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Communications 
Convenient Synthesis of Tris( tetraethylammonium) 
Hexacyanoferrate(1II) and Its Use as an Oxidant with 
Tunable Redox Potential 
Sir: 

Though the redox behavior of the hexacyanoferrate(II1)- 
hexacyanoferrate(I1) system has been studied in great detail,' the 
solubility characteristics of the common potassium or sodium salt 
restrict the use of Fe(CN)63- as an oxidant in organic solvents 
like acetonitrile, DMF, benzene, and chloroform. The syntheses 
of tetraalkylammonium salts of hexacyanoferrate(III)* allowed 
the use of this oxidant in organic solvents. The reported procedure, 
however, requires the formation of the free acid H3Fe(CN), in 
a cation-exchangeresin column and neutralization of the acid with 
the corresponding tetraalkylammonium hydroxide. The free acid 
decomposes fairly rapidly in aqueous solution even in the absence 
of light. Such decomposition can be prevented by saturating the 
aqueous solution with hydrogen cyanide gas, which is highly toxic. 
In this communication, the improved and convenient synthesis 
of tris(tetraethy1ammonium) hexacyanoferrate(III), (Et4N)r  
[Fe(CN),] (I), is reported.3 

The present synthesis makes use of two commercially available 
ingredients, namely, tetraethylammonium perchlorate, TEAP 
(Kodak Chemical), and K3Fe(CN), (Mallinckrodt). When a 
mixture of TEAP (6.9 g, 30 mmol) and K3Fe(CN), (3.3 g, 10 
mmol) was stirred in methanol (200 mL), the latter slowly dis- 
solved since the resulting potassium perchlorate is more insoluble 
in methanol as compared to K3Fe(CN), (eq 1). 
K3Fe(CN), + 3Et4NC104 - (Et4N)3[Fe(CN)6] + 3KC1O4 

(1) 
After 24 h of stirring under nitrogen, the mixture was filtered 

through a pad of Celite and the clear yellow filtrate was con- 
centrated to ca. 10 mL under reduced pressure (rotary evaporator, 
40 "C). The resulting orange oil was shaken with 100 mL of 
diethyl ether when 1 separated out as a yellow powder, which was 
filtered and dried under vacuum (yield 90%). Recyrstallization 
from acetonitrile afforded large yellow blocks that lost crystallinity 
when dried under vacuum at room t empera t~ re .~  The infrared 
spectrum of 1 exhibited one sharp m N  stretching frequency at 
21 12 (s) cm-'. The electronic spectrum in acetonitrile consisted 
of bands A,, ( E )  at 418 (950). 400 sh (850), 320 (1 loo), 303 
(1500), 285 sh (1150), and 260 (1300) nm.' 

Heusler, K. E. In 'Encyclopedia of Electrochemistry of the Elements"; 
Bard, A. J., Ed.; Marcel Dekker: New York, 1982; Vol. IX, Part A, 
pp 229-38 1.  
Jaselskis, B.; Diehl, H. J.  Am. Chem. SOC. 1958, 80, 4197. 
The procedure dexribed here has also been followed to synthesize other 
(R4N)3 [Fe(CN)6] salts. 
Anal (sample dried under vacuum). Calcd for FeCpoHsoNp: C, 59.78; 
H, 10.03; N, 20.92; Fe, 9.27. Found: C, 59.61; H, 10.1 1; N, 21.02; Fe, 
9.19. 
In water, the bands appear at 420 (lOOO), 400 sh (850), 320 sh (1150), 
303 (1600). 285 sh (1200), and 260 (1180) nm. 
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Figure 1. Cyclic voltammograms in 0.1 M TBAP/acetonitrile + x% 
(v/v) water at 50 mV/s with a glassy-carbon electrode: (a) 1 in aceto- 
nitrile ( x  = 0); (b) l in acetonitrile + 6% (v/v) water; (c) 2 in acetonitrile 
+ 6% (v/v) water; (d) 1 in water (0.1 M TEAP, x = 100). 

