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had the L-uns-cis geometry as evidenced by ORD 
spectra. It is interesting to note that the L-uns-cis- 
Co(trien)Clz+ does not hydrolyze or rearrange under 
any conditions to give the D-S-cis isomer.6 

In an attempt to effect and observe a similar phe- 
nomenon with the cobalt(II1) complexes of eee, the 
base hydrolysis of D- and L-s-cis- [Co(eee)Cl2]Cl was 
studied using both ORD and CD techniques. From 
these studies, several contrasting features were ob- 
vious. Addition of excess sodium hydroxide to a 
solution containing optically pure D- or L-s-cis- [Co- 
(eee)Clz]Cl immediately produces the dihydroxo species 
with the characteristic ORD and CD spectra as illus- 
trated in Figures 6 and 8, respectively. The dihydroxo 
complex loses optical activity only very slowly, a 5% 
decrease in optical activity being observed over a period 
of several hours a t  pH 8 as evidenced by both ORD and 
CD curves. At pH 10, a slow loss of optical activity 
is detectable and is accompanied by the development 
of a brown coloration and rank odor characteristic of 
decomposition. This reaction was followed by ORD 

and CD spectra for approximately 5 hr without any 
indication of change in the absolute configuration. In 
addition, samples of the dihydroxo complex were 
periodically converted to the corresponding carbonato 
complex and the ORD and CD spectra were compared 
with the spectrum of the optically pure D-S-cis-CO- 
(eee)COs+ ion. Again a t  pH 8,  no significant changes 
were observed in the signs, intensities, or energies of 
the ORD and CD Cotton effects, thus substantiating 
retention of configuration, and the absence of any 
isomerization of D-S-C~S to L-uns-czs. Numerous other 
attempts to produce chemically such an isomerization 
have been unsuccessful with the s-cis-Co(eee)Lz"+ 
ions. I 
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Bis(halogenoacetato)(triaminotriethylamine)cobalt(III) complexes, [Co(halac)~(tren)l C104 (halac = CFSCOZ-, CHZCICOZ-, 
CHClzC02-, CCllC02-, CH2BrC02-, CHBrzC02-, and CBrrC02-), have been prepared from carbonato(triaminotriethy1-, 
amine)cobalt(III) perchlorate, and their infrared and electronic absorption spectra have been examined. Assignments of 
the bands arising from the amino groups have been made by a comparison of the spectra with those of the deuterated com- 
plexes, [Co(tren-&)Cl~] C1.0.5Hz0 and [Co(tren-&)Br~]Br. Comparison of the visible spectra of these tren complexes with 
the spectra of the corresponding tetrasmmine, bis(ethylenediamine), and triethylenetetramine (trien) complexes suggests that 
the ligand field strength of tren ligand is between that of ethylenediamine and ammonia. 

Introduction 
Kuroda and Gentile2 have described the preparation 

and the physical and chemical properties of a large 
series of halogenoacetatopentaamminecobalt (111) com- 
plexes. Both cis- and trans-bis(ha1ogenoacetato) com- 
plexes of tetraamminecobalt(III), bis(ethy1enediamine)- 
cobalt(III), and triethylenetetraminecobalt (111) were 
also reported. From the visible spectra of these 
complexes i t  was found that, regardless of the amine 
ligand, those halogenoacetato anions with the lowest 
basicity were highest in the spectrochemical series. 
However, for any given halogenoacetato ligand in the 
cis complexes, the frequencies of the visible and ultra- 

(1) Author to whom inquiries should be addressed. 
(2) (a) K. Kuroda and P. S. Gentile, J .  I?toug. Nucl .  Chem., 87, 155 (1965); 

(b) ibid., 27, 1289 (1965); (c) Bull. Chcm. SOC. J a p a n ,  38, 1362 (1965); 
(d) ibid., 38, 1368 (1965); (e) ibid., 38, 2159 (1965); ( f )  J. Inoun. Nucl. 
Chem.. 29, 1963 (1967). 

violet absorption maxima were not identical, but always 
increased in the order 

U(?iHa)a > U(en)2 > U t r i p n  

I t  was also found that the absorption intensities in- 
creased in the same order. 

