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sorptions. The infrared spectrum of this solid is 
different from those of the solid tris complexes. When 
the Raman and infrared spectra are compared, it is 
seen that the stronger infrared absorptions either 
correspond to weak Raman lines or are absent in the 
Raman spectra. Conversely, the Raman frequen- 
cies are weak or else absent in the infrared. Newman 
and Powelllo from an infrared study concluded that this 
compound consists of Zn atoms bridged by ethylenedi- 
amine ligands (each with its two N atoms trans to 

(10) G. Newman and D. B. Powell, J. Chem. SOL,  477 (1961) 

the C-C bond). Our observation of lack of Raman- 
infrared coincidence for the ligand frequencies confirm 
their conclusions. The observation of two Zn-C1 
stretching vibrational frequencies (one of them active 
in both infrared and Raman spectra) rules out the 
formulation (Zn(en)2)ZnC1,. The Zn-N stretching 
frequency for this complex may correspond to one of 
the three infrared absorptions in the 4 0 0 - ~ m - ~  region. 
Another possibility, which seems to  be more likely is 
that  this frequency may be much lower, below the 
260-cm-l limit of our spectra. Then, the above three 
lines would be due to skeletal bending vibrations. 
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It has been demonstrated that tris(ethylenediamine)osmium( 111) iodide can be deprotonated with amide ion or potassium 
in liquid ammonia or hydroxyl or ethoxyl ions in ethanol. Study of the infrared spectra of the resulting and related species 
shows that V( ATH) and 6( NH) are only little influenced by change in the oxidation state of the central metal ion. 

Deprotonation of ethylenediamine ligands associ- 
ated with transitional metal ions has been effected in 
one instance in aqueous solution, anhydrous ethylene- 
diamine,2 potassium in liquid ammonia, 3, and in 
numerous cases with amide ion in liquid a m m ~ n i a , ~  
including also the deprotonation of diethylenetri- 
amine. Since Dwyer and Hogarth2 had demonstrated 
the deprotonation of ethylenediamine complexes of 
osmium, i t  was of interest to study deprotonation re- 
actions employing other bases and to determine the 
effect of changes in the oxidation state of osmium upon 
properties of the deprotonated species. The results are 
reported here. 

Experimental Section 
Methods.-Reactions in liquid ammonia and procedures for 

handling the products thereof were the same as described else- 
where.6 For reactions in ethanol a t  room temperature, thc 
same equipment was used; ethanol stored over CaHz was dis- 
tilled directly into the reactors cooled with Dry Ice-2-propanol. 
Air-sensitive products were stored and/or transferred in a drybox 
containing a He atmosphere maintained oxygen- and water-free 
by continuous exposure to liquid Na-K alloy. 

X-Ray diffraction data were obtained using Cu Kor radiation 
(Si filter) a t  35 kv and 15 ma and exposure times of 8-20 hr; 
relative intensities were estimated visually. For the complexes 

(1) B. P.  Block and J. C. Bailar, Jr., J .  A m .  Chem. Soc., 73, 4722 (1951). 
(2) F. P. Dwyer and J. W. Hogarth, ibid., 78, 1008 (1953). 
(3) G. W. Watt ,  R. E. McCarley, and J. W. Dawes, ibid., 79, 5163 (1957). 
(4) G. W. Wait ,  Id. E. Sharif, and E. P. Helvenston, Inovg. Chem., 1, 6 

(1962). 
(5) G. W. Watt  and B. J ,  McCormick, ibid., 4, 143 (1965), and references 

therein. 
( 6 )  G. W. Watt ,  et al., J .  Inovg. Nucl .  Chem., 9, 311 (1959); J .  Electro- 

c h e m  Soc., 98, l (1851) ;  102, 454 (1955). 

for which data were not already available, d spacings corre- 
sponding to the six most intense lines are given in Table I .  

Infrared spectra for hTujol and high-boiling perfluorokerosene 
(PFK)  mulls were recorded with a Beckman IR-7 spectro- 
photometer with hTaCl and CsI interchanges. Data for the 600- 
3400 cm-' region are given in Table I1 and Figure 1 and for the 
250-700 cm-' region in Table I11 and Figure 2. 

