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Only a few complexes of chromium(II1) with mixed amine 
ligands have been  reported,'^^ few of these contain only neutral 
ligands,' and no general synthetic methods for their preparation 
exist. We wish to report the synthesis of cis- and trans- 
[Cr(en),(KH3),I3+ and [ C ~ ( ~ I I ) ( N H ~ ) ~ ] ~ +  and their spectral 
properties. 

The most obvious route to compounds of this type is am- 
monolysis of acido-ethylenediamine starting materials in liquid 
ammonia. Prior studies of the reactions of acidochromium(II1) 
complexes in liquid ammonia have shown, however, that 
thermal substitution with trans - cis stereochemical rear- 
rangement is of common oc~urrence,~ suggesting that although 
preparation of cis- [Cr(en),(NH3),I2' would probably be 
straightforward, the trans isomer would be more difficult. 

In agreement with our expectations we found that cis- 
[Cr(en),C12]+ reacted smoothly in liquid ammonia at low 
temperature to yield [cr(er~),(NH,),]~+, with a few percent 
trans (ca. 3% ?). Both t r~ns - [Cr (en>~Br~] '  and trans-[Cr- 
(en)2C12]+, however, reacted with almost complete isomeri- 
zation to yield about 95% ~ i s - [ C r ( e n ) ~ ( N H ~ ) ~ ] ~ + .  

A reasonable yield of the trans compound was finally 
achieved by ammonolysis of the more inaccessible compound 
t r ~ n s - [ C r ( e n ) ~ N H ~ C l ] ~ + ,  the synthesis of which has been 
previously r e p ~ r t e d . ~  This reaction gave approximately 
one-third trans product. 

Since [Cr(en)X4]- compounds, where X is an easily sub- 
stituted acido ligand, are not available to prepare [Cr(en)- 
(NH3)4]3+, a three-stage synthesis was required starting with 
[Cr(en)(NH3)H20C12]+ and involving the steps 

[ Cr(en)(NH,)H,OCl,]' --+ [ Cr(en)(NH,),H,O] 

[ Cr (en) (NH,) ,H,O]Br , + I Cr (en)(" ,), Br ]Br 

liquid 

"3 
a 

liquid 
[ Cr (en)(NH,),Br]'+ - [ Cr(en)(NH,),] 3+ 

" 3 

The compounds were characterized by elemental analysis 

Table I. UV-Visible Spectral Data for 
[Cr(en),(NH,),,,] '+ Complexes 

Complexa Amax *,in *,ax Ref 

[Cr(NH,),I3+ 351 (32.7) 395 (7.3) 463 (39.4) 9 
354 (33.7) 466 (40.7) 1 0  
350 (32) 395 (8.7) 462 (39) 11 

[Cr(en)(NH,),I3+ 351 (42.4 396 (9.8) 462 (51.0) This work 
trans-[Cr(en),- 347 (36.7) 391 (9.5) 454 (47.0) This work 

cis-ICr(en),- 351 (53.7) 395 (13.0) 460  (65.8) This work 
1 3+ 

( N H J J ~  
[ W e n ) ,  1 350 (61.3) 394 (13.9) 456 (75.7) 9 

351 (60.7) 457 (76.5)  1 2  

a All solutions were in 0.1 N HCI. Absorption wavelengths in 
nm. Values in parentheses are the molar absorptivities. 

and by measurement of their UV-visible and infrared spectra. 
The UV-visible spectral data, Table I, are consistent with 
expectations based on ligand field theory and an analogy to 
the parent complexes, [Cr(NH3),I3+ and [Cr(en),l3+. The 
two [Cr(en),(NH3),I3+ isomers were carefully separated by 
fractional crystallization and were distinguishable by (1) their 
different crystal habits, (2) their UV-visible spectra, for which 
the molar absorptivity of the cis isomer was about 40% higher 
than for the trans, consistent with the trend found for a number 
of [Cr(en)2(NH3)X]"+ isomer pairs,5 and (3) the infrared band 
patterns6 in the region between 600 and 300 cm-' where the 
cis isomer shows bands at 548 (s), 527 (ms), 473 (m), 450 (m), 
and 410 (w) and the trans isomer bands at 560 (m), 543 (sh), 
479 (m), and 430 (m). Although we have experienced no 
difficulties in our laboratory with these compounds, it is 
appropriate to draw attention to the fact that the perchlorate 
salts are potentially very explosive and could show great 
sensitivity to heat or shock under some circumstances. 