Previous n-ork has shom-n that the triaminotriethyl- 
aminecobalt (111) complexes which had been reported 
were found to be the cis  isomer^.^^^ Since the bis- 
(halogenoacetato) (triaminotriethylamine) coba l t  (111) 
complexes have not been reported in the literature, 
we have now synthesized these new complexes and have 
investigated their spectral properties in order to see how 
they compare with those of the other amine analogs. 

(3) (a) S. K. Madan, W. M. Reiff, and J. C. Bailar, Jr., Inovg .  Chem., 4, 
1366 (1965); (b) S. K. Madan and J. Peone, Jr., ibid., 6 ,  463 (1967). 

(4) S. K. Madan and J. Peone, Jt-., ibid., 7 ,  824 (1968). 
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TABLE I 
ANALYTICAL DATA FOR THE TRIAMINOTRIETHYLAMINE-COBALT(III) COMPLEXES 

Compound 

[Co(tren)CO~] ClOa .HzO 
[ Co(tren)Brz] Br 
[Co(tren)(CHaCOz)z] ClOa 
[Co(tren)(CF&Oz)z] ClOa 
[Co(tren)(CHzClCOz)z] ClOa 
[Co (tren) (CHClzC02)zI Clod 
[Co(tren)(CClsCOz)z1 Clod 
[Co(tren)(CH~BrCOz)~] C10, 
[Co(tren)(CHBrzCOz)t] C104 
[Co(tren)(CBsC02)2] Clod 

---% 
Calcd 

21.95 
16.15 
28.41 
22.62 
24.43 
21.43 
19.08 
20.69 
16.27 
13.40 

carbon- , 
Found 

22.53 
16.22 
28.74 
22.93 
24.42 
21.42 
19.29 
21.01 
17.05 
13.54 

-yo hydrogen- ,- 

Calcd Found 

5.23 5.45 
4 .05  4.28 
5.67 5.95 
3.40 3.24 
4.51 4.60 
3.60 3.56 
2 .88  3.24 
3.82 3.45 
2.73 2.98 
2.10 2.47 

Experimental Section 
Materials.-Acetic acid, monochloroacetic acid, dichloro- 

acetic acid, and trichloroacetic acid (Fisher Scientific Co.), mono- 
bromoacetic acid and trifluoroacetic acid (Eastman Organic 
Chemicals), dibromoacetic acid (K & K Laboratories Inc.), and 
all the other reagent grade chemicals were used without further 
purification. 

Infrared Spectra.-Infrared spectra were obtained with a 
Perkin-Elmer Model 521 recording spectrophotometer. Solid 
samples in Nujol mulls were examined between potassium 
bromide plates from 4000 to 600 cm-l. Measurements in the 
600-250-cm-' region were performed with cesium bromide 
plates. 

Electronic Absorption Spectra.-The visible and ultraviolet 
absorption spectra were obtained with a Cary Model 14M 
recording spectrophotometer, using a pair of 1-cm quartz cells. 
The concentration of the complexes was 2.5 X M for the 
measurement in the visible and near-ultraviolet regions. A 
water-ethanol mixture (1:l) was used as the solvent. In order 
to detect a possible aquation, the spectra of some complexes 
were also measured in 2 X M free halogenoacetato acid 
solution, and it was found that the addition of the acid does not 
influence the spectra. 

Analyses.-The perchlorate ion was analyzed by precipitation 
with n i t r ~ n . ~  All carbon, nitrogen, and hydrogen analyses were 
performed by Weiler and Strauss, Microanalytical Laboratory, 
Oxford, England. Analytical data are given in Table I. 

Preparation of Compounds. (1) p,p',p"-Triaminotriethyl- 
amine Trihydroch1oride.-This compound was prepared by the 
method of Paoletti, Ciampolini, and Sacconi.'I 

( 2 )  Carbonato(triaminotriethylamine)cobalt(III) Perchlorate 
Monohydrate.-The method of G. M. Harris (to be submitted 
for publication) was used for the preparation of this complex. 

(3) Dichloro(triaminotriethylamine)cobalt(III) Chloride 
Hemihydrate.-This preparation was described in an earlier 
paper. 