The Ell* values of 1 in different solvents have been reported 
to reflect the electron-accepting property of the solvent:6 

F e c i S  - solvent 
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Table I. Half-Wave Potential for the Reduction of 1 in Solvent A 
Containing x %  (v/v) Solvent B and 0.1 M Tetraalkylammonium 
Perchlorate* 

E112' 

X 

0 
1.5 
3 
6 
9 
12 
25 
100 

A = acetonitrile, 
B = water 
(TBAP) 

-0.85 
-0.55 
-0.43 
-0.3 1 
-0.23 
-0.18 
-0.08 

+O. 15 (TEAP) 

A = acetonitrile, 
B = methanol 

(TBAP) 

A = DMF, 
B = methanol 

(TEAP) 
-0.85 
-0.7 1 
-0.66 
-0.61 
-0.57 
-0.53 
-0.46 
-0.30 

-0.90 
-0.84 
-0.78 
-0.7 1 
-0.67 
-0.63 

-0.30 
-0.53 

"Conditions: V vs. SCE; 25 "C; glassy-carbon electrode; scan rate 
50 mV/s; concentration of 1 1 mM. 

The N atoms in [Fe(CN),]" are stronger donors as compared 
to those in [Fe(CN),]*: and outer-sphere complex formation with 
the solvent molecules stabilizes the reduced form. The reduction 
potential of 1 is thus more positive in water or methanol than that 
in acetonitrile or DMF. In the present study, the variation of 
reduction potential of 1 in several mixed-solvent media has been 
studied by cyclic voltammetry, CV* (Table I, Figure 1). The 
redox system exhibited nearly reversible behaviorg in all cases. 
The E l l ,  values in Table I are quoted vs. SCE and are not cor- 
rected for liquid-junction potential. However, these values can 
be readily compared with the Ellz  values reported for various 
metallobiomolecules and their synthetic analogues.I0 

Table I exhibits a regular shift of half-wave potentials to more 
positive values due to addition of the protic partner to the solvent 
mixtures. Changes in dielectric constant of the mixed-solvent 
media are not adequate to account for such shift. For example, 
addition of methanol to acetonitrile brings about very small change 
in dielectric constant (from 36.01 to 32.63 for 0-100 wt % of 
methanol)" whereas such addition shifts the El12 value for 1 from 
-0.85 to -0.30 V vs. SCE.IZ Gutmann et ale6 had shown that 
the Ell2 values for 1 in different single-solvent media follow trends 
in Z values of Kosower13 and ET values of Dimroth and Rei- 
chardt,14 both of which are empirical measures of the "polarity" 
of solvents based on charge-transfer energy of certain organic 
molecules dissolved in those solvents. Such numbers for mixed 
solvents are not available. However, if any linear relationship exists 
for these measures of "polarity" of solvents, Ellz  values for 1 in 
Table I qualitatively follow the acceptor properties of the mix- 
ed-solvent media. 

(6) Gutmann, V.; Gritzner, G.; Danksagmuller, K. Inorg. Chim. Acta 1976, 
17, 81. Gritzner, G.; Danksagmuller, K.; Gutmann, V. J. Electroanal. 
Chem. Interfacial Electrochem. 1976, 72, 177. Gritzner, G.; 
Danksagmuller, K.; Gutmann, V. J. Electroanal. Chem. Interfacial 
Electrochem. 1978, 90, 203. 

(7) Tosi, L.; Danon, J. Inorg. Chem. 1964, 3, 150. Shriver, D. F. J. Am. 
Chem. SOC. 1963,85, 1405. 

(8) CV experiments were performed on a PAR Model 174A instrument 
connected to a Houston Instruments X-Y recorder. All the solvents 
were purified and thoroughly degassed. CV characteristics were prac- 
tically identical on both glassy-carbon and platinum electrodes (freshly 
cleaned). The solutions were prepared fresh and used within 15 min. 
[Fe(CN),IC is reported to be unstable in acetonitrile! In the case of 
mixed-solvent systems, both the electrochemical cell and the bridging 
tube contained the same ratio of the two solvents. 

(9) Nicholson, R. S.; Shain, I. Anal. Chem. 1964,36,706. Nicholson, R. 
S. Anal. Chem. 1965, 37, 1351. 

(10) Gutmann et al., have studied the [Fe(CN),I3-/[Fe(CN),]& couple in 
acetonitrile/water media by polarography. The EIl2  values were quoted 
vs. bis(biphenyl)chromium(I/O). 

(11) Conti, F.; Pistoia, G. J. Phys. Chem. 1968, 72, 2245. D'Aprano, A,; 
Fuoss, R. M. J.  Phys. Chem. 1969, 73, 400. 

(12) In the case of acetonitrile/water mixtures, the dielectric constant 
changes from 36.25 to 78.56 for 0-100 wt % of water" and the EIl2  
value shifts from -0.85 to +0.15 V vs. SCE (Table I). 

(13) Kosower, E. M. J .  Am. Chem. Soc. 1958, 80, 3253. Kosower, E. M.; 
Skorez, J. A. J. Am. Chem. SOC. 1960, 82, 2188. 

