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solute ions such as TiFe2- and SiF6’- rapidly exchange 
19F with the solvent anhydrous H F  (at a rate indepen- 
dent of added F- ion) via a low activation energy path. 
For the latter complexes, facile nucleophilic displace- 

ment of lgF by HF is unlikely, but an HF-assisted dis- 
sociation of F- ion seems reasonable. 
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Values of A H o  valid a t  zero ionic strength and 25’ have been determined calorimetrically for the formation of “soluble” 
Prussian blue and Turnbull’s blue from their constituent ions in dilute aqueous solution. The calorimetric data are shown 
to be consistent with literature data for the Fe3+-Fe(CN)e4- redox reaction. The results are discussed in terms of the energy 
relationships for two proposed mechanisms of complex formation. 

Introduction 
The “soluble” forms2a3 of Prussian blue and Turn- 

bull’s blue have been known for many years and present 
interesting examples of the intense colors exhibited by 
species containing the same element in different oxida- 
tion states. For many years Prussian blue and Turn- 
bull’s blue were thought to be different, primarily be- 
cause of the different method by which they are formed 
as shown by the reactions 

their formulation as a ferric ferrocyanide species. The 
Mossbauer spectra6 further indicate that very weak 
ionic bonding exists between the nitrogen end of the 
bonded cyanide ion and the ferric ion. A more com- 
plete discussion of the evidence for the identity and 
structure of solid Prussian blue and Turnbull’s blue has 
recently appeared.’ 

A search of the literature reveals that no thermo- 
dynamic data have been reported for the formation of 
soluble Prussian blue and Turnbull’s blue. Such data 
would be useful in understanding the energy relation- 

@) ships involved in such formation. In this paper are 
presented AHo values for the formation of the soluble 
forms of Prussian blue and Turnbull’s blue from their 
respective ions. 

Fez+ + Fe(CN)sa- = Turnbull’s blue 

Fe3+ + Fe(CN)s4- = Prussian blue 

Keggin and Miles4 found the structures of the crystal- 
line forms of Prussian blue and Turnbull’s blue to be 
identical and to consist of one group of iron atoms sur- - -  
rounded by an octahedral arrangement of carbon atoms 
while another group of iron atoms is surrounded by an 
octahedral arrangement of nitrogen atoms. A theoreti- 
cal treatment6 of the electronic structure of Prussian 
blue based on ligand field theory considerations is con- 
sistent with the compound having the formula KFe”I- 
[FeII(CN)6]. Mossbauer spectra6 of solid Prussian 
blue and Turnbull’s blue indicate they are identical 
and these spectral data are in complete agreement with 
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(3) There appear to be two forms of Prussian blue and Turnbull’s blue. 
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Experimental Section 
Materials.-Reagent grade FeS04.7H20 (Baker and Adam- 

son), KaFe(CN)& (Mallinckrodt), KsFe(CN)s (Mallinckrodt), 
and standard iron wire (Baker and Adamson) were used in the 
preparation of solutions for this study. An Fe(C10i)3 solution 
was prepared by dissolving a weighed amount of standard iron 
wire in a known volume of hot concentrated HClOl and diluting 
with an appropriate volume of water. 

All solution preparations and manipulations were carried out 
under a nitrogen atmosphere to minimize oxidation of air-sensi- 
tive compounds. 

Procedure.-The calorimeter and supporting equipment have 
been described.* The calorimetric procedure consisted of add- 
ing 10-ml portions of 0.1 Mpotassium ferrocyanide and potassium 
ferricyanide solutions to 200 ml of M ferric and ferrous solu- 
tions, respectively. The time interval from when the solutions 
were mixed to when the calorimetric measurement was finished 
was always less than 5 min. The reagents were mixed in stoichio- 

One form “dissolves” in water giving a deeply colored blue “solution.” This 
form is referred to as the “soluble” form and results when 1 equiv of Fez+ 
is added to Fe(CN)@- or 1 equiv of Fe3+ is added t o  Fe(CN)&. The 
“insoluble” form results when nonstoichiometric of the above salts 

metric amounts in order to avoid formation of any insoluble 
prussian or ~ ~ ~ ~ b ~ l l * ~  blue,2 corrections were made for the 
dilution Of Potassium ferricyanide and potassium ferrocyanide 

are mixed.2 
and Turnbull’s blue which is represented as  KFeFe(CN16. 

