
Notes 

the soluble compex into the previously described3 insoluble 
[Pd2(bmp)C14], and free ligand. 

In conclusion, although it has previously been found that 
in many cases open-chain tetradentate ligands coordinated to 
square-planar palladium(I1) and platinum(I1) prefer to bridge 
between metal atoms rather than form monomers with all 
ligand sites coordinated, we have shown that in the absence 
of halide ligands a large series of open-chain tetrathioether 
ligands with varying backbones form monomeric [ M(S4)] 2+ 
species. The spectroscopic properties of these species support 
the premise that the 2-3-2 sequence of backbone size in 
open-chain tetradentates coordinated around a square plane 
gives the minimum of strain. 

Registry NO. [Pd(2,2,2)](C104)2,69501-98-0; [Pd(2,3,2)](C104),, 
69502-00-7; [Pd(3,2,3)](C104)2, 69502-02-9; [Pd(3,3,3)](C104)2, 
69502-04-1; [Pd(bme)](C104)2, 69502-06-3; [Pd(bmp)](C104)2, 
57407-95-1; [Pd(bmb)](C104)2, 69502-08-5; [Pt(2,2,2)](C104)2, 

69502-14-3; [Pt(3,3,3)](C104)2, 69501-84-4; [Pt(bme)](C104)2, 
69501-86-6; [Pt(bmp)](C104)2, 69501-88-8; [Pt(bmb)](C104)2, 

69502-10-9; [Pt(2,3,2)] (C104)2, 69502-12- 1; [Pt(3,2,3)] (ClOJ2, 

69501-90-2; Pd(CHoCN)2C12, 14592-56-4; Pt(CH,CN)2C12, 
13869-38-0. 

References and Notes 

Inorganic Chemistry, Vol. 18, No. 5, 1979 1397 

Contribution from the Department of Chemistry, 
Illinois State University, Normal, Illinois 61 761, 

and the School of Chemical Sciences, 
University of Illinois, Urbana, Illinois 61 801 

Deamination of Tris(ethylenediamine)chromium( 111) 
Thiocyanate 

J. E. House, Jr.,*’* G. L. Jepsen,la and John C. Bailar, Jr.Ib 

Received June 12, 1978 

Royal Military College of Science. 
University of Manchester. 
W. Levason, C. A. McAuliffe, and S. G. Murray J .  Chem. Soc., Dalton 
Trans., 1566 (1975). 
W. Levason, C. A. McAuliffe, and S. G. Murray, Inora. Chim. Acra, 
17, 247 (1976). 
C. A. McAuliffe and S. G. Murrav. Inore. Nucl. Chem. Lett.. 12. 897 