Magnetic susceptibilities were determined at  25" with a Curie- 
Cheneveau balance calibrated against HgCo(SCi\')c; the data 
were corrected for diamagnetic contributions. 

The pK, value was determined (with an estimated accuracy of 
2~0.03 pK, unit) with a Beckman Model G pH meter calibrated 
against commercial pH 4.10 and 7.00 buffer solutions. The pK, 
value was determined from a titration midpoint for a titration of 
a 1 mM solution of complex with a 0.01 N HNOB solution; ex- 
cept for employment of dilute solutions, ionic strength was not 
otherwise controlled. 

Materials.-Unless otherwise indicated, all chemicals were 
reagent grade and anhydrous. 

Ammonium hexabromoosmate( IV), (NH&OsBra, was pre- 
pared as described by Dwyer and Gibson.' 

P-Aminoethylamidobis( ethylenediamine)osmium( IV) iodide,8 
[Os( en-H)(  en)^] Is; bis(P-aminoethy1amido)ethylenediamineos- 
mium(1V) iodide and bromide, [Os(en-H)z(en)]Xz; and tris- 
(ethylenediarnine)osmium( 111) iodide dihydrate were prepared 
by the methods of Dwyer and Hogarth.* Anal.$ Calcd for [Os- 
(en-H)(en)z]13: Os, 25.4. Found: Os, 25.6. Calcd for 
[Os(en-H)(en)~]Br3: Os, 31.2. Found: Os, 31.0. Calcd for 
[Os(en-H)s(en)]Iz: Os, 30.6; N, 13.5. Found: Os, 30.5; iY, 
13.5. Calcd for [Os(en)a]I3.2H%O: Os, 24.2; N, 10.7. Found: 
Os, 24.3; N, 10.8. The dihydrate (0.6825 g) was dehydrated by 

(7)  F. P. Dwyer and N. A. Gibson, Natuve, 166, 1012 (1950). 
(8) (en-xH) denotes an en ligand from which x protons have been re- 

moved. 
(9) Analyses were performed as described elsewhere [G. W. Watt  and J. T. 

Summers, J .  A m .  Chem. SOC., 88, 431 (less)] except tha t  the micro Llumas 
method gave erratic results in the analysis of [Os(en-H)a]. 
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TABLE I 
X.Rau DIFFRACTION DATA 

[Os(en)alIa~2HzO [Os(en) alIa [Os(en-H) (en)zlIz 
d ,  A I / I o  d ,  A I / I o  4 A I / I Q  

7.16 0.90 4.29 1.00 6.66 0.50 
5.20 1.00 3.63 0.80 5.07 1.00 
4.46 0.70 3.46 0.70 4.42 1.00 
4.17 0.10 3.26 0.60 3.79 0.30 
3.66 0.20 3.13 0.60 3.00 0.20 
3.36 0.20 2.33 0.10 2.84 0.20 
[Os(en-H)z(en) 11 [Os(en-H)(en)z]Ia [Os(en-H)z(en)lIz 
d ,  A I l l 0  d ,  A I / Io  d ,  A I / I o  

5.13 1.00 7.13 0.40 6.67 0.70 
4.38 0.20 5.22 1.00 5.39 0.20 
3.02 0.10 4.41 0.70 5.10 1.00 
2.86 0.10 4.14 0.30 4.41 0.90 
2.12 0.15 3.95 0.10 3.80 0.40 
1.58 0.15 2.93 0.10 3 .71  0.40 

maintaining i t  at mm for 9 days; there was no significant 
weight loss after 3 days and the total weight loss was 30.1 mg as 

I I A V '  ' ' ' ' ' ' ' ' ' I 

Figure 1.-The infrared spectrum of [Os(en-Hj*(en)] Iz in the 600- 
3400 cn1-l region in a Nujol mull. 

compared with 81 .7 mg calculated for complete conversion to  
[Os(en)a] 1 3 .  Since the anhydrous iodide is very hygroscopic, 
i t  was weighed as the dihydrate, introduced into the reaction 
vessel, and maintained a t  mm for 3 days prior to use in 
reactions. 

