . .N ( 2 ) 2 .8 9 6 C ( 6 ) . . .N ( 2 )  2 .8 4 2

C ( 1 ) . . .N ( 2 ) 2 .3 9 7 H ( 2 1 ) . . .N ( 2 )  2 .0 7 1

H ( 2 2 ) . . .N ( 2 ) 2 .0 7 1 H (4 2 ) . . .H ( 4 1 )  1 .7 6 4

C ( 2 ) . . .H ( 4 1 ) 2 .0 8 4 H (2 1 ) . . .H ( 4 1 )  2 .2 5 5

0 ( 1 ) . . .H ( 4 1 ) 2 .2 4 2 H ( 2 ) . . .H ( 4 1 )  1 .8 4 5

C ( 6 ) . . .H ( 4 2 ) 2 .6 4 8 C (2 ) . . .H ( 4 2 )  2 .0 7 4

C ( 5 ) . . .H ( 4 2 ) 2 .5 2 4 4 , 1 .0 0 0 0 , 0 .0 0 0 0 , 0 .0 0 0 0

N ( 5 ) . . .H ( 4 2 ) 2 .5 1 3 4 , 1 .0 0 0 0 , 0 .0 0 0 0 , 0 .0 0 0 0

H (2 2 ) . . .H ( 4 2 ) 2 .2 4 4 C ( 4 ) . . .C ( 3 )  2 .6 4 8

C ( 5 ) . . .C ( 3 ) 2 .6 9 4 C ( 5 ) . . .C ( 4 )  2 .7 2 9

C ( 6 ) . . .C ( 4 ) 2 .8 0 6 C ( 6 ) . . .C ( 5 )  2 .701

H (2 1 ) . . .C ( 1 ) 2 .0 6 9 H ( 2 2 ) . . .C ( 1 )  2 .0 7 0

H (1 2 ) . . .H (1 1 ) 1 .7 6 4 C (2 ) . . .H ( 1 1 )  2 .0 6 9

C (2 ) . . .H ( 1 2 ) 2 .0 7 0 H (2 2 ) . . .H (2 1 )  1 .7 6 4

0 ( 1 ) . . .N ( 4 ) 2 .8 5 4 1, 0 .0 0 0 0 , 0 .0 0 0 0 , - 1 .0 0 0 0

H ( 1 ) . . .N ( 4 ) 2 .3 7 3 1, 0 .0 0 0 0 , 0 .0 0 0 0 , - 1 .0 0 0 0

0 ( 2 ) . . .N (5 ) 2 .8 6 7 2, 0 .0 0 0 0 , 1 .0 0 0 0 , - 1 .0 0 0 0

H ( 3 ) . . .N ( 5 ) 1 .7 1 3 2, 0 .0 0 0 0 , 1 .0 0 0 0 , - 1 .0 0 0 0

H ( 2 ) . . .N ( 6 ) 2 .0 4 4 4 , 1 .0 0 0 0 , - 1 .0 0 0 0 ,  0 .0 0 0 0

H ( 5 ) . . .N ( 6 ) 2 .1 3 7 3 , -1 .0 0 0 0 ,  0 .0 0 0 0 , 1 .0 0 0 0

0 ( 2 ) . . .N (6 ) 2 .9 2 7 3 , -1 .0 0 0 0 ,  0 .0 0 0 0 , 1 .0 0 0 0

H ( 4 ) . . .N ( 6 ) 2 .1 9 2 3 , -1 .0 0 0 0 ,  0 .0 0 0 0 , 1 .0 0 0 0

0 ( 3 ) . . .N ( 6 ) 2 .9 3 9 3 , -1 .0 0 0 0 ,  0 .0 0 0 0 , 1 .0 0 0 0

0 ( 1 ) . . .N (6 ) 2 .9 2 8 4 , 1 .0 0 0 0 , — 1 .0 0 0 0 , 0 .0 0 0 0

H ( 2 ) . . .H ( 1 ) 1 .4 6 0 H ( 4 ) . . .H ( 3 )  1 .4 2 4

H ( 6 ) . . .H ( 5 ) 1 .3 0 1
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N(3)