(14) Dimroth, K.; Reichardt, C.; Siepmann, T.; Bohlmann, F. Jusrus Liebigs 
Ann. Chem. 1963, 661, 1. 
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Figure 2. Electronic absorption spectra: (a) 2 in acetonitrile; (b) 1 in 
acetonitrile; (c) 1 equiv of 1 + 1 equiv of 2 in acetonitrile; (d) 1 equiv 
of 1 + 1 equiv of 2 in acetonitrile containing 6% (v/v) water. The spectra 
were recorded ca. 5 min after the solutions were prepared. Concentra- 
tions of 2 and 1 were 3 mM in (a) and (b) respectively. In the case of 
(c) and (d), concentrations were adjusted (for volume corrections) such 
that the final concentrations of 2 and 1 were again 3 mM. This choice 
of 3 mM was just to record an appreciable change in absorbance around 
550 nm. 

A close look a t  Table I reveals that 1 is not a strong oxidant 
in organic solvents like acetonitrile or DMF. However, the po- 
tential can be "tuned" to more positive value by introduction of 
water or methanol. 

That such a system can indeed be used as a "tunable oxidant" 
has been successfully demonstrated in the present study. The cyclic 
voltammogram of the reduced rubredoxin analogue (Et,N),- 
[Fe(SPhw (2)16 in acetonitrile containing 6% (v/v) water is shown 
in Figure 1 (in MeCN, E I I z  = -0.51 V vs. SCE',). The CV 
experiments indicated that addition of water to a solution of 1 
in acetonitrile could lower its El lz  value such that 2 could be 
oxidized smoothly in a predominantly organic solvent. This ex- 
pected oxidation of 2 was followed spectrophotometrically. Under 
strictly oxygen-free conditions, addition of 1 equiv of 1 to a solution 
of 2 in pure acetonitrile caused a very small increase in absorption 
around 500 nm in the electronic spectrum (Figure 2). When the 
same addition was performed in acetonitrile containing 6% (v/v) 
water, the initial pale yellow color changed dramatically to deep 
red brown and the strong absorption band centered at  550 nm 
due to [Fe(SPh),]-'' was recorded (Figure 2). 2 alone, in the 
same acetonitrile/water mixture, had no absorption in this region. 
The oxidation of 2 was more than 80% complete within 15 min. 
Very similar behavior has been observed in DMF/methanol 
mixtures. 

Clean oxidation in organic solvents often offers problems related 
to choice of suitable oxidant. 1 can be used over a wide range 
of redox potential depending on the solvent composition. The 
various combinations of a protic and an aprotic solvent, as ex- 
emplified by Table I, make such oxidation possible in a variety 
of solvent mixtures. 

In conclusion, a straightforward, inexpensive, high-yield route 
to (Et4N)3[Fe(CN)6] has been discovered. The variable redox 
potential of this oxidant in mixed solvents has been successfully 
used to oxidize (Et,N),[Fe(SPh),]. Efforts t o  use this oxidant 
with "tunable" potential to oxidize metal-containing active sites 
in the hydrophobic regions of folded and partially unfolded proteins 
in mixed-solvent media are in progress. 

(15) ET (kcal/mol) and Z (kcal/mol) respectively for the solvents under 
study are as follows: acetonitrile 46, 71.3; water 63.1, 94.6; methanol 
55.5, 83.6; DMF 43.8, 68.5. 

(16) Coucouvanis, D.; Swenson, D.; Baenziger, N. C.; Murphy, D. C.; Holah, 
D. G.; Sfarnas, N.; Simpoulos, A.; Kostikas, A. J. Am. Chem. SOC. 
1981, 103, 3350. Hagen, K. S.; Reynolds, J. G.; Holm, R. H. J .  Am. 
Chem. SOC. 1981, 103, 4054. 

(17) Koch, S. A.; Maelia, L. E.; Millar, M. J. Am. Chem. SOC. 1983, 105, 
5944. 
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Delayed Fluorescence and Triplet-Triplet Annihilation in a 
Diplatinate(I1) Pyrophosphite Complex 