During application of the synthesis procedures of Dwyer and 
Hogarth the following observations of interest were noted: (1) 

TABLE I1 
INFRARED SPECTRA IS THE 600-3400 C M - ~  REGION (NUJOL MGLLS) 

1 6 2 0 v  1 6 1 3  1623 s (0: I) 

1600s 
1 5 Y U  

1 5 6 7 ~  

1603 
1592 

l565sh 

1603 
1591 
l560sh 1 5 7 3 ~  
1 5 6 5 ~  1 5 %  

l57b 
15'14 
I l l 2 2  

1 3 2 W  1322w 1 3 2 2 w  1 3 3 1  1331  I 3 3 2  u' (MI,) 

1 3 0 5 ~  1 2 9 8 ~ 1 :  130.51, I (C!I2) 
1 3 1 6  1 3 1 2  1 3 1 2 ~  1 3 0 E  1308  1311* 

1 2 7 7 5  1 2 7 4  1271 1 2 7 3 "  1 2 7  3 sh, 9.) l 2 G 2  
12113~ 121I.W 12111lW 1 2 3 3 ~  1 2 5 3  1 2  2 

1192w 1183,.v 1 1 8 2  
1169 1169Sh 

1216 1223u 121Gw,b 

1163 llt3 11611 1156 116 2w:, 1, 1170sh(7 )  
1159 1157.J 1158 1152 115x1: 

11~1'' 11'33 11'111 113Gsh 
1 1 2 9  1125 1 1 2 2  1 1 2 1  1 1 1 7  1120i r  

1113 1113~. 
10Cjb  

1365s 1 u c 3 s  l o b 2  
135'1% 1C52a  1052 I 1052s I n ' l l l s  r . o j n ( ? )  1052 x j  ( r h )  
1320xr I C 2 3 W  1036 

I 3 02 "W 1003 (?j Looivw 
1017\,,\ l i l l  SI, 1 U J  7 . .  

5.1 I w 9 7 5 i P  I1 I, 

560 
549 

498 

437 
425 sh 

315 u 
283 u 

TABLE 111 
INFRARED SPECTRA IS THE 250-700 Cm-l 

REGIOS ( SUJOL MULLS) 
[Os(en-H)- [Os(en-H)p 

662 br 663 
633 

583 w 
560 558 572 

[Os(en)rlIr (en)nlIa (4 1 1 2  

549 sh, u 551 543 

498 501 u 
516 sh 

478 
457 

435 sh 4 3 i  u 
428 u 

377 w 
x53 w 364 m 

323 u 319 
280 u 285 br 

Treatment of (NH4)20sBrc with anhydrous ethylenediamine at 
10" to provide [Os(en-H)z(en)]Br:! gave low yields and intensely 
colored filtrates. Dilution of the filtrate with a twofold volume 
of ethanol precipitated essentially all of the remaining osmium 
as green crystals that  (when wet) darkened rapidly upon exposure 
to the atmosphere. When dried in Z ~ U C U O  over P4Ol0, however, thc 
green crystals were stable and gave an infrared spectrum at- 
tributable to [Os(en-H)(en)?] 3f and en.HBr. Treatment of this 
product with NaOH in ethanol ( a  multiphase reaction with only 
mild agitation) gave a pink-brown product (identified as [Os- 
(en-H)n( en)] Brz) while reaction with HI in ethanol gave a mixture 
of [Os(en)a] 13.2Ha0 and [O~(en-H)(en)~] 13, as indicated by infra- 
red spectra. This afforded a means to conserve osmium and 
increase over-all yields by treating this precipitate two or three 
times alternately with ethanol solutions of S a 1  and KOH to give 
[Os(en-H)s(en)] I?, which is an intermediate in the synthesis of 
other complexes.2 (2) In  an attempt to prepare [Os(en-H)- 
(en)2] 1 8  or [Os(en)8]Ia by reaction between [Os(en-H)z(en)] 2 +  

and HI, a mixture resulted when the product was isolated soon 
after addition of HI. Upon standing for at least 2 wecks, how- 
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700 C M - l '  ' 1 
200 

Figure 2.- The infrared spectra of A, [Os(en-H)~(en)]Ip; 
B, [Os(en-H)(en)z]L; C, [Os(en)3]13.2H~O in the 200-700 cm-l 
region in Nujol mulls. 

ever, quantitative conversion to [Os( en)3] I&?HzO was effected, 
as indicated by its X-ray diffraction pattern and infrared spec- 
trum. Anal. Calcd for [Os(en)a]Ia.2HzO: Os, 24.2. Found: 
Os, 24.1. 