C(3)

H(32) N(5)

N(1)H(21)
r e

N(4)

HU 2) C(4)

C(1)
C(2) N(2)'

C(6)H(22)
H(11)

H(42)

N(6)

Atom numbered diagram of K2[Fe(CN)4(en)[.3H20 complex.
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A ppendix B
Crystallographic Data for  

the H[Fe(CN)^(bipy)].2H20 Complex



B o n d  le n g th s

B o n d  a n g le s  a n d  le n g th s  fo r  t h e  H [F e (C N )4 ( b ip y ) ] .2 H 2 0  c o m p le x .

B o n d  A n g le s

N ( l ) — F e 1 .9 8 3 (3 ) N ( 2 ) — F e 1 .9 8 4 (4 )

C ( l ) — F e 1 .9 0 9 (5 ) C ( 2 ) — F e 1 .9 5 0 (6 )

C (3 )— F e 1 .9 2 3 (5 ) C ( 4 ) — F e 1 .9 4 1 (6 )

H ( l ) - 0 ( 1 ) 1 .0 1 (6 ) H ( 0 ) - O ( l ) 1 .1 2 (1 2 )

H ( 3 ) - 0 ( 2 ) 0 .6 8 (4 ) C ( 5 ) - N ( l ) 1 .3 5 0 (6 )

C ( 9 ) - N ( l ) 1 .3 4 8 (6 ) C (1 0 )— N (2 ) 1 .3 3 8 (6 )

C (1 4 )— N (2 ) 1 .3 4 3 (6 ) C ( l ) - N ( 3 ) 1 .1 3 4 (5 )

C ( 2 ) - N ( 4 ) 1 .1 4 5 (6 ) C ( 3 ) - N ( 5 ) 1 .1 3 8 (6 )

C ( 4 ) - N ( 6 ) 1 .1 4 5 (6 ) H ( 5 ) - C ( 5 ) 0 .9 3 (5 )

C (6 )— C (5 ) 1 .3 6 6 (7 ) H ( 6 ) - C ( 6 ) 0 .9 1 (5 )

C (7 )— C (6 ) 1 .3 6 7 (8 ) H ( 7 ) - C ( 7 ) 1 .0 2 (5 )

C ( 8 ) - C ( 7 ) 1 .3 6 4 (8 ) H ( 8 ) - C ( 8 ) 0 .8 8 (4 )

C ( 9 ) - C ( 8 ) 1 .3 8 3 (7 ) C ( 1 0 ) — C (9 ) 1 .4 7 0 (7 )

C ( l l ) — C (1 0 ) 1 .3 8 5 (7 ) H ( l l ) - C ( l l ) 0 .8 1 (4 )

C (1 2 )— C ( l l ) 1 .3 7 0 (9 ) H (1 2 )— C (1 2 ) 0 .9 3 (5 )

C (1 3 )— C (1 2 ) 1 .3 4 3 (9 ) H (1 3 )— C (1 3 ) 0 .8 7 (5 )

C (1 4 )— C (1 3 ) 1 .3 6 9 (8 ) H (1 4 )— C (1 4 ) 0 .9 2 (5 )

N (2 )— F e — N ( l ) 8 0 .8 (2 ) C ( l ) — F e— N ( l ) 1 7 6 .5 (2 )

C ( l ) — F e — N (2 ) 6 .1 (2 ) C (2 )— F e— N ( l ) 9 1 .3 (2 )

C (2 )— F e — N (2 ) 9 0 .1 (2 ) C (2 )— F e — C ( l ) 8 7 .1 (2 )

C (3 )— F e — N ( l ) 9 7 .6 (2 ) C (3 )— F e — N (2 ) 1 7 8 .3 (2 )

C (3 )— F e— C ( l ) 8 5 .5 (2 ) C ( 3 ) — F e— C (2 ) 9 0 .5 ( 2 )

C (4 )— F e— N ( l ) 9 1 .7 (2 ) C ( 4 ) — F e— N (2 ) 9 2 .3 ( 2 )