Sir: 
The luminescence from salts of the tetrakis(p-pyro- 

phosphito)diplatinate(II) ion is of current In addition 
to the known fluorescence and the phosphorescence, we have 
observed, for the first time, anti-Stokes delayed fluorescence for 
crystals of the potassium salt, K4[Pt2(P205H2)4], at 4.2 K. When 
the crystalline complex, prepared as described previously,6 is 
excited by 450-nm dye laser light in its triplet state at  4.2 K, 
delayed fluorescence shown in Figure 1 is observed around 395 
nm. The spectrum consists of a progression of the 120-cm-l R-Pt 
stretching vibration, and the whole spectral distribution is exactly 
identical with the normal fluorescence observed at  4.2 K. Thus 
it is clear that the first singlet excited state (SI) is somehow created 
from the first triplet excited state (TI). At such a low temperature 
(4.2 K) thermal excitation from TI to SI is impossible. The most 
reasonable interpretation, therefore, appears to be that SI is created 
by the annihilation of two Ti's. Taking this viewpoint, we will 
see if the intensity and decay behaviors of the phosphorescence 
and the delayed fluorescence are satisfactorily interpreted in terms 
of this mechanism. 

The kinetic equations for the populations of T, and SI are 
dnT/dt = -kpnT - kTTnTZ (1) 

where kp and kF are respectively the first-order decay rate con- 
stants for TI and SI and krr is the rate constant for the triplet- 
triplet annihilation. Further, f stands for the fraction of the 
annihilation rate constant yielding SI among the total annihilation 
rate constant. From these rate equations we have the following 
expressions for nT and ns: 

(3) 
1 ~ T T  - = (-!- + 2) exp(kpt) - - 

nT(f) nT(0) kP 

. -  [ (--&)Ii2 + ( z)1’2] exp(kpt) - (5)”’ 
(4) 

We first focus attention on the phosphorescence decay. If we 
plot the reciprocal of the phosphorescence intensity with respect 
to exp(kpt), we would expect a straight line with a negative in- 

(1) Fordyce, W. A,; Brummer, J. G.; Crosby, G. A. J .  Am. Chem. SOC. 
1981, 103, 7061. 

(2) Che, C. M.; Butler, L. G.; Gray, H. B. J .  Am. Chem. SOC. 1981, 103, 
7796. 

(3) Markert, J. T.; Clements, D. P.; Corson, M. R.; Nagle, J. K. Chem. 
Phys. Lett. 1983, 97, 175. 

(4) Rice, S. F.; Gray, H. B. J .  Am. Chem. SOC. 1983, 105, 4571. 
(5) Shimizu, Y.; Tanaka, Y . ;  Azumi, T. J .  Phys. Chem. 1984,88, 2423. 
(6) Shimizu, Y.; Tanaka, Y.; Azumi, T. J .  Phys. Chem. 1985, 89, 1372. 
(7) Bar, L.; Gliemann, G. Chem. Phys. Lett. 1984, 108, 14. 
(8) Peterson, J. R.; Kalyanasundaram, K. J .  Phys. Chem. 1985, 89, 2486. 
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Figure 1. Delayed fluorescence spectrum of crystalline K4[Pt2(P20SH2).,] 
at 4.2 K. Excitation was by a nitrogen laser pumped dye laser (Molec- 
tron UV24 and DL14P) at 450 nm. The output from a Hamamatsu 
R928 photomultiplier tube was recorded with a PAR 162 boxcar inte- 
grator with 2-rns delay from the excitation and 200-ps window. The 
spectral distribution is exactly identical with the normal fluorescence, 
which is known to decay with a lifetime of less than 1 ns. 

E X P ( k p t  I 
Figure 2. Plots of the reciprocal of the phosphorescence intensity with 
respect to exp(kpt), where kp is the first-order phosphorescence decay rate 
constant. The decay was obtained with an Iwatsu DM901 digital mem- 
ory. The three plots labeled as a, b, and c correspond to three decays 
obtained with different exciting light intensities with a ratio of 
1:0.48:0.12. In accord with eq 3, all the three plots are linear with the 
same negative intercept. 
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Figure 3. Plot of the reciprocal of the square root of the delayed 
fluorescence intensity with respect to exp(k,r). The decay was obtained 
by a photon-counting system composed of a Hamamatsu C767 photon 
counter, C716 preamplifier, R649 photomultiplier tube, and an Ortec 
6240B multichannel analyzer. In accord with eq 4, the plot is linear with 
a negative intercept. 

tercept. Such plots are attempted in Figure 2, where l /kp  = 6.5 
ms determined from the decay obtained in a weak exciting light 
limit is used. The three plots correspond to three decays obtained 
with different exciting light intensity. All the three plots are linear 
and extrapolate to the same intercept. Further, the initial triplet 
populations obtained from the slopes and the intercept of the 
experimental plots are roughly in the ratio of the exciting light 
intensity. 

We next examine the decay of the delayed fluorescence. The 
reciprocal of the square root of the delayed fluorescence intensity 
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