Synthesis of p-Aminoethylamidobis(ethy1enediamine)os- 
mium(II1) Iodide.-This complex, [Os(en-H)( en),] Iz, was pre- 
pared by several means, the most direct of which was treatment 
of [ O ~ ( e n ) ~ l I ~  with 1 molar equivalent of KNHz in liquid NH3. 
Thus, 36.3 mg of K (0.928 mmole) was converted to KNHs in 
15 ml of liquid NHP and added at  -33.5' in small portions to a 
solution and suspension of 0.923 mmole of [Os(en)a]Ia (from the 
dehydration of 0.7260 g of [Os(en)3]13.2HzO, as described above) 
in 35 ml of liquid "3. From the resulting red solution, pink 
crystals were obtained by lowering the temperature to -40' by 
rapid evaporation of the refrigerant "3. This product was 
washed twice with small volumes of NH3 and dried in vacuo. 
Anal. Calcd for [Os(en-H)(en)z]Iz: Os, 30.5; N, 13.5. Found: 
Os, 30.6; N, 13.6. The freshly prepared complex was para- 
magnetic, peff = 1.58 BM (under He), but this decreased to ca. 
1.0 during 12-hr exposure to air and thereafter continued to de- 
crease slowly. Titration of [Os(en-H)(en)z]Iz with "03, as 
described above, gave a midpoint a t  pH 5.10. 

The same deprotonation was effected by treating [Os( en)3] 13. 

2Hz0 with 3 molar equivalents of K in liquid NH3 or [Os(en)3]18 
with 1 molar equivalent of K.  In both cases the infrared spec- 
tra and X-ray data were identical with those of the product of 
deprotonation via NHz-. Anal. Found: Os, 30.6. 

Similarly, treatment of [ O ~ ( e n ) ~ l I ~  in ethanol with a sixfold 
molar excess of KOCzHa or a fourfold molar excess of KOH yielded 
[Os(en-H)(en)z] IZ that gave the same X-ray pattern, infrared 
spectrum, and magnetic susceptibility as reported above. Anal. 
Found: Os, 30.9; N, 13.5. 

Synthesis of Bis(P-aminoethy1amido)ethylenediamineos- 
miurn( 111) Iodide .-The method used to prepare [Os( en-H)z- 
(en)]I was the same as for [Os(en-H)(en)2]12 except that slightly 
more than 2 molar equivalents of KNHz was used. The product 
was a light yellow-brown solid that darkened rapidly on exposure 
to air. Anal. Calcd for [Os(en-H)~~(en)]I: Os, 38.4; N, 17.0. 
Found: Os, 38.0; N, 17.5. Owing to the solubility of this 
product in ammonia and its pronounced tendency to peptize, 
yields were very low and the complex in pure form was not iso- 
lated in quantity sufficient for magnetic susceptibility deter- 
minations. 

Synthesis of Tris(p-aminoethylamido)osmium(III).-The 
same procedure was used to produce [Os(en-H)r] except that 3 
molar equivalents of KNHz was used; the product was a brown 
solid. Anal. Calcd for [Os(en-H)r]: Os, 51.8. Found: Os, 

52.2. A qualitative test for I- was negative. Although this 
complex appeared stable in air, the infrared spectrum of an 
exposed sample indicated hydration. A sample exposed for 
12 hr had an osmium content (Found: Os, 48.2) that suggests 
both reprotonation and hydration. 

Other Attempted Syntheses.-In efforts to produce other de- 
protonated species with Os in the 3f  or other oxidation states, 
numerous other reactions were carried out in liquid "3; some 
observations of interest follow. 

The reaction between [Os(en)3]13.2HzO and 5 molar equiva- 
lents of KNHz gave a gray solid that contained 33.6% Os and 
gave an X-ray pattern that included many of the more intense 
lines characteristic of [O~(en-H)(en)~] 13; this suggests a mix- 
ture or an intermediate stage of deprotonation. 