C (4 )— F e— C ( l ) 9 0 .0 (2 ) C ( 4 ) — F e— C (2 ) 1 7 6 .5 (2 )

C ( 4 ) — F e — C (3 ) 8 7 .2 (2 ) H ( 0 ) - O ( l ) - - H ( l ) 8 4 ( 5 )

C ( 5 ) — N ( l ) — F e 1 2 5 .9 (4 ) C ( 9 ) - N ( l ) - -F e 1 1 5 .1 (3 )

C ( 9 ) - N ( l ) - C ( 5 ) 1 1 9 .0 (4 ) C (1 0 )— N (2 )-- F e 1 1 5 .7 (3 )

C (1 4 )— N ( 2 ) — F e 1 2 6 .1 (4 ) C (1 4 )— N (2 )-- C ( I O ) 1 1 8 .2 (5 )

N (3 )— C ( l ) — F e 1 7 8 .1 (5 ) N ( 4 ) - C ( 2 ) - -F e 1 7 6 .2 (5 )

N (5 )— C ( 3 ) — F e 1 7 8 .3 (5 ) N ( 6 ) - C ( 4 ) - -F e 1 7 6 .9 (6 )

H ( 5 ) - C ( 5 ) - N ( l ) 1 1 4 .8 (2 8 ) C ( 6 ) - C ( 5 ) - - N ( l ) 1 2 1 .6 (6 )

C (6 )— C ( 5 ) — H (5 ) 1 2 3 .5 (2 9 ) H ( 6 ) - C ( 6 ) - - C ( 5 ) 1 1 5 .3 (2 9 )

C (7 )— C ( 6 ) — C (5 ) 1 1 9 .6 (6 ) C ( 7 ) - C ( 6 ) - - H (6 ) 1 2 5 .0 (2 9 )
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H ( 7 ) — C ( 7 ) — C (6 )  1 1 9 .2 (2 7 ) 0 ( 8 ) — 0 ( 7 ) — 0 ( 6 ) 1 1 9 .2 (6 )

C ( 8 ) — C ( 7 ) — H (7 )  1 2 1 .5 (2 7 ) H ( 8 ) — 0 ( 8 ) — 0 ( 7 ) 1 2 2 (3 )

C ( 9 ) — C (8 )— C (7 )  1 1 9 .8 (6 ) 0 ( 9 ) — 0 ( 8 ) — H (8 ) 1 1 8 (3 )

C ( 8 ) — C ( 9 ) — N ( l )  1 2 0 .7 (5 ) 0 ( 1 0 ) — 0 ( 9 ) — N ( l ) 1 1 4 .3 (4 )

C ( 1 0 ) — C ( 9 ) - - 0 ( 8 )  1 2 5 .0 (5 ) 0 ( 9 ) — 0 ( 1 0 ) — N (2 ) 1 1 4 .1 (5 )

C ( l l ) — C (1 0 )-- N ( 2 )  1 2 1 .6 (5 ) 0 ( 1 1  )— 0 ( l 0 ) — 0 ( 9 ) 1 2 4 .3 (5 )

H ( l l ) - C ( l l ) - - 0 ( 1 0 )  1 1 6 (4 ) 0 ( 1 2 ) — 0 ( 1 1 ) — 0 ( 1 0 ) 1 1 8 .8 (6 )

C ( 1 2 ) — C ( l l ) - - H ( l l )  1 2 5 (4 ) H ( 1 2 ) — 0 ( 1 2 ) — 0 ( 1 1 ) 1 1 1 (4 )

C ( 1 3 ) — C (1 2 )-- 0 ( 1 1 )  1 1 9 .7 (6 ) 0 ( 1 3 ) — 0 ( 1 2 ) — H (1 2 ) 1 2 9 (4 )

H ( 1 3 ) — C (1 3 ) — 0 ( 1 2 )  1 2 8 (3 ) 0 ( 1 4 ) — 0 ( 1 3 ) — 0 ( 1 2 ) 1 1 9 .7 (6 )

C ( 1 4 ) — C (1 3 )-- H ( 1 3 )  1 1 3 (3 ) 0 ( 1 3 ) — 0 ( 1 4 ) — N (2 ) 1 2 2 .0 (6 )