[Cr(en)(NHJ3H20]Br3. [Cr(en)(NH3)(H20)C12]C17 was 
reacted with dried distilled liquid ammonia (ca. 1 mL/g of 
complex) in a sealed Carius tube at 20 "C for ca. 0.5 h. The 
dried purple product (6.0 g) was dissolved in a minimum of 
0.1 M HBr and one volume of 48% HBr was added. The color 
of the solution changed from purple to a deep orange-red, and 
upon addition of acetone to the solution and cooling to 0 "C, 
a pale orange precipitate formed. This fraction (1.5 g) was 
removed by filtration, washed with acetone, and dried in a 
desiccator. A second fraction (1.5 g), slightly more orange 
than the first was obtained with further addition of acetone 
to the filtrate. The two fractions exhibited different solubilities 
and different solid-state anation behaviors (see later) and are 
likely to correspond to the different isomers of [Cr(en)- 
(NH,),H,O] Br3. The UV-visible absorption maxima of 
fraction 1 were 359 and 469 nm, consistent with expectations 
based on ligand field theory and analogy to [Cr(NH3)5H20]3+ 
and cis- and trans-[Cr(er~)~(NH~)H,O]~+, Since [Cr(en)- 
(NH3)3H20]Br3 was to be used only as an intermediate, no 
further attempts were made to establish the chemical purity 
or isomer nature of the fractions obtained. 

[Cr(en)(NH3),Br]Br2. This was prepared by the solid-state 
anation of [Cr(en)(NH3)3H20]Br3. Fractions 1 and 2 ob- 
tained above were heated and the positions of the UV-visible 
absorption maxima followed. After 24 h at 70 "C, these were 
372 and 486 nm for fraction 1 and 377 and 510 nm for fraction 
2. After further heating at 90 "C for 2 h, the absorption 
maxima for fraction 1 changed to 374 and 497 nm, while no 
change was observed for fraction 2. Fraction 1 was heated 
a t  90 "C for a further 2 h and the two fractions were com- 
bined. No attempt was made to establish the purity or isomer 
nature of the sample as the compound was to be used only as 
an intermediate. 

[Cr(en) (NH3)4](C104)3.H20. [ Cr(en) (NH3)3Br] Br2 was 
reacted with liquid ammonia (ca. 1 mL/g) in a sealed Carius 
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tube at  20 "C for 1 h. For conversion to the perchlorate salt, 
a 1 .O-g sample of the dried crude product was dissolved in 2 
mL of 0.1 N HCl, 2 mL of methanol was added, 60% HClO, 
was added dropwise to the point of incipient precipitation, and 
the solution was cooled to 0 "C. The yellow product (with 
a slight orange tint due to [Cr(en),(NH3),H20] (ClO,),) was 
filtered off, washed with methanol and then with ether, and 
air-dried (yield 1.0 g, ca. 90%). The crude perchlorate salt 
was purified by fractional recrystallization. Spectral data are 
given in Table I .  Anal. Calcd for [Cr(en)(NH,),]- 
(C104)3"20: Cr, 10.47; C, 4.84; H, 4.66; N,  16.92. Found: 
Cr, 10.8; C, 5.0; H, 4.5; N ,  17.0. 

cis-[ Cr (en) ,( NH3) 2]( C104) 3. cis- [ Cr (en) 2C12] C104, prepared 
as described by Rollinson and Bailar,* was reacted with 
ammonia (ca. 2 mL/g of starting material) at 20 OC for 2 h. 
The crude [Cr(en)z(NH3)2]C12C104 product was >97% cis as 
based on the UV-visible spectrum. For replacement of the 
chloride counterion and for recrystallization, a 3-g sample was 
dissolved in 0.01 N HCl (12 mL) at 30 "C and the solution 
was filtered. Then 4 mL of 60% HClO, was added to the 
filtrate followed by methanol added dropwise until a small 
amount of precipitate was formed. The solution was again 
filtered to remove any trans product and then cooled to 0 "C 
to give fraction 1. This was filtered off, washed with a small 
amount of methanol followed by ether, and dried in vacuo. 
Fraction 2 was obtained in the same manner subsequent to 
the further addition of two volumes of methanol to the filtrate. 
Chromium determinations on fractions 1 and 2 indicated 
counterion purity had not been achieved (expected value 10.3% 
for the triperchlorate salt; found 12.6 and 12.W0, respectively) 
by the single recrystallization. About three or four similar 
recrystallizations were necessary to give analytically pure 
triperchlorate. Spectral data are given in Table I. 