Treatment of [ O ~ ( e n ) ~ l I ~  with 2 molar equivalents of K gave a 
product that contained 37.5y0 Os, which is near the range (38.2- 
38.4y0 Os) calculated for [Os(en)s]I, [Os(en-H)(en)z]I, and [Os- 
(en-H)~(en)]I. This together with an X-ray pattern that in- 
cluded low-intensity lines attributable to [ Os( en-H)( en),] IZ also 
indicates incomplete reaction. 

Incomplete reaction also resulted from treatment of [Os( en- 
H)z(en)]Iz with 1 molar equivalent of either K or KNH2. To the 
extent that reaction occurred, the products were ammonia- 
soluble and the residual solid was shown to consist of unreacted 
starting material by X-ray diffraction data, infrared spectra, and 
analysis. Anal. Calcd for [Os(en-H)z(en)]Iz: Os, 30.6; N, 
13.5. Found: Os, 30.6; N, 13.6. 

Treatment of [Os(en-H)(en)] IZ with 2.5 molar equivalents of 
KNH, afforded a pyrophoric brown solid. Anal. Calcd for 
[Os(en-H)t]I: C, 14.6; H,  4.3. Found: C, 14.5; H ,  4.3. 
In view of a negative test for I-, however, the identity of this 
product remains uncertain. A rather poor infrared spectrum 
showed very broad bands for u(NH) and a(") but relatively 
sharp bands of medium intensity a t  2055, 2163, 2227, and 2242 
cm-1. After a 17-hr exposure, a faint X-ray diffraction pattern 
gavedspacings(A) of 7.15 ( l . O ) ,  6.57 (vw), 4.60 (0.2), 4.08(vw), 
3.33 (vw), and 2.87 (vw). The gram susceptibility was found 
to be 5.9 X cgs unit, which is about that  expected for Os- 
(IV).'O 

Discussion 
The results reported above show that the first stage 

in the deprotonation of [ O ~ ( e n ) ~ l I ~  can be effected by 
K +  + NHz- 

K' + OCzH6- 
K I  + NH3 

K I  + CzH60H 
[Os(en-H)(en)z]Iz + 

The deprotonation of ethylenediamine ligands by 
OCzHs- ions has not been observed previously; that  by 
OH-, in only one case. This is significant in that  the 
use of these ions in solvents such as ethanol will permit 
deprotonation of halide complexes that in liquid am- 
monia experience either solvolysis or ligand substitu- 
tion. The same deprotonation occurs when [Os- 
(en)a]Is is treated with potassium in liquid ammonia 
and, in the absence of an initial liberation of hydrogen, 
this cannot be attributed to  potassium amide formation 
and subsequent deprotonation by amide ion. Ac- 
cordingly, it seems likely that, although hydrogen 
evolution was not measured in the present case, the 
product can be accounted for by3 

[Os(en)alL 4- K +  + e- [Os(en)~lIz f K I  (2) 

(3) [Os(en)al IZ --+ [Os(en-H)(en)zlIz + '/zHz 

(10) B. N. Figgis and J. Lewis, "The Magneto-chemistry of Complex 
Compounds," in "Modern Coordination Chemistry," J. Lewis and R. G. 
Wilkins, Ed., Interscience Publishers, Inc., New York, N. Y., 1950, Chapter 6. 
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where (3) is quite slow relative to the rate of (2). An 
alternative explanation is suggested by the observation 
that when [ O ~ ( e n ) ~ ] 1 ~  comes into contact vith gaseous 
ammonia, it forms a yellow solid similar in appearance 
to the dihydrate. In liquid ammonia this changes to a 
white solid that dissolves to form a solution that has a 
red color characteristic of an ammonia solution of 
[Os(en-H)(en)z]Iz. This, together n i th  the pK, of 
5.1 for [Os(en)a]Ia, suggests that  the NH3 molecule is 
sufficiently basic to accomplish the deprotonation 
[ O ~ ( e n ) ~ l I ~  + S H s  --+ [Os(en-H)(en)?!I? + S H 4 +  + I- 

(4) 

and that the K is consumed in reaction with NHd+' 
That  (4) is less probable than (2) and ( 3 ) ,  however' 
follows from the well-known and essentially instan- 
taneous reaction of ammonium ion with solutions of 
metals in ammonia. 