H ( 1 4 ) — C (1 4 ) - N ( 2 )  1 1 8 (3 ) H (1 4 )— 0 ( 1 4 ) — 0 ( 1 3 ) 1 1 9 (3 )

C o n ta c t s

N ( 3 ) . . .F e 3 .0 4 3 N ( 4 ) . . .F e  3 .0 9 3

N ( 5 ) . . .F e 3 .0 6 1 N ( 6 ) . . .F e  3 .0 8 5

0 ( 5 ) . ..F e 2 .9 8 3 H ( 5 ) . . .F e  3 .0 0 1

C ( 9 ) . . .F e 2 .8 3 3 0 ( 1 0 ) . ..F e  2 .8 3 3

C ( l 4 ) . . .F e 2 .9 7 9 H (1 4 ) . . .F e  3 .0 5 3

H ( 2 ) . . . 0 ( l ) 1 .3 2 8 0 ( 2 ) . . . 0 ( 1 )  2 .4 8 8

H ( 3 ) . . . 0 ( l ) 2 .5 6 7 H ( 4 ) . . . 0 ( l )  1 .2 3 9

N ( 6 ) . . . 0 ( l ) 2 .6 0 4 1 , 0 .0 0 0 0 , 0 .0 0 0 0 , - 1 .0 0 0 0

N ( 3 ) . . . 0 ( l ) 2 .5 6 4 H ( 2 ) . . .H ( 1 )  1 .4 1 5

0 ( 2 ) . . .H ( 1 ) 2 .5 3 4 H ( 4 ) . . .H ( 1 )  1 .3 3 9

N ( 6 ) . . .H ( 1 ) 2 .5 0 5 1, 0 .0 0 0 0 , 0 .0 0 0 0 , - 1 .0 0 0 0

H ( 1 ) . . .H ( 1 ) 1 .7 0 7 - 1 ,  0 .0 0 0 0 , 0 .0 0 0 0 , 3 .0 0 0 0

H ( 0 ) . . .H ( 1 ) 1 .4 1 8 H ( 4 ) . . .H ( 2 )  2 .2 2 4

N ( 6 ) . . .H ( 2 ) 1 .2 8 3 1, 0 .0 0 0 0 , 0 .0 0 0 0 , - 1 .0 0 0 0

C ( 4 ) . . .H ( 2 ) 2 .4 2 5 1, 0 .0 0 0 0 , 0 .0 0 0 0 , - 1 .0 0 0 0

H ( 0 ) . . .H ( 2 ) 1 .9 9 0 H ( 4 ) . . . 0 ( 2 )  1 .2 7 7

N ( 4 ) . . . 0 ( 2 ) 2 .9 2 3 - 1 ,  0 .0 0 0 0 , 0 .0 0 0 0 , 3 .0 0 0 0

N ( 5 ) . . . 0 ( 2 ) 2 .7 4 9 - 2 ,  1 .0 0 0 0 , 1 .0 0 0 0 , 0 .0 0 0 0

N ( 5 ) . . .H ( 3 ) 2 .0 6 8 - 2 ,  1 .0 0 0 0 , 1 .0 0 0 0 , 0 .0 0 0 0

H ( 4 ) . . .H ( 3 ) 1 .5 1 5 H ( 0 ) . . .H ( 4 )  1 .9 7 9

N ( 3 ) . . .H ( 0 ) 1 .4 6 7 0 ( 1 ) . . .H ( 0 )  2 .5 8 4

N ( 2 ) . . .N ( 1 ) 2 .5 7 1 0 ( 2 ) . . .N ( 1 )  2 .8 1 2

C ( 3 ) . . .N ( 1 ) 2 .9 4 0 0 ( 4 ) . . .N ( 1 )  2 .8 1 6

H ( 5 ) . . .N ( 1 ) 1 .9 3 4 0 ( 6 ) . . .N ( 1 )  2 .3 7 1

175



C ( 7 ) . . .N ( 1 ) 2 .7 5 0 C ( 8 ) . . .N ( 1 )  2 .3 7 3

C (1 0 ) . . .N (1 ) 2 .3 6 9 C ( 1 ) . . .N ( 2 )  2 .8 9 6

C ( 2 ) . . .N ( 2 ) 2 .7 8 3 C ( 4 ) . . .N ( 2 )  2 .8 3 0

C ( 9 ) . . .N ( 2 ) 2 .3 5 7 C ( 1 1 ) . . .N ( 2 )  2 .3 7 7