( 4 )  Dibromo(triaminotriethylamine)cobalt(III) Bromide.- 
Although this compound can be prepared by the method of 
Madan and P e ~ n e , ~ ~  we synthesized the complex by adding an 
excess amount of concentrated hydrobromic acid to carbonato- 
(triaminotriethylamine)cobalt(III) perchlorate. The HBr solu- 
tion was concentrated on a steam bath, and after cooling in an 
ice bath [Co(tren)Br~]Br was obtained as dark green crystals. 

(5) Deuterated Complexes.-Deuterated complexes, [Co- 
(tren-ds)Cl~]C1.0.5H20 and [Co(tren-ds)Brz]Br [(trends) = 
N(CHZCHZNDZ)~], were prepared by a method similar to that 
reported for cis-[Co(trien-de)Cl~]Cl. HzO.' The lattice water in 
[Co(tren-dfi)Cl~] C1.0.5HzO can only be deuterated by repeated 
recrystallization from DzO. The purity of the deuterated 
complexes has been indicated by the complete disappearance of 
N-H bands in the infrared spectrum. 

( 6 )  Bis(acetato)(triaminotriethylamine)cobalt(III) Perchlo- 

(5) F. J. Welcher, "Organic Analytical Reagents," D. Van Nostrand and 

(6) P. Paoletti, M. Ciampolini, and L. Sacconi, J .  Chem. Soc., 3589 (1963). 
(7) D. A. Buckingham and D. Jones, Inorg. Chem., 4, 1387 (1965). 

Co., Inc., New York, N. Y., 1947. 

---% nitrogen--- I 

Calcd Found 

14.62 14,40 
12.60 12.38 
13.25 13.19 
10.56 10.61 
11.40 11.60 
10.00 10.21 
8.90 9.10 
9.65 9.55 
7.95 7.54 
6.25 6 .45  

--% perchlorate-- 
Calcd Found 

26.00 26.10 

23.58 23.08 
18.70 18.50 
20.20 20.20 
17.71 17.70 
15.80 16.00 
17.15 16.65 
13.50 13.30 
11.10 11.25 

. . .  . . .  

rate.-A mixture of the carbonato complex and a slight excess 
amount of acetic acid was heated on a steam bath to dryness. 
The oily red solid was mixed with ethanol, and the resulting 
product was washed with ethanol and then ether and dried 
in vacuo. 

(7)  Bis(trifluoroacetato)(triaminotriethylamine)cobalt(III) 
Perchlorate.-A mixture of the carbonato complex (0.5 g), tri- 
fluoroacetic acid (0.4 g), and water (2 ml) was evaporated to  
dryness a t  65-70'. The product was mixed with 2 ml of 20% 
sodium perchlorate solution, and the resulting material was 
washed with a small amount of cold water followed by 1-propanol 
and ether. The red solid was dried in vacuo. KO further purifi- 
cation has been made. 

(8) Bis(chloroacetato)(triaminotriethylamine)cobalt(III) Per- 
chlorate.-These complexes were prepared by procedures similar 
to those for the trifluoroacetato complex. The amount of each 
chloroacetic acid used was slightly in excess of the theoretical 
amount needed. 

(9) Bis(bromoacetato)(triaminotriethylamine)cobalt(III) Per- 
chlorate.-These complexes were prepared by procedures similar 
to those for trifluoroacetato and chloroacetato complexes. 

Results and Discussion 
Infrared Spectra.-The infrared spectral data for 

all of the bis(ha1ogenoacetato) (triaminotriethylamine) - 
cobalt(II1) complexes have been obtained and are 
shown in Table 11. Some band assignments have been 
made by a comparison of the spectral data with those of 
dichloro(triaminotriethylamine)cobalt(III), dibromo- 
(triaminotriethy1amine)cobalt (111), and several co- 
balt(II1) complexes of other amines. These assign- 
ments as well as their implications are discussed below. 