(4) J. F. Keggin and F. D. Miles, Nature (London), 137, 577 (1936). 
(5) M. B. Robin, Inovg. Chem., 1, 337 (1962). 
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This paper deals primarily with the “soluble” form of Prussian 
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(1963). 
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using the heat of dilution data reported for these compounds by 
Lange and M i e d ~ e r . ~  In  the 10-3 JI ferric ion solutions some 
hydrolysis of the ferric ion had occurred. A thermal correction 
for this hydrolysis was made as follows. A 10-nil portion of 2 11.1 
He104 was added to the ferric ion solution and the total heat of 
interaction was measured. The difference between this measured 
heat and the heat of dilution of the HC1O4l0 was taken to be the 
correction for the ferric ion hydrolysis. This correction was 
about -2 cal. 

The time required to reach thermal equilibrium after reagents 
were mixed was approximately 2-3 min. The intense blue color 
of both Prussian and Turnbull's blue was observed to form 
instantly after mixing. Spectrophotometric measurements a t  
680 mp showed that a reasonably constant absorbance value 
was reached within 2-3 min after mixing. Although kinetic 
parameters have not been reported for the redox reaction 

Fe3' + Fe(CiY)s4- = Fez+ + Fe(CN)e3- (3 1 
one would expect the second-order reverse rate constant to be of 
the order of magnitude of the forward rate constants reported 
for the Fe2+-FeSC and Fe(Cx)63--Fe(CS)64- redox reactions of 
3.2 x lo3 l1 and 1 X lo6 ~V1-1 sec-l,l2 respectively. In  fact, 
this value could be somewhat larger since one expects that  a reac- 
tion between unlike ions would occur more rapidly than that be- 
tween like i0ns.1~ Furthermore, since the reportedI4 equilib- 
rium constant for reaction 3 is very large (1.82 X lo8),  the for- 
ward rate constant will be extremely large (ki > 10"). For these 
reasons i t  is concluded that under the conditions of the experi- 
ment chemical equilibrium was attained well within the 2-3 min 
required to reach thermal equilibrium. 

Results 
The calorimetric data for the reactions represented in 

(1) and ( 2 )  are given in Table I. 
Values for AH" were calculated from the data in 

Table I by extrapolating a plot of AH ZIS. total iron 
concentration, [ F ~ T ] ,  to [ F ~ T ]  = 0. It was necessary 
to make the extrapolation against [ F ~ T ]  rather than 
ionic strength because the uncertain nature of the 
"soluble" iron cyanide species made the calculation of 
the ionic strength impossible. The AH" values cal- 
culated in this manner for reactions l and 2 are - 15.15 
& 0.35 and 0.72 i: 0.18 kcal/mol of Fez+ and Fe3+, 
respectively, where the uncertainties are estimated from 
the plots of AH" 'us. [FeT]. 

Discussion 
The difference between the reactants in reactions 1 

and 2 is given by eq 3. The consistency of the AH' 
values reported for reactions 1 and 2 can now be checked 
by comparing their difference with the AH" value for 
reaction 3 since AH2" - AH," = AH3'. The agree- 
ment between the AH3" value calculated from reactions 
1 and 2, 15.87 It 0.35 kcal/mol, and that reported 
earlier, l4 15.63 kcal/mol, is good. 

The AHo values alone for reactions 1-3 do not pro- 
vide structural or mechanistic information regarding 
Prussian and Turnbull's blue. However, when viewed 
in light of spectral results, these values lead to inter- 
esting energy relationships. For instance, the earlier 
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2nd ed, Wiley, New York, N. Y., 1968, p 476. 