C ( 1 2 ) . . .N ( 2 ) 2 .7 4 7 C ( 1 3 ) . . .N ( 2 )  2 .3 7 3

H ( 1 4 ) . . .N ( 2 ) 1 .9 5 3 C ( 2 ) . . .C ( 1 )  2 .6 5 9

C ( 3 ) . . .C ( 1 ) 2 .6 0 1 C ( 4 ) . . .C ( 1 )  2 .7 2 3

C ( 1 4 ) . . .C ( 1 ) 3 .0 8 7 H ( 1 4 ) . . .C ( 1 )  2 .5 8 4

C ( 3 ) . . .C ( 2 ) 2 .7 5 0 C ( 4 ) . . .C ( 3 )  2 .6 6 6

H ( 5 ) . . .C ( 3 ) 2 .5 7 4 H ( 6 ) . . .C ( 5 )  1 .9 3 8

C ( 7 ) . . .C ( 5 ) 2 .3 6 2 C ( 8 ) . . .C ( 5 )  2 .7 0 8

C ( 9 ) . . .C ( 5 ) 2 .3 2 5 C ( 6 ) . . .H ( 5 )  2 .0 3 4

H ( 7 ) . . .C ( 6 ) 2 .0 6 8 C ( 8 ) . . .C ( 6 )  2 .3 5 6

C ( 9 ) , . .C ( 6 ) 2 .7 2 0 C ( 7 ) . . .H ( 6 )  2 .031

H ( 8 ) . . .C ( 7 ) 1 .9 8 2 C ( 9 ) . . .C ( 7 )  2 .3 7 7

C ( 8 ) . . .H ( 7 ) 2 .0 8 9 C ( 1 0 ) . . .C ( 8 )  2 .5 3 1

C ( 1 1 ) . . .C ( 8 ) 3 .0 4 4 C ( 9 ) . . .H ( 8 )  1 .9 5 9

C ( 1 0 ) . . .H ( 8 ) 2 .6 7 4 H ( 1 1 ) . . .H ( 8 )  2 .2 4 5

C ( 1 1 ) . . .C ( 9 ) 2 .5 2 5 H ( 1 1 ) . . .C ( 9 )  2 .6 1 5

H ( 1 1 ) . . .C ( 1 0 ) 1 .8 8 5 C ( 1 2 ) . . .C ( 1 0 )  2 .3 7 1

C (1 3 ) . . .C ( 1 0 ) 2 .7 0 3 C ( 1 4 ) . . .C ( 1 0 )  2 .3 0 2

H ( 1 2 ) . . .C ( 1 1 ) 1 .9 1 4 C ( 1 3 ) . . .C ( 1 1 )  2 .3 4 7

C ( 1 4 ) . . .C ( 1 1 ) 2 .7 0 0 C (1 2 ) . . .H ( 1 1 )  1 .9 5 2

H (1 2 ) . . .H (1 1 ) 2 .1 8 3 H ( 1 3 ) . . .C ( 1 2 )  1 .9 9 9

C ( 1 4 ) . . .C ( 1 2 ) 2 .3 4 5 C (1 3 ) . . .H ( 1 2 )  2 .0 5 6

H ( 1 4 ) . . .C ( 1 3 ) 1 .9 8 6 C (1 4 ) . . .H ( 1 3 )  1 .8 8 6

H (1 4 ) . . .H (1 3 ) 2 .1 5 8
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HI 4Cl H13

Cl 4 ' C13

n: C12
E12

C4 CIO Cil

ail

Atom num bered diagram  of H[Fe(CN)4(bipy)].2H20 complex.
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A ppendix C
Crystallographic Data for  

the [Fe2(pmk)^]Ij^.2H20 Complex



B o n d  a n g le s  a n d  l e n g th s  fo r  t h e  [F e g ( p m k ) 3 ] ( I ) 4 .3 H 2  O  c o m p le x .