In general, lattice water with hydrogen bonding 
absorbs a t  3200-3550 cm-1 due to antisymmetric and 
symmetric 0-H stretching modes and a t  1620-1650 
cm-1 due to the H-0-H bending m0de.~8~ The 
absorption a t  3540, 3480, 3370, 3278, and 1630 cm-I 
for the cis- [Co(tren)Clp]C1.0.5HzO may be attributed to 
the antisymmetric and symmetric 0-H stretching 
modes and the symmetric H-0-H bending mode of the 
lattice-bound water. These bands are not affected on 
deuteration and disappeared after the compound was 
dried for 2 days a t  120". The observation that the 
lattice water is not deuterated may be a result of the 
lower lability of the water protons due to hydrogen 
bonding. Analytical evidence indicates the presence of 
0.5 mol of water in this compound and the absorptions 
remain following deuteration of [Co(tren-d~)Clz]Cl e O . 5 -  
HzO. There are no such absorptions in these regions 

(8) P. J. Lucchesi and W. A. Glasson, J .  Am.  Chem. Soc., 78, 1347 (1956). 
(9) A. Murata and K. Kawai, J. Chem. Phys., 26, 516 (1958). 
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TABLE IIa 
IXFRARED SPECTRA OF COBALT( 111) COMPLEXES OF B,,~' ,B"-TRIA?.~IN~TRIETH~I,A~IIs~~,  

Band assignment I I1 111 IV V V I  VI1  VI11 IX X XI  XI1 

0-H str 3540m 3540m 
(lattice H20) 3480 m 3480 m 

3370m 3370111 
3278sh 3278m 

H-0-H bend 1630 m 1630 m 

3-H str and 3330 s 2480 s 3310 s 2475m 3330 s 3330 s 3310 s 3320 m 3305 s 3310s 3321 s 3320 s 
(lattice HzO) 

K-D str 3310 w 2475 w 3239 s 2430 s 3295 s 3308 s 3260 s 3280 s 3290 s 3260 s 3310 s 3280 sli 
3241s 2430s 3140sh 2380sh 3238sh 3278sh 3205m 3240m 3210sh 3210m 3570s 3160111 
3180s, b 2378 s 3098 s 2300 s 3145 s 3145 s 3140 s 3180 m 3130 m 3150 m 3130 m, b 3140 ti1 

3078 s 2281 s 3065 s 2275 s 3050 m 3080 m 3078111 ? 3050 III 3080 in ? ? 
IGH (N-D) 1605 m 1182 m 1602 s 1175sh . . .  . . .  lBl0m 1610 m 1605 sh 1610sh 1615 m 1620 m 

antisym bend 1590 m 1178sh 1578s l lG5m . . .  1590111 1595m 1590m . . .  1590m l585m 1595111 
K-H (N-D) 1315 m 1065 ( ? )  1310 m ? 1320~11 1320 m 1318111 ? 1330sh 1320 sh ? 1328 w 

sym bend 1295 sh ? 1290 sh ? 1295sh 1300sh 1297sh ? 1305sh 1300sh ? 1315w 
1310 w 

NH2(SD?) rock 790 m 570 m 790 m 565 m ( ? )  790 m 790 m 790 m ? 790 m 795 m 810 m 790 s 
N-H (S-D)  1168m 958, 1140s 958s * . .  . . .  . . .  . . .  . . .  * . .  . . .  . . .  

wag 1151 m 945111 1138s 940m . . ,  . . .  . . .  . . .  . . .  . . .  . . .  . . .  
XHt (ND?)  1035 m 870 m 1022 m 861 m . . .  1035 s 1033 s 1035sh 1038s 1035s 1038sh 1035s 

twist 1008 s 840 m 999 s 834m 998m 995 m 1005m 990 m 1000 m 1005 m 990 m 1005 ti1 

830 m 830 111 980 In 820 m 981 m 979 m 991 m 979 m 985 m 995 m 980 m 989 111 

900 m 900 m 900 m 900 m 900 m 900 m (,,O m 900 t i 1  

865 ni 852 m {iK':; v 5  m $70 m 870 m is70 m 870 m 
858 in 858 m 860 m (863 m 863 ni 