Anal. Calcd for [Cr(en),(NH3),] (C104),: Cr, 10.30; C, 
9.54; H,  4.39; N,  16.65. Found: Cr, 10.4; C, 9.7; H ,  4.3; N,  
16.5. 

trans-[Cr(en),( ",),I( C10,) ,.HzO. trans- [ Cr(en) ,- 
(NH,)Cl] (C104)3, prepared as described earlier,5 except that 
the thermal anation was accomplished by heating at 70 "C 
for 24 h, was reacted with liquid ammonia (ca. 1 g to 1 mL) 
at  20 "C for 1 h in a sealed Carius tube. The crude material 
was a mixture of cis-/trans- [Cr(er1)~(NH~)~]Cl(C10~)~, ap- 
proximately 2: 1 based on the UV-visible spectrum. 

The trans isomer was isolated by fractional recrystallization. 
The crude mixture (1 g) was dissolved in 2 mL of 0.1 N HC1, 
and 0.5 mL of 60% HC104 was added. The solution was 
cooled to -5 O C  to initiate crystallization and the pale yellow 
precipitate filtered off, washed with 2 mL of methanol followed 
by ether, and air-dried. The yield of crude t r~ns - [Cr (en )~-  
(NH3)2](C104)3 was 0.1 1 g. The filtrate could be treated with 
methanol (20 mL) to recover most (ca. 0.70 g) of the re- 
maining complex(es). 

In a subsequent fractional recrystallization, crystals of the 
crude trans material were used to seed the solution. The crude 
trans product was recrystallized by dissolving in warm (30 "C) 
0.1 N HCl (ca. 6 mL/g), adding 60% HC104 (ca. 1 mL/g), 
and cooling to 0 "C. The yellow platelets were filtered, washed 
with 5 mL of ice-cold 2 M HC104, 50/50 methanol/ether, and 
ether, and air-dried. The yield was about 0.75 g/g of the crude 
product. Spectral data are given in Table I .  

Anal. Calcd for [ c r ( e ~ ~ ) , ( N H ~ > ~ l  (C1O4),.H20: Cr, 9.95; 
C, 9.19; H, 4.63; N, 15.92. Found: Cr, 10.1; C, 9.4; H, 4.6; 
N,  15.9. 

The water of crystallization could be removed by heating 
the sample at  50 OC for 1 h. 
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The occurrence of transition-metal complexes containing 
metal-to-metal multiple bonds is now well documented.' 
Scores of such compounds have been structurally characterized 
and several have been subjected to detailed spectroscopic 
examination. Recently X,-SW calculations have been carried 
out on compounds containing M-M bonds of order 32 and 43-5 
and the results have been correlated with the observed 
spectroscopic data. Despite the emergence of a basic un- 
derstanding of the electronic structure of these compounds little 
is known about (i) the mechanisms of their formation and (ii) 
the relationships that exist between the formation/existence 
of dinuclear compounds with M-M multiple bonds and cluster 
or polynuclear compounds of the same empirical formula. 

We have sought to gain insight into some of these mystiques 
by looking for the formation of heterodinuclear compounds 
containing M-M' multiple bonds. We report here some 
findings relating to compounds containing triple bonds between 
molybdenum and tungsten atoms. 

Results and Discussion 

M2L6 Compounds (M = Mo, W; L = R (alkyl), NR2). 
Recent work has established a structurally related series of 
compounds of general formula M2L6, where M = Mo and W 
and L = R (0-elimination-stabilized a l k ~ l ) , ~ . ~  NR28,9 and 

The alkyls and dialkylamides are formed in me- 
tathetic reactions represented by eq 1-4; the alkoxides are 
formed by alcoholysis reactions involving the dialkylamides. 

The nature of these reactions (eq 1-4) is clearly complex. 
It has been ~ugges t ed '~  that the dinuclear compounds might 
arise from the coupling of two reactive mononuclear species, 
eq 5. 
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