The complex [Os(en-H) (en)z]Iz has the unusual 
property that, when ground in an inert atmosphere, 
i t  is converted to a product that gives an infrared spec- 
trum identical with that for [Os(en-H)z(en) ]Iz (vide 
infra) except for a sharp band a t  675 cm-I. This 
band can also be brought into the spectrum of [Os- 
(en-H)z(en)]Iz by treatment with Hz at 2 5 O ,  and the 
band disappears when the sample is exposed to air.11 

Following reaction 1,  further deprotonation was 
accomplished by the reactions 
[Os(en-H)(en)2]12 + K +  + riHz----t 

[Os(en-H)2(en)]I + KI + KH3 (5) 

(11) The  spectral data for [Os(en-H)*(en) 1 1 2  in Table I1 are for a sample 
that was not  ground but simply coated with Kujol and pressed between 
S a C l  plates. 

[Os( en-H)n( en)] I + K + "2- --+ 
[Os(en-H)s] + KI + "Ha (6)  

The products of these reactions together with the re- 
lated species prepared by the method of Dwyer and 
Hogarthl afforded the first opportunity to compare 
the properties of deprotonated species involving dif- 
ferent oxidation states of the central metal ion, par- 
ticularly as evidenced by changes in the infrared spec- 
tra. 

The tentative assignments of vibrational frequencies 
given in Table I1 were made on the basis of earlier 
studies12$13 and deuteration of [Os(en)3]Iz.2H20 by 
rapid crystallization from 99.77& D%O.l4 The spectrum 
of [Os(en-H)(en)?]I2 is shown in Figure 1 as an ex- 
ample of the spectrum of a deprotonated Os-en com- 
plex in the 600-3400 cm-1 region even though the 
bands in the v(NH) and s(NH) regions are sharper 
than those in the spectra of the related complexes.15 
Data in the 250-700 cm-l are given in Table I11 only 
for complexes that gave useful spectra and are shown in 
Figure 2 to  illustrate the marked similarity despite 
differences in oxidation state. Such shifts as are ob- 
served are comparable to those that result from succes- 
sive deprotonation without change in oxidation state.IG 
Although i t  seems rather remarkable that change in 
the charge on the central metal ion should have so little 
effect on the metal-nitrogen stretching frequency, con- 
clusions on this point should not be drawn until addi- 
tional cases can be examined. 

(12) D. B. Powell and IV. Sheppard, Speclvochim. Acta, 17, 68 (1961). 
(13) G. W. Wat t  and D. S .  Klett, ibid., 2 0 ,  1053 (1964). 
(14) To avoid oxidation a large excess of NaI  was used to hasten pl-e- 

cipitation. 
(15) The  spectrum of [Os(en)a]I3~2HzO is illustrated elsewhere.8 
(16) G. W. Wat t  and J. K.  Crum, J .  Am.  Chcm. Soc., 87, 5306 (1903). 
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T w o  new compounds with structures similar to  that of the hexaureachromium( 111) complex have been studied. The visible 
spectra, in both emission and absorption, are compared with those of the urea complex, particularly with regard to  the posi- 
tions and intensities. With imidazolidone (ethyleneurea) and urea as ligands, the spectra are almost identical, hut with 
biuret, which forms an oxygen-bonded chelate, the spin-allowed d-d bands are considerably shifted to the blue, while the 
spin-forbidden bands are virtually unchanged. 

Introduction chlorate and of tris(biuret)chromium(III) perchlorate 
In  the course of an investigation of the low-tempera- are reported. It has been observed,1 for the complex 

ture spectra of various chromium complexes, some new hexaureachromiurn(III), that  the intercombination 
compounds of chromium(II1) have been examined. bands, i . e . ,  spin-forbidden transitions, have unusually 
In this mrork the syntheses, physical properties, and high intensities in absorption and that both fluores- 
spectra (visible absorption and emission and infrared 
absorption) of hexaimidazolidonechromium(II1) per- (1963). 

(1) G. B. Porter and H. L. Schlafer, Z. Physik. Ckem. (Frankfurt), 37, 109 