892 m 

1593 s,b 1650 s,b 1670 s,b 1680 s,b 1630 s,b 1656 s,b 1675 s,b 1685 s,b 
1030- 1050- 1040- 1050- 1050- 1050- 1060- 1070- 

i,, 
CH, rock 

C-0 str  
c104- 

v3 1130 1135 1130 1130 1130 1130 1130 1160 
v1 935m 935m 935111 935 in 935 m 935111 935m 935111 
v4 625s 625s 625s 625 s 625 s 625s 625s 625s 

a Intensities are estimated as follows: s, strong; m, medium; w, weak; b, broad; sh, shoulder. Compounds: I, cis-[Co(tren)- 
C12]C1.0.5H20; 11, cis-[Co(tren-d~)Cl~]C1~0.5H~O; 111, cis-[Co(tren)Br?]Br; IV, c.is-[Co(tren-rEBJBr*JBr; V, cis-[Co(tren)(CHaCOz)J- 
clod; VI, cis-[Co(tren)(CH~ClCOt)tJCIO~; 1'11, czs-[Co(tren)(CHCI~C02)t]ClO4; VIII ,  cz's-[Co(tren)(CCl~C0,),1C104; IX, cis- 
[Co(tren j (CH2BrC02)2J Clod; X, cis- [Co(tren) ( C H B ~ ~ C O Z ) ~ ]  ' 2 1 0 4 ;  

clod. 

for any of the halogenoacetato complexes, thus con- 
firming the analytical results which show that all of 
these complexes are anhydrous. 

In metal-ammine complexes the four principal 
regions of absorption are -3300, -1600, -3000, and 
800 cm-l. These absorptions have been assigned to 
N-H stretching modes, lo  antisymmetric stretching, 
symmetric deformation, and NH rocking modes,12 
respectively. In [Co(tren)C12]C1.0.5Hz0 and [Co- 
(tren)Brz]Br, the absorptions in the regions 3000-3300, 
1550-1620, 1290-1330, 1130-1170, 1040, 1000, and 
790 cm-l showed isotopic shifts upon deuteration, and, 
therefore, can be assigned to the vibrations of the NHz 
group. 

The bands in the N-H stretching region 3000-3330 
cm-l shift on deuteration to 2280-2480 cm-' with an 
NH:ND ratio of 1.34, a value which is close to the 
theoretical value (by assuming a similar force constant) 
of 1.37. Only two strong absorptions have been 
observed in this region for cis- [Co(en)zClz]C1 and cis-0- 
[Co(trien)Clz]Cl, both of which have only two different 

(10) 5. Chatt, L. A. Duncanson, and L. M. Venanzi, J. Chem. SOG., 4461 
(1955); 2712 (1956). 

(11) S. I. Mizushima, I. Nakagawa, and J. V. Quagliano, J. Chem. Phys., 
28, 1367 (1955). 

(12) C. M. Barrow, R. H. Kreuger, and F. Basolo, J. Inorg. Nucl. Chem.. 
2, 340 (1956); N. Sheppared and D. B. Powell, J. Chem. S a . ,  4495, 3108 
(1956). 

kinds of coordinated nitrogens. All of these nitrogens 
assume a strain-free tetrahedral arrar~gement.~ In the 
cis-& [Co (trien) Clz]C1 complex, however, five strong 
absorptions are observed in this region, since one of the 
secondary nitrogens is strained into an intermediate 
planar-tetrahedral conformation and all four nitrogens 
are n~nequivalent .~ In the case of tren complex, the 
tertiary nitrogen is obviously different from the other 
three, and one of the primary nitrogens is different from 
the other two, since i t  is trans to an acetato group. 
Furthermore, an X-ray study of the bis(thiocyanat0)- 
(triaminotriethylamine)nickel(II) complex13 has shown 
that the two primary nitrogens which are trans to each 
other are also nonequivalent, owing to  distortion of the 
complex. Since distortion is also present in the 
Co(II1)-tren complexes, 8 * 4  it is not unreasonable to 
assume that all four nitrogens are nonequivalent. This 
may well account for the presence of five N-H stretch- 
ing bands in the infrared spectra, a5 in the case of cis- 
@-trien-Co(II1) complexes. The bands a t  -1600 
cm-l, which is knom-n to be the region of antisymmetric 
NH2 bending vibrations for metal-ammine complexes, 
shift to -1180 cm-' on deuteration. The NH:ND 
ratio (1.34) is in good agreement with that found for 

(13) S. E. Rasmussen, Acta Chem. Scand., 18, 2009 (1989) 
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TABLE I11 
VISIBLE AND NEAR-ULTRAVIOLET SPECTRA OF BIS( HALOGENOACETATO)(AMINE)COBALT( 111) COMPLEXES 