- 1  

(1976). 
P. K. F. Chin and F. R. Hartley, Inorg. Chem., 15,982 (1976). 
C .  Burgess, F. R. Hartley, and G. W. Searle, J.  Organomet. Chem., 76, 
247 (1974). 
B. B. Wayland and R. F. Schramm, Inorg. Chem., 8 ,  971 (1969). 
A. De Renzi, A. Panunzi, A. Vitagliano, and G. Paiaro, J.  Chem. SOC., 
Chem. Commun., 47 (1976). 
A referee suggested that, because the linearity of plots of A, - Ac vs. 
cllz depends on the Debye-HWkel equation, which is only valid at low 
concentrations, further measurements at concentrations below lo4 equiv 
L-’ were necessary. Further work on several of the complexes showed 
that these extra data points did not significantly alter the slopes of these 
plots. In addition, we feel that because of the approximate nature of 
both the Debye-Hdckel equation and Kohlrausch’s equation (A, ,= Ac + E C ’ / ~ ) ,  it is essential, in order to compare E values with those published 
previously, that approximately the same concentration ranges should be 
used. Accordingly, in the present work conductivities were measured 
over the concentration range lO-*-lO-’ equiv L-’ as in ref 13. 
G. Dyer and L. M. Venanzi, J .  Chem. SOC., 2771 (1965). 
S. F. Pavkovic and D. W. Meek, Inorg. Chem., 4, 1091 (1965). 
R. G. Feltham and R. D. Hayter, J .  Chem. SOC., 4587 (1964). 
H. A. 0. Hill and K. A. Simpson, J .  Chem. SOC. A ,  3267 (1970). 
P. C. Turley and P. Haake, J .  Am. Chem. S O C ,  89, 4617 (1967). 
R. J. Cross, T. H. Green, R. Keat, and J. F. Paterson, J .  Chem. SOC., 
Dalton Trans., 1486 (1976). 
S. 0. Grim, W. L. Briggs, R. C. Barth, C. A. Tolman, and J. P. Jesson, 
Inorg. Chem., 13, 1095 (1974). 
T. G. Appleton, M. A. Bennett, and I. B. Tomkins, J.  Chem. Soc., Dalton 
Trans., 439 (1976). 
S .  0. Grim, R. C. Barth, J. D. Mitchell, and J. Del. Gaudio, Inorg. Chem., 
16, 1776 (1977). 
W. L. Steffen and G. J. Palenik, Inorg. Chem., 15, 2432 (1976). 
B. E. Mann, P. M. Bailey, and P. M. Maitlis, J .  Am. Chem. SOC., 97, 
1275 (1975). 
E. N. Baker and G. E. Norris, J .  Chem. Soc., Dalton Trans., 877 (1977). 
E. N. Baker and N. G. Larsen, J.  Chem. Soc., Dalton Trans,, 1769 (1976). 
M. Elder and D. Hall, Inorg. Chem., 8, 1273 (1969). 
J. Murray-Rust and P. Murray-Rust, Acta Crystallogr., Sect. B, 29, 
2606 (1973). 
L. P. Battaglia, A. B. Corradi, C. G.  Palmieri, M. Nardelli, and M. E. 
V. Tani, Acta Crystallogr., Sect. E ,  29, 762 (1973) 
R. C. Warren, J. F. McConnell, and N. C. Stephenson, Acra Crystallogr., 
Sect. E, 26, 1402 (1970). 
C. A. McAuliffe, Adu. Inorg. Chem. Radiochem., 17, 165 (1975). 
A. Lopez-Castro and M. R. Truter, J .  Chem. Soc., 1309 (1963). 
F. R. Hartley, “The Chemistry of Platinum and Palladium”, Applied 
Science, London, 1973, p 8. 
J. W. Emsley, J. Feeney, and L. H. Sutcliffe, “High Resolution Nuclear 
Magnetic Resonance Spectroscopy”, Vol. 1, Pergamon Press, London, 
1966, Sec. 4.3 and 4.5. 
F. R. Hartley, W. Levason, and S. G. Murray, unpublished work. 

0020-1669/79/1318-1397$01 .OO/O 

The loss of ethylenediamine (en) from heated [Cr(e11)~1- 
(NCS)3 offers the usual method of preparing trans- [Cr- 
( ~ ~ I ) ~ ( N C S ) ~ ] N C S . ~  Rollinson and Bailar showed that the 
solid-state process is catalyzed by NH4SCN.3 The acid 
catalyst apparently protonates one end of a coordinated 
ethylenediamine molecule breaking it loose from the metal ion 
in the rate-determining step. Bear and Wendlandt studied this 
process by using thermogravimetric analysis and reported that 
the activation energies are 34 and 18 kcal/mol, respectively, 
when no catalyst is used and when NHSCN is p r e ~ e n t . ~  
These workers reported that the presence of NH4Br or NH41 
had no effect on the activation energy for deamination. 