N ( 2 ) - F e ( l ) - N ( l ) 7 8 .7 (3 ) N ( 4 ) - F e (2 ) - N (3 ) 7 9 .5 (3 )

C ( l ) - N ( l ) - F e ( l ) 1 2 5 .5 (7 ) C ( 5 ) - N ( l ) - F e ( l ) 1 1 4 .4 (6 )

C ( 5 ) - N ( l ) - C ( l ) 1 2 0 .0 (9 ) N ( l ) - F e ( l ) - N ( l ) 9 6 .4 (3 )

N ( l ) - F e ( l ) - N ( l ) 9 6 .4 (3 ) N ( 3 ) - N ( 2 ) - F e ( l ) 1 1 5 .6 (6 )

C ( 6 ) - N ( 2 ) - F e ( l ) 1 2 0 .9 (7 ) C (6 ) - N ( 2 ) -N ( 3 ) 1 2 1 .4 (8 )

N ( 2 ) - F e ( l ) - N ( 2 ) 9 1 .6 (3 ) N ( 2 ) - F e ( l ) - N ( 2 ) 9 1 .6 (3 )

N (2 ) - N (3 ) - F e (2 ) 1 1 7 .2 (6 ) C (1 6 ) - N ( 3 ) -F e ( 2 ) 1 1 9 .5 (7 )

C (1 6 ) - N ( 3 ) -N ( 2 ) 1 2 0 .6 (8 ) N (3 ) - F e (2 ) - N (3 ) 9 0 .2 (3 )

N (3 ) - F e (2 ) - N (3 ) 9 0 .2 (3 ) C ( l l ) - N ( 4 ) - F e ( 2 ) 1 2 6 .5 (8 )

C ( l5 ) - N ( 4 ) - F e ( 2 ) 1 1 4 .8 (7 ) C ( 1 5 ) - N ( 4 ) - C ( l l ) 1 1 8 .7 (9 )

N ( 4 ) - F e (2 ) - N (4 ) 9 6 .3 (3 ) N ( 4 ) - F e (2 ) - N (4 ) 9 6 .3 (3 )

C ( 2 ) - C ( l ) - N ( l ) 1 2 0 .4 (1 0 ) C ( 3 ) - C ( 2 ) - C ( l ) 1 2 0 .6 (1 1 )

C ( 4 ) - C ( 3 ) - C ( 2 ) 1 1 8 .4 (1 1 ) C ( 5 ) - C ( 4 ) - C ( 3 ) 1 1 7 .9 (1 0 )

C ( 4 ) - C ( 5 ) - N ( l ) 1 2 2 .6 (9 ) C ( 6 ) - C ( 5 ) - N ( l ) 1 1 4 .6 (9 )

C ( 6 ) - C ( 5 ) - C ( 4 ) 1 2 2 .8 (9 ) C (5 ) - C ( 6 ) - N ( 2 ) 1 1 1 .3 (9 )

C (7 ) - C ( 6 ) - N ( 2 ) 1 2 6 .1 (9 ) C ( 7 ) - C ( 6 ) - C ( 5 ) 1 2 2 .5 (9 )

C ( 1 2 ) - C ( 1 1 ) -N (4 ) 1 2 1 .5 (1 1 ) C ( 1 3 ) - C ( 1 2 ) - C ( l l ) 1 1 8 .9 (1 2 )

C (1 4 ) - C ( 1 3 ) -C (1 2 1 2 0 .1 (1 2 ) C (1 5 ) - C ( 1 4 ) - C ( 1 3 ) 1 1 6 .7 (1 1 )

C ( 1 4 ) - C ( 1 5 ) -N (4 ) 1 2 4 .0 (1 0 ) C (1 6 ) - C ( 1 5 ) -N (4 ) 1 1 3 .8 (1 0 )