__ 1st band (visible) __ - - ~ -  2nd band (near-uv)------------. 
Halogeno- ,-- (NH3)aG-- --(en) tQ- ---trienb-- c t r e n ‘  *d--. -(NHa)b- ,--(en)P-- --trien*-- r-trenc~d----. 

ligand cm-1 ee cm-1 L cm-1 e cm-1 c cm-1 B cm-1 B cm-1 6 cm-1 e 
acetato loa,, 103”, loa”, 103“, loa,, I O S U ,  1 0 3 ~ ,  loau, 

CHgCOz 19.08 112 19.76 150 . . .  . . .  19.60 191 27.40 64.3 27.62 95.5 . . .  . . .  27.40 114 
CHzClCOz 19.12 108 19.92 136 20.20 190 19.70 189 27.40 62.2 27.66 90.2 27.67 120 27.40 112 
CHzClzCOz 19.31 96.5 20.06 123 20.24 185 19.80 184 27.62 61.9 27.70 86.1 27.70 118 27.50 106 
CClaCOz 19.46 85 20.09 126 20.27 178 19.85 170 27.70 59.6 27.70 88 27.70 117 27.55 100 
CH2BrC02 19.16 104.5 . . . . . .  20.18 187 19.70 191 27.55 63.5 . . .  . . .  27.67 121 27.50 120 
CHBrzC02 19.27 108 20.06 140.5 20.24 186.9 19.75 186 27.59 65.2 27.70 96.5 27.67 120.5 27.50 109 
CBraCOn . . . . . .  . . .  . . .  . . .  . . . 19.75 192 . . . . . .  . .  . . . .  . . . . . . 27.60 123 
CF3COz 19.49 78.4 20.20 115 20.35 172 19.90 168 27.86 51.5 27.78 80 27.78 110 27.65 1nC 

a Reference 2a. b Reference 2b. E This work d A 1:  1 H20-C2H50H mixture was used as the solvent; concentration 2.5 X M .  
e t is the molar absorbancy in 1. mol-’ cm-l. 

deformation modes in [Co(en)2C12]C114-16 and [Co- 
(trien)C1z]CL7 It can be seen in Table I1 that most of 
the tren complexes have two main absorptions in this 
region. However, the acetato, monochloroacetato, 
and monobromoacetato complexes have the CO stretch- 
ing and NH2 deformation frequencies overlapped so 
that the NH2 deformation bands are partially hidden by 
the more intense uco band. 

The bands in the region 1290-1335 cm-1 are medium 
to weak and absent in the deuterated complexes. 
Further, the peaks in this region are not altered by 
variation in the anion and by substitution in the coor- 
dination sphere. Therefore, they can still be assigned 
to the symmetric NH2 deformation. In addition, some 
medium and weak bands a t  -1130-1170, 980-1040, 
and 790 cm-I show isotopic shifts upon deuteration. 
Because of the complicated nature of the spectra in 
these regions, however, the exact assignment of these 
bandsI4 is difficult. Baldwin15 and Morris and Bush14 
have attempted to  assign these bands in other systems 
to wagging, twisting, or rocking modes of the NH2 
groups. Two other bands were also observed in the 
850-900-cm-’ region and were assigned to CH2 rocking 
modes. These bands have also been found in all the 
other amine complexes with a cis configuration. 

In  the spectra of all of the perchlorates a very broad 
single band a t  1050-1170 cm-I, a medium band a t  935 
cm-l, and a strong-intensity single band a t  630 cm-l 
were observed. These bands can be assigned to  the 
v3, V I ,  and ~4 vibrations of the perchlorate ion, respec- 
t i~e1y . I~  

A final point of interest in the infrared spectra of 
these bis (halogenoacetato) (triaminotriethy1amine)co- 
balt(II1) complexes is the vc0 band. It is known that  
saturated carboxylic acids have strong absorption 
between 1700 and 1725 cm-l, and the absorptions are 
shifted to higher frequencies by the successive halogen 
substitution at the 01 c a r b ~ n . ~ ~ , ~ ~  

(14) M. L. Morris and P. H. Bush, J. A m .  Chem. Soc., 62, 1521 (1960). 
(15) M.  E. Baldwin, J .  Chem. Soc., 4369 (1960). 
(16) S. I. Mizushima, J. Nakagama, I. Ichishima, and J. V. Quagliano, J. 