Considerable study has been devoted to determining kinetic 
information about this reaction. From isothermal weight loss 
studies, activation energies of about 47.4 and 33.1 kcal/mol, 
respectively, were determined for the uncatalyzed and cat- 
alyzed  reaction^.^ An unusual feature is that deamination of 
[Cr(e11)~1 (NCS)3 produces trans- [Cr(en)z(NCS)2] (NCS) 
while deamination of [Cr(en),]C13 produces a cis product.6 
However, Wendlandt and Svenum have shown that heating 
the tris(ethy1enediamine) complexes with a large excess of 
NH4SCN leads to C~~-[C~(~~)~(NCS)~](NCS).’ The products 
of these thermal matrix reactions were identified by using 
reflectance spectroscopy. 

More recently, Akabori and Kushi* studied the deamination 
of (+)ssg- [Cr(en),] (NCS)3 and (*)- [ C r ( e r ~ ) ~ ]  (NCS)3 as 
catalyzed by “minute traces” of NH4SCN. I t  was shown by 
elution chromatography that the product is trans-[Cr(en)z- 
(NCS),]NCS. Thus, the deamination reaction leads to a trans 
product when carried out in the presence of “small” amounts 
of catalyst but leads to a cis product when “large” amounts 
of catalyst are used. 

As a part of our study of deamination reactions, it was noted 
that deamination of [Cr(en)3] (NCS)3 in the presence of 
NH4SCN or NH4Cl lowered the activation energy but gave 
a different AH value from that when no catalyst is p r e ~ e n t . ~  
We have sought to clarify this situation by using differential 
scanning calorimetry and thermogravimetric analysis, and this 
report presents results of these studies. 
Experimental Section 

The thiocyanate complex was prepared from [Cr(en)3]2(S04)3 which 
was prepared by the method of Rollinson and Bailar.lo The [Cr- 
(en)3](NCS)3 was obtained by dissolving 100 g of the sulfate in 275 
mL of warm water and adding 147 g of solid NH4SCN. After the 
solution was cooled, the solid product was removed by filtration. The 
product was recrystallized from water, washed with alcohol and ether, 
and air-dried. Anal. Calcd for [Cr(en)3](NCS)3.H20: Cr, 12.27; 
C, 25.50; H, 6.13; N, 29.65; S, 22.68. Found: Cr, 12.73; C, 25.43; 
H, 6.13; N, 29.66; S, 22.85. 

Thermal studies on the deamination of [Cr(en),](NCS), were 
carried out by using a Perkin-Elmer differential scanning calorimeter, 
Model DSC-1B. Procedures used were similar to those previously 
described.“ A heating rate of 10 OC/min and a nitrogen flow rate 
of 30 cm3/min were used with samples in the range of 4-6 mg. 
Activation energies were determined by the method of Thomas and 
Clarke.I2 This procedure was used to study the initial 50-60% of the 
reaction, and good linear plots were obtained. Heats of reaction were 
obtained by comparing peak areas with those of standards using the 
fusion of tin. 
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Figure 1. DSC curves for deamination of [Cr(en)3](NCS)3 containing 
various amounts of NH4SCN. 

Thermogravimetric curves were taken on a Perkin-Elmer thermal 
gravimetric system, Model TGS-2. A heating rate of 10 OC/min was 
used with the samples maintained in a nitrogen atmosphere. 

In order to study the effect of varying the amount of catalyst, we 
introduced NHISCN by adding the desired volume of a standard 
solution of NH4SCN in acetone to a weighed sample of the complex. 
The acetone was then evaporated under reduced pressure. Several 
samples of the complex containing each concentration of catalyst were 
studied. 
Results and Discussion 

Samples of [ C r ( e r ~ ) ~ ]  (NCS)3 containing no catalyst and 
those containing 1.0, 2.0, 4.0 and 8.0 mol % NH4SCN were 
studied by using DSC and TGA. Samples containing no 
NH4SCN were actually the monohydrate, [ C r ( e r ~ ) ~ ] -  
(NCS)3-H20, originally, and a broad endotherm due to loss 
of water was seen in the range 40-90 "C. The samples 
containing NH4SCN were anhydrous owing to the dehydration 
during catalyst addition. All samples showed an endotherm 
in the range 170-200 OC, corresponding to the loss of 
ethylenediamine. The DSC curves for the deamination a re  
shown in Figure 1, As can be seen from the DSC curves, the 
large endothermic peak corresponding to deamination is 
followed in order by small exothermic and endothermic peaks. 
These smaller peaks were not previously r e ~ o r d e d . ~  