C (1 6 ) - C ( 1 5 ) -C (1 4 ) 1 2 2 .2 (1 0 ) C (1 5 ) - C ( 1 6 ) -N (3 ) 1 1 2 .0 (9 )

C ( 1 7 ) - C ( 1 6 ) -N (3 ) 1 2 5 .5 (1 0 ) C (1 7 ) - C ( 1 6 ) - C ( 1 5 ) 1 2 2 .5 (1 0 )

B o n d  le n g th s :

N ( l ) - F e ( l ) 1 .9 7 9 (8 ) N ( 2 ) - F e ( l ) 1 .9 2 6 (8 )

N (3 ) - F e (2 ) 1 .9 3 6 (8 ) N (4 ) - F e (2 ) 1 .9 7 2 (8 )

C ( l ) - N ( l ) 1 .3 6 2 (1 3 ) C ( 5 ) - N ( l ) 1 .3 5 1 (1 2 )

N (3 ) - N (2 ) 1 .4 1 6 (1 1 ) C (6 ) - N ( 2 ) 1 .2 8 8 (1 2 )

C (1 6 ) - N ( 3 ) 1 .2 9 4 (1 2 ) C ( l l ) - N ( 4 ) 1 .3 4 1 (1 3 )

C (1 5 ) - N ( 4 ) 1 .3 5 5 (1 3 ) C ( 2 ) - C ( l ) 1 .4 1 0 (1 4 )

C (3 ) - C ( 2 ) 1 .3 8 0 (1 6 ) C ( 4 ) - C ( 3 ) 1 .4 4 3 (1 5 )

C (5 ) - C ( 4 ) 1 .3 9 7 (1 4 ) C ( 6 ) - C ( 5 ) 1 .4 4 5 (1 3 )

C (7 ) - C ( 6 ) 1 .5 0 3 (1 4 ) C (1 2 ) - C ( 1 1 ) 1 .4 2 4 (1 6 )

C (1 3 ) - C ( 1 2 ) 1 .3 7 6 (1 7 ) C ( 1 4 ) - C ( 1 3 ) 1 .4 1 8 (1 6 )

C (1 5 ) - C ( 1 4 ) 1 .3 9 0 (1 5 ) C ( 1 6 ) - C ( 1 5 ) 1 .4 6 8 (1 4 )

C (1 7 ) - C ( 1 6 ) 1 .5 1 9 (1 5 )
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N on-bonded C ontacts:

3 .7 2 3 7, 1 .0 0 0 0 , 0 .0 0 0 0 , 0 .0 0 0 0

C ( 1 1 ) . . . I ( 1 ) 3 .6 4 3 -1 0 , 1 .0 0 0 0 , 0 .0 0 0 0 , 0 .0 0 0 0

F e ( 2 ) . . .F e ( l ) 3 .4 7 2 N ( 3 ) . . .F e ( l )  2 .8 4 2

C ( l ) . . . F c ( l ) 2 .9 8 4 0 ( 5 ) . . .F c ( l )  2 .8 2 1

C ( 6 ) . . .F e ( l ) 2 .8 1 4 N (2 ) . . .F e ( 2 )  2 .8 7 5

0 ( 1 1 ) . . .F c (2 ) 2 .9 7 2 0 ( l 5 ) . . .F c ( 2 )  2 .8 2 2

C (1 6 ) . . .F e (2 ) 2 .8 0 9 N ( 2 ) . . .N ( 1 )  2 .4 7 6

C ( 2 ) . . .N ( 1 ) 2 .4 0 6 0 ( 3 ) . . .N ( 1 )  2 .8 0 3

C ( 4 ) . . .N ( 1 ) 2 .411 0 ( 6 ) . . .N ( 1 )  2 .3 5 3

N ( 1 ) . . .N ( 1 ) 2 .9 5 2 5, 0 .0 0 0 0 , 0 .0 0 0 0 , 0 .0 0 0 0

N (2 ) . . .N (1 ) 2 .8 5 9 5, 0 .0 0 0 0 , 0 .0 0 0 0 , 0 .0 0 0 0

N ( 1 ) . . .N ( 1 ) 2 .9 5 2 9 , 0 .0 0 0 0 , 0 .0 0 0 0 , 0 .0 0 0 0

C ( 5 ) . . .N ( 2 ) 2 .2 5 9 0 ( 7 ) . . .N ( 2 )  2 .4 9 0

C ( 1 6 ) . . .N ( 2 ) 2 .3 5 5 0 ( 1 7 ) . . .N ( 2 )  2 .9 0 5

N ( 2 ) . . .N ( 2 ) 2 .7 6 2 5, 0 .0 0 0 0 , 0 .0 0 0 0 , 0 .0 0 0 0

N ( 3 ) . . .N ( 2 ) 2 .7 1 8 5, 0 .0 0 0 0 , 0 .0 0 0 0 , 0 .0 0 0 0

N ( 2 ) . . .N ( 2 ) 2 .7 6 2 9 , 0 .0 0 0 0 , 0 .0 0 0 0 , 0 .0 0 0 0

N ( 4 ) . . .N ( 3 ) 2 .4 9 9 0 ( 6 ) . . .N ( 3 )  2 .3 6 0

C ( 7 ) . . .N ( 3 ) 2 .9 1 8 0 ( 1 5 ) . . .N (3 )  2 .291

N (3 ) . . .N ( 3 ) 2 .7 4 4 5, 0 .0 0 0 0 , 0 .0 0 0 0 , 0 .0 0 0 0

N (4 ) . . .N ( 3 ) 2 .8 7 5 5, 0 .0 0 0 0 , 0 .0 0 0 0 , 0 .0 0 0 0

N ( 3 ) . . .N ( 3 ) 2 .7 4 4 9 , 0 .0 0 0 0 , 0 .0 0 0 0 , 0 .0 0 0 0

C (1 7 ) . . .N (3 ) 2 .5 0 3 0 ( 1 2 ) . . .N (4 )  2 .4 1 2

0 ( 1 3 ) . . .N (4 ) 2 .7 9 0 0 ( 1 4 ) . . .N (4 )  2 .4 2 4

N (4 ) . . .N (4 ) 2 .9 3 8 5, 0 .0 0 0 0 , 0 .0 0 0 0 , 0 .0 0 0 0

N ( 4 ) . . .N ( 4 ) 2 .9 3 8 9 , 0 .0 0 0 0 , 0 .0 0 0 0 , 0 .0 0 0 0

0 ( 1 6 ) . . .N (4 ) 2 .3 6 4 0 ( 3 ) . . . 0 ( 1 )  2 .4 2 4

0 ( 4 ) . . . 0 ( 1 ) 2 .7 8 6 0 ( 5 ) . . . 0 ( 1 )  2 .3 5 0

0 ( 4 ) . . . 0 ( 2 ) 2 .4 2 5 0 ( 5 ) . . . 0 ( 2 )  2 .7 5 2

0 ( 5 ) . . . 0 ( 3 ) 2 .4 3 3 0 ( 6 ) . . . 0 ( 4 )  2 .4 9 5

0 ( 7 ) . . . 0 ( 4 ) 3 .0 1 1 0 ( 7 ) . . . 0 ( 5 )  2 .5 8 5

0 ( 1 3 ) . . .0 ( 1 1 ) 2 .4 1 1 0 ( 1 4 ) . . . 0 ( 1 1 )  2 .7 7 6

0 ( 1 5 ) . . .0 ( 1 1 ) 2 .3 1 8 0 ( 1 4 ) . . . 0 ( 1 2 )  2 .4 2 1

0 ( 1 5 ) . . .0 ( 1 2 ) 2 .7 3 4 0 ( 1 5 ) . . . 0 ( 1 3 )  2 .3 9 1

0 ( 1 6 ) . . .0 ( 1 4 ) 2 .5 0 2 0 ( 1 7 ) . . . 0 ( 1 4 )  3 .0 2 8

0 ( 1 7 ) . . .0 ( 1 5 ) 2 .6 1 8
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H2

HZ 63

Atom numbered diagram of [Fe2(pmk)3]l4.3H2 0 .
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