Phys .  Chem., 69, 293 (1955); T. J. Lane, D. N. Sen, and J. V. Quagliano, J .  
Chem. Phys., 32, 1855 (1954). 

(17) B. J. Hathaway and A. E. Underhill, J .  Chern. Soc., 3091 (1961). 
(18) L. J. Bellamy, “The Infrared Spectra of Complex Molecules,” 

(19) H. A. Szymanski, “Infrared Band Handbook,” Plenum Press, New 
John Wiley & Sons, Inc., New York, N. Y., 1958, p 167. 

York, N. Y., 1963, pp 58-99. 

It is also known that the CO stretching frequency of 
a free acid is shifted to a lower frequency when it  is 
oxygen coordinated to a meta1.20s21 

As we examine the CO stretching frequencies of the 
bis( halogenoacetato) (triam i no t r ie  t h y  lam i ne) cob a1 t- 
(111) complexes (Table 11), we can see that  these 
generalities are completely maintained, i .e.,  the order of 
CO stretching frequencies is 

CFBCOZ > CC1&02 > CBr3COZ > CHClzC02 > CHBrpCOy > 
CHpClCOz > CHzBrC02 > CHICOZ 

and the frequencies are lower than those of correspond- 
ing free acids by 80-125 em-’. This effect was also 
observed for the other halogenoacetatoamine com- 
plexes2 

Visible and Ultraviolet Spectra.-The visible and 
near-uv spectral data of the cis-bis(ha1ogenoacetato)- 
(triaminotriethylamine)cobalt(III) complexes are given 
in Table I11 and are compared with the corresponding 
data for the tetraammine, bis(ethylenediamine), and 
trien complexes. Apart from small shifts in the ab- 
sorption maxima, there is a close similarity between the 
character and the shape of the spectra of the tren 
complexes and those of the cis isomers of other amine 
complexes. I n  the spectra of all of these complexes, 
there is no observable split in the longest wavelength 
band, which is, however, found for their t r a m  iso- 
memZbvf 

The relative positions of the halogenoacetato ligands 
in the spectrochemical series have been reported as2 

I << CH3COz < [(CH2ClCOZ - CH2BrCO2) < (CHClZC02 - 
CHBr2CO2) < CC13COL < CFgCO,] << CN- 

Our data indicate that this order is maintained in the 
present study; i.e., as the basicity of the ligand de- 
creases, its position in the spectrochemical series shifts 
to a higher wave number, as shown in Table 111. The 
ligand CBr3C02, which has not been used to prepare 
other tetramine complexes, has its position in the 
spectrochemical series as predicted by Kurodo and 
GentileeZa 

As one compares the frequency of the absorption 
maxima of the visible bands of tren complexes with 

(20) D. H. Busch and J. C. Bailar, Jr., J .  A m .  Chem. Soc., 76. 4574 

(21) T. Moeller, F. A. J. Moss, and R. H. Marshall, ib id . ,  77, 3182 (1955). 
(1953). 
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those of the other cis compounds, for a given halogeno- 
acetato ligand, the following order is found 

for a given halogenoacetato ligand, the absorption in- 
tensities are in the order 

Ytrien > Y(en)i  > Vtren > V(hHa)a etren - h i e n  > €(en)z > €(KHis)a 

This is believed to indicate that the ligand field strength 
of the tren ligand is between that of en and NH3 and 
less than that of trien. This trend is not surprising 
since the less flexible branched structure of tren gives 
rise to a somewhat distorted octahedral complex. 
Furthermore, tren has a tertiary nitrogen atom, which 
is a weaker electron donor than either a secondary or a 
primary nitrogen atom. 