For the loss of 1 mol of ethylenediamine/mol of complex, 
the expected mass loss is about 14.7%. Mass loss curves 
obtained by using T G A  show that the first endothermic 
transition is accompanied by a mass loss of about 8.8% 
(equivalent to about two-thirds of a mole of en per mole of 
complex). The transition giving rise to the smaller endothermic 
peak is accompanied by a mass loss of about 4.2% (equivalent 
to about one-third of a mole of ethylenediamine per mole of 
complex). The curves shown in Figure 1 confirm that the 
smaller exothermic and endothermic peaks are totally absent 
when the catalyst level is 8.0 mol %. When this amount of 
catalyst is present, only a single large endothermic peak is seen 
and the mass loss corresponds very closely to that expected 
for the loss of 1 mol of ethylenediamine/mol of complex. The 
T G A  curves shown in Figure 2 confirm that there is no mass 
loss during the exothermic transition which may correspond 
to some rearrangement in the solid phase. A similar sharp 
exotherm is apparent in the DTA curve of Akabori and Kushi 
when no catalyst was used. 

The DSC curves were used to obtain the A H  values and 
activation energies for the deamination shown in Table I. 

For a reaction which leads to a given product, AH should 
be the same whether or not a catalyst is present. However, 

140 150 160 170 180 190 200 210 220 
TEMPERATURE, OC 

Figure 2. DSC and TGA curves for deamination of [Cr(en)3](NCS)3 
with no catalyst present and with 8 mol % NH4SCN present. 

Table I. Reaction Parameters for the Deamination of 
W e n )  1 (NCS) 

initn 
mol% temp, % wt Eact,b 

NH,SCN 'C lossa kcalimol kcalimol 

0 170 13.9 66.9 f 3.6 20.5 i: 1.0 
1.0 165 14.8 59.3 + 4.7 19.6 t 1.9 
2.0 155 14.7 48.7 + 2.3 20.4 t 2.8 
4.0 155 14.9 45.3 i 3.3 15.1 i: 1.2 

a For loss of one molecule of ethylenediamine per molecule of 

8.0 145 14.9 38.3 3 0.5 12.9 t 1.2 

complex, the expected loss is 14.7%. 
average deviation from the mean. 

the data shown in Table I indicate that AH decreases more 
or less regularly as the amount of NH4SCN present increases. 
Previously, the catalyzed reaction was studied at  5.0 mol % 
NH4SCN.9 The data obtained in this work indicate that there 
is a general decrease in AH as the amount of catalyst increases. 
Accordingly, it must be concluded that a t  higher catalyst levels 
the product is predominantly c ~ ~ - [ C ~ ( ~ ~ ) ~ ( N C S ) ~ ] N C S .  
When a large amount of NH4SCN is present, deamination 
produces C ~ S - [ C ~ ( ~ ~ ) ~ ( N C S ) ~ ] N C S  by the thermal matrix 
process.' Also, the AH value obtained when no catalyst is 
present is about 20.5 kcal/mol. However, when 8.0 mol % 
catalyst is used, the AH value is 12.9 kcal/mol. These results 
and the nature of the DSC curves clearly indicate that the 
catalyzed and uncatalyzed reactions lead to different products. 
The fact that A H  depends on the amount of catalyst used is 
indicative that the ratio of cis/trans isomers in the product 
depends on the amount of catalyst used. Akabori and Kushi 
have shown that the trans product results when "minute 
traces" of catalyst are presente8 The NH4SCN catalyst was 
added by recrystallization of the complex from a 1% NH4SCN 
solution, and no attempt was made to determine the amount 
of catalyst present. 