(1965). 
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TABLE I 
CALORIMETRIC DATA FOR REACTIONS 1 AND 2 A T  25' 

102IFeT1, J4 Qtotai ,4 cal AH,* kcal/mol 

Reaction 1: Fez+ + Fe(CN)ti8- = Turnbull's blue 

3,571 

2,381 

1.191 

4,762 - 17,000 
-16.920 
-17.045 
- 17.086 
- 17.093 
-17.0P3 

-12.731 
- 12.703 
-12.699 
-12,842 
- 12.794 

-8.349 
-8.334 
-8.349 
-8.350 
-8.354 

-4.091 
-4.066 
-4.103 
-3.975 

- 10.675 
-16.595 
-16.720 
-16.761 
-16.768 
- 16.768 

AV -16.715 i 0.069 
-16.600 
-16.563 
-16.557 
- 16,748 
- 16.684 

4~ - 16.630 i 0.083 
- 16.288 
- 16.259 
-16 .28 ,  
- 15.288 
-16.298 

- 15.933 
-15 839 
-15,981 
- 15.468 

4 v  - 1 6 . 2 8 4 i  0.073 

AV - 1 5 , 8 0 5 i  0.156 

Reaction 2: Fe8" + Fe(CS)64- = Prussian blue 
9.532 -3.456 0.087 

-3.492 0.C69 
-3.445 0.091 

4.762 -2.945 0.283 
-2.971 0.256 
-2.968 0.259 

2,381 -1.974 0.504 
-1.962 0.528 
-1.955 0.543 

Av 0.083 i 0.017 

Av 0.266 i 0.017 

x v  0.525 i 0.020 
a Values for [ F ~ T ]  X l o2  (molarity), Q correction (calories), 

and millimoles of product, respectively, for each reaction: 
(1) 4.762, -0.325, 1.000; 3.571, -0.281, 0.7600; 2.381, -0.213, 
0.4995; 1.191, -0.111, 0.2498; (2) 9.532, -3.626, 1.945; 4.762, 
-3.220, 0.9722; 2.381, -2.219, 0.4864. The Q correction term 
in each case is subtracted from Qtotnl. The Q correction for re- 
action 2 includes a correction term for the slight hydrolysis of the 
Fe(II1) solutions. Uncertainties are indicated as the standard 
deviation among runs. 

Slossbauer results6 and the observation'j of reasonably 
constant values for the extinction coefficient of Turn- 
bull's blue over a range of concentrations suggest that 
Turnbull's blue and Prussian blue must be identical 
species in solution. Assuming this to be true, the AH" 
values for reactions 1-3 are consistent with the mech- 
ansim proposed by Fluck6 in which Prussian blue reacts 
by eq 2 and Turnbull's blue by eq 3 and 2 to  form 
Fe111Fe*1(CN)6- in each case. Energetically this is 
reasonable because AH3' is very small indicating that 
the energies of the reactants and products lie close to- 
gether; ; .e . ,  Fe3+ + Fe(CN)e4- are close in energy to 
FelllFell(CN)e-. In the formation of Turnbull's blue 
the reactants Fez+ and Fe(CN)63- must be lowered 
about 15 kcal/mol in energy in order to form the blue 

(15) Y.  Wu, Master's Thesis, Bi-igham Young University, 1965, and un-  
published results in this laboratory. 
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complex by way of reaction 2 .  Certainly one mech- 
anism is not unique. I t  is possible to consider still 
another viewpoint consistent with a large negative 
enthalpy for reaction 1 and almost zero enthalpy for 
reaction 2 .  

In the crystal of KFe111[Fe11(CN)6] the two different 
oxidation states show preferential association5 for the 
carbon ends (FeII) and nitrogen ends ( F F ) ,  respec- 
tively, of the cyanide ligands. Assuming that this 
behavior can be extended to the species in solution, the 
formation of Turnbull's blue, not Prussian blue, would 
cause a charge-transfer transition (-42.03 kcal/mol of 
 electron^)^ from Fez+ to Fe(CN)c3-, i.e., FeI1[Fe1I1- 
(CN)6]- + FeIr1[Fe11(CN)6]-. The effect of this 
charge-transfer transition should be seen in the AHo 
value for reaction 1 but not in that for reaction 2 .  The 
larger AH" value for reaction 1 compared to that for 
reaction 2 is consistent with this explanation ; however, 
the difference between the two AH" values (15.9 

kcal/mol) is considerably less than the 42.0 kcal/mol 
expected from the charge-transfer transition. Never- 
theless, this viewpoint is not unreasonable since other 
energy terms besides the charge-transfer transition are 
undoubtedly important in determining the magnitude 
of the measured AH" value. 