Theory2* suggests that the intensity of a d-d transi- 
tion should be enhanced by increasing the asymmetry of 
the ligand field, and this proposition has been supported 
by  experiment^.^^ I t  seems reasonable, then, that  the 
rise in the e value accompanying the more rigid tetra- 
mine ligands is caused by increased distortion of the 
octahedral field. On this basis, one would expect that 

Collman and SchneiderZ4 found that the 6 values of 
dichlorocobalt (111)-trien and -tren complexes are 
about the same (130 and 125). However, for the com- 
plexes with a larger central atom such as cis-dichloro- 
rhodium(II1)-trien and-tren complexes, the E values 
differ by a factor of 3 (101 and 300). Therefore, i t  
appears that  the increase of the distortion from trien to 
tren complex is minimal for the relatively smaller 
Co(II1) central atom. 

We have also observed that when one compares the 
electronic absorption spectra of the different halogeno- 
acetato complexes for a given amine ligand, the inten- 
sity of the absorption maxima increase in the order 
HzO << [CF3C02 < CC13C02 < (CHCl2COz - CHBr2CO) < 

(CH2C1C02 N C H Z B ~ C O ~ ) ]  < CHnCOe << NCS 
the absorption intensity of the tren complexes should 
have a higher value than that of the trien complexes, 
since trien is more flexible than branched tren. Com- 
paring the visible spectra of a series of amine complexes 

This trend suggests that the intensity of the absorption 
maxima is related to the inductive effect of the halo- 
genoacetato ligands. 

- 

(22) F. A.  Cotton, "Chemical Application of Group Theory," Interscience 

(23) R. L. Belford and W. A. Yeranos, M o l .  Phys., 6 ,  121 (1963); P. W. 
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The kinetics of the isomerization of ~Z~-[Co(en)z(OAc)p] ClOa were studied as a function of added sodium acetate in acetic 
acid in the range 68.8-84.5' by observing the absorbance decrease a t  20.00 kK. It was found that sodium acetate retarded 
the rate of isomerization arid the first-order rate constant appeared to have an acetate dependence of the form 

where R i  is the ionization constant for sodium acetate in acetic acid. The decreased rate is attributed to formation of an 
acetate ion pair that  is less reactive than the perchlorate ion pair initially present. It is proposed that the isomerization 
within the ion pairs involves a solvent-assisted dissociation. 

The isomerization, racemization, and substitution 
reactions of disubstituted bis(ethy1enediamine)cobalt- 
(111) complexes in nonaqueous media have been fairly 
extensively studied and reviemed.lS2 Kinetic studies of 
cis-trans isomerization in nonaqueous media have 
centered on the dichloro compound Co(en)zCle+, which 
has been studied in methano13s4 and other alcohols,j 

(1) (a) M. L. Tobe, Advances in Chemistry Series, No. 48, American 
Chemical Society, Washington, D. C., 1965, p 7, (b) Recovd Chem. Puogv .  
(Kresge-Hooker Sci. Lib.), 27, 79 (1966). 

(2) F. Basolo and R. G. Pearson, "Mechanisms of Inorganic Reactions," 
2nd ed, John Wiley & Sons, Inc., N e w  York, N.  Y., 1967, pp 207-216 and 
Chapter 4. 

2-methoxyethanol, dimethyl sulfoxide,7 dimethylforni- 
amide and dimethylacetamide,* and sulfolane. The 
ions Co(en)zBr2+ and Co(en)zBrClf have also been 
studied in a variety of aprotic solvents.'0Vi1 In addi- 
tion, the cis-trans isomerizations of diaquobis(ethy1ene- 

(3) D. D. Brown and R. S. Nyholm, J. Chem. Soc., 2696 (1953). 
(4) B. Bosnich, C. Ingold, and M. L. Tobe, ibid., 4074 (1965). 
(5) R. C. Brasted and C. Hirayama, J .  Am.  Chem. Soc.. 80, 788 (1958). 
(6) R,  F. Trimble, ibid., 76, 6321 (1954). 
(7) M. L, Tobe and D. W. Watts, J.  Chem. Soc., 2991 (1964). 
(8) M. L. Tobe and D. W. Watts, ibid., 4614 (1962). 
1.9) W. R. Fitzgerald and D. W. Watts, J .  Am.  Chem. Soc., 89, 821 (1967). 
(10) W. R. Fitzgerald and D. W.  Watts, Australian J .  Chenz., 19, 1411 

(1966). 
(11) 1%'. It. Fitzgerald and 11. U'. Watts, i b i d . ,  21, 595 (1968). 