For a reaction following the usual rate law for an acid- 
catalyzed r e a c t i ~ n , ' ~  increasing the amount of catalyst in- 
creases the fraction of the reaction proceeding by the catalyzed 
pathway. In this case, the large decrease in activation energy 
as the amount of catalyst is increased probably indicates that 
a different product is obtained as well.5 Since the catalyzed 
reaction can be carried out isothermally at  110-1 30 OC, the 
reaction occurring in the DSC at 170-210 OC may be quite 
different. Thus, the usual synthetic reaction a t  lower tem- 
perature with trace amounts of catalyst present produces 
trans- [ C ~ ( ~ I I ) ~ ( N C S ) J  N C S  as 

Shown as mean value i: 



Notes 

From the DSC and TGA curves, it appears that the 
deamination at  low catalyst levels is a two-step process. The 
first step of this process involves the loss of two molecules of 
en for each three molecules of complex. The intermediate is 
stable over about a 10 “C  range of temperature. The second 
step involves the loss of one molecule of en for each three 
molecules of complex to give the final product. At the high 
catalyst levels, the deamination occurs in one step corre- 
sponding to loss of one molecule of en per molecule of complex, 
and in these higher temperature nonisothermal studies the 
thermal data are consistent with a cis product. 

Registry No. [Cr(en)3](NCS)3. 14176-00-2; NH4SCN, 1762-95-4. 
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The redox reactions of the halopentaammine complexes of 
cobalt(II1) and ruthenium(II1) with reductants such as 
chromium( 11) ,l vanadium( 11) ,2-4 uranium( 111) ,jq6 europi- 
U ~ ( I I ) , ~ > ~  tris(bipyridyl)~hromium(II),~ hexaammine- 
ruthenium(II),’ aquapentaammineruthenium(II),8 and tita- 
nium(III)g~lo have been investigated extensively. The reactivity 
order has come to be known as “normal” or “inverse”, de- 
pending on whether rate increases or decreases with increasing 
atomic number of the halogen. The normal reactivity order 
( I  > Br > C1) is observed for the reactions of chromium(II), 
vanadium(II), hexaammineruthenium(II), and tris(bi- 
pyridyl)chromium(II) with halopentaamminecobalt(III),1~3 and 
for the reactions of uranium(II1) and aquapentaammine- 
ruthenium(I1) with halopentaammineruthenium(III).6~8a The 
inverse order (I < Br < C1) is observed for the reactions of 
europium(II), iron(II), and uranium(II1) with halopenta- 
amminecobalt(III)3-5 and for the reactions of chromium(I1) 
and europium(I1) with halopentaammineruthenium(III).2 An 
unusual order (C1> I > Br)9,’0 is observed for the reactions 
of titanium(II1) with the halopentaamminecobalt(II1) com- 
plexes, and Thompson and Sykes’O have been able to assign 
an outer-sphere mechanism to the reactions by using modified 
Marcus theory plots. 

Reactivity trends listed above are not diagnostic of 
mechanism since both inner-sphere and outer-sphere mech- 
anisms apply to some of the reactions of normal and inverse 
orders. Haim” pointed out that the normal reactivity trend 
observed in the chromium( 11)-halopentaamminecobalt(II1) 
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reactions is indicative of the relative stabilities of the halo- 
gen-containing transition states. 

Chalilpoyil, Davies, and Earley12 recently investigated the 
reactions of titanium(II1) with chloropentaamminerutheni- 
um(II1) and assignedI3 an outer-sphere mechanism to these, 
using linear free-energy plots. We here report studies of the 
reduction of iodo- and bromopentaammineruthenium(II1) 
complexes by titanium(II1). A reactivity trend is obtained and 
the ambiguous reactivity trend8 criterion is avoided in assigning 
a mechanism to these reactions. 
Experimental Section 