Shriver, et aZ.,16 found that the ligand field strength 
of the cyanide ion when bonded through nitrogen was 
comparable to that  of €LO. This finding is generally 
supported by the data presented here. In  the reaction 
of ferric ion with ferrocyanide ion the six water mole- 
cules surrounding the ferric ion are replaced by the 
nitrogen ends of six cyanide ions. Since the AH" value 
for reaction 2 is very close to  zero (0.72 kcal/mol), the 
nitrogen ends of the bonded cyanide ions appear to  
have essentially the same effect as the water molecules 
they have replaced. 

(16) D. F. Shriver. S. A. Shriver, and  S. E Anderson, Iizoug. Chem., 4, 
725 (1965). 
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Novel PdlI complexes of the type Pd(RNC)?X2 (RNC = cyclohexyl and p-n&rophenyl isocyanide; X = C1, I )  and of the 
type Pd(RNC)(L)XZ (RNC = phenyl, p-nitrophenyl, and cyclohexyl isocyanide; L = P(CeH6)3, As(C6Hj)a; X = C1, Br, I )  
have been prepared. The configuration of these compounds bas been assigned, where possible, on the basis of their near- 
and far-infrared spectra. The reactions of the above compounds with methanol and p-toluidine are also reported gnd dis- 
cussed, Their  spectra of all complexes 
have been discussed with special regard fo the bonding properties of the isocyanide group. 

The products of such reactions have been formulated as carbene derivatives of PdII. 

Introddc~on 
Structural and bonding properties of isocyanide 

metal compounds have been discussed by many au- 
thors.' I n  general, ir studies on the stretching fre- 
quencies of CO and NC in mixed carbonyl-isocyanide 
derivatives have shown that isdcyanides are stronger 
a donors and weaker T acceptors than carbon monox- 
ide.2s3 

As far as isocyanide complexes of platinum group 
metals are concerned, only the compounds of the type 
M(RNC)eXz and the Magnus salt type have been 
reported in the literature so far.' In  these derivatives 
it ha5 been found that the metal-isocyanide bond is 
particularly stable in contrast to the corresponding 
metal-carbonyl bond. 

In  the present work we report the synthesis of some 
novel complexes of the type Pd(RNC)2Xe and their 

(1) F. Bonati and L. Malatesta "Isocyanide Complexes of Metal," Wiley, 

(2) (a) M. Bigorgne, Bull. SOC. Chim.  FY , 295 (1963); (b) M. Bigorgne, 

(3) F. A. Cotton and R. V. Parish, J. Chem. SOC., 1440 (1960). 

New York, N Y., 1969, p 26, and references therein. 

J. Oi,ganomelal Chem , 1, 101 (1963) 

substitution reactions of the isocyanide group with 
mono- and bidentate neutral ligands having N, P, and 
As donor atoms. The coordinated isocyanide group 
undergoes also addition reactions with methanol and 
@-toluidine. 

An ir study is also reported in order to investigate 
the bonding properties of the isocyanides (RNC) in 
relation to the effects of the organic group R on the 
v(NC) vibrations and on the corresponding Pd-X 
stretching frequencies, when X is in the trans position 
to the isocyanide. 

/ 

Experimental Section 
All isocyanides have been prepared according to the methods 

of Ugi and  coworker^.^^^ Pd(CHaCN)& has been prepared ac- 
cording to the standard methods of the literature. All other 
chemicals were reagent grade and were used without further 
purification. 

(I) Preparation of the Coqplexes Pd(RNC)$Xe and Pd(RNC)- 

(4) I. Ugi, U. Fetzer, U. Eholzer, H. Knupfer, and K. Offermann, Augezu. 

( 5 )  I. Ugi, R. Meyr, M. Lipinski, F. Bodesheim, and  R. Rosendahl, Ovg. 
Chem., Inl .  Ed. E n d . ,  4, 472 (1965). 

Syn., 41, 13 (1961). 