Reagents were prepared and purified by standard  procedure^.'^*'^ 
The spectra of the complexes RU(NH~)~B~’+ and R U ( N H ~ ) ~ I ~ +  agreed 
with those in the 1iterat~re.l~ Pure titanium(II1) chloride (Koch-Light 
Laboratories, Ltd.) was used as previously described.I6 

The reactions were monitored on an SP 500 spectrophotometer by 
following decreasing absorbances of the oxidants at  the wavelength6 
of maximum absorption: RU(NH~)~B~’+,  X 398 nm, t = 1.85 X lo3 
dm3 mol-’ cm-I; RU(NH~)~I’+ X 545 nm, t = 2.11 X lo3 dm3 mol-’ 
cm-I. All runs were performed at 25.0 h 0.1 OC under pseudo- 
first-order conditions in chloride and trifluoromethanesulfonate media, 
with I = 1.0 mol dm-3. The reduction potentials of the chloro- and 
bromopentaammineruthenium(II1) complexes are available in lit- 
erat~re,’’,’~ but that of the iodo complex is not available. It was 
therefore measured by using the method of Kallen and Earley,lg in 
trifluoroacetate buffers. 
Results 

The observed rate constants are presented as functions of 
acid in Table I. The reactions are free of complications as 
judged from the linear pseudo-first-order plots. Rate constants 
obtained with chloride and trifluoromethanesulfonate as ionic 
strength media agree very well (Table I). Where the effects 
of anions (Cl-, N3-, SCN-) were investigated, it was convenient 
therefore to use trifluoromethanesulfonate to maintain the ionic 
strength a t  1.0 mol dm-3. 

In the acid concentration range 0.01-1.00 mol dm-3, the 
observed second-order rate constant is inversely proportional 
to [H’]. The data obtained therefore fit eq 1. This implies 

kobsd = a / [ H + l  (1)  

that TiOH2+, rather than Ti3+, is the predominant reducing 
species,12 with a = k2K,,  where K ,  is the acidity constant of 
Ti3+ and k2,  the electron-transfer rate constant for TiOH2+. 
Application of eq 1 to the data gave a as 0.28 f 0.03 s-l for 
the T ~ ( J I I ) / R U ( N H ~ ) ~ B ~ ~ +  reaction and 0.56 f 0.03 s-l for 
the Ti(III)/Ru(NH3)512+ reaction. Some measurements of 
kobsd as a function of acid concentration a t  [H+] < 0.01 mol 
dm-3 indicate that K,  = 5 X mol dm-3, in agreement with 
the value of K, employed by Chalilpoyil, Davies, and Earley12 
to calculate k2.  When this value for the acidity constant K ,  
is employed for Ti3+, k 2  for the Ti(III)/Ru(NH,) jBr2t and 
T ~ ( I I I ) / R u ( N H ~ ) ~ I ~ +  reactions are 56.0 f 5.3 dm3 mol-’ s-l 
and 112.0 f 6.2 dm3 mol-’ s-I, respectively. 

The effects of added anions (Cl-, N3-,  SCN-) on the re- 
actions of Ti(II1) with bromopentaammineruthenium(II1) were 
investigated. The anions catalyze the reaction in the order 
SCN- >> N3- > C1- (Table 11). The reduction potential (GO, 
mV vs. N H E )  of the icdopentaammineruthenium(II1) complex 
(which was measured as the average of the cathodic and anodic 
peak potentials in -1 mol dm-3 C F 3 C O O H / L i C F 3 C 0 0  
solutions, pH 2-3, sweep rate -20 V/s) is -21. 
Discussion 

These results further testify to the characteristic 
hydrolytic12J6 behavior of Ti(III), in which TiOH2+ is the 
predominant reactive component. Since the value of k2 ob- 
tained by Chalilpoyil, Davies, and Earley for the Ti(III)/  
Ru(NH3)$12+ reaction12 is 12.0 dm3 mol-’ s-l and those 
obtained for the T ~ ( I I I ) / R U ( N H ~ ) ~ B ~ ~ +  and Ti(III)/Ru- 

0 1979 American Chemical Society 


