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The circular dichroism of [Co(en)3] CL and several structurally related complexes of lower symmetry has been observed in the 
presence of a variety of electrolytes. The rotational strengths of the observed transitions are quite sensitive to changes in 
the symmetry of the complex ion as a result of interaction with the anions. In general, two effects can be identified. One 
effect, of a directional nature reflected as changes in R(A2), is related to the preferred orientation of the ion pair between the 
complex and large highly charged oxy anions. The second effect reflected as general increases in R for all transitions is as- 
sociated with the random interactions with small anions of low charge. The observed changes in circular dichroism al- 
though complicated, in some instances, are an aid to the interpretation of the spectra of complex ions. 

Introduction 
Recent studies have shown that the addition of elec- 

trolytes can have a marked influence on the circular 
dichroism (CD) of optically active (+)z~Y- [ C ~ ( e n ) ~ ] C l ~  
in the visible region of the spectrum.2 These studies 
have been extended to the charge-transfer region of the 
spectrum3 and the effect of replacing N-H bonds in the 
ligands with N-D bonds has been studied as well.4 
The ion-pairing effects have been shown to be of value 
in making spectroscopic a~signments.~ A4 model was 
proposed3 for the ion pair between POk3- and the [Co- 
( ~ I I ) ~ ] ~ +  ions. This report will present in some detail 
the effects of a variety of anions on the CD of (+)589- 

[ C ~ ( e n ) ~ ] ~ +  and some structurally related materials in 
the 600-350-mp region of the spectrum. 

Experimental Section 
The method of Broomhead, Dwyer, and Hogarth6 was used for 

the preparation and resolution of [ Co( en)3] CIS. The preparation? 
and resolutions of czs-[Co( en),( SOz)z] Br were accomplished using 
standard procedures. Resolved ( +)546-[Co(en)zgly] 1 2  (gly = 
glycine) was obtained from Liu of this laboratory, and the prepa- 
ration and resolution have been r e p ~ r t e d . ~  Optically active [Co- 
(en)zacac] 1 2  (acac = acetylacetone) was obtained from Haines 
of this laboratory, and the preparation and resolution have been 
described elsewhere.’3 

CD curves were recorded with a Roussel-Jouan dichrograph at 
room temperature. Measurements were made on solutions 
which were 1.6 X 10-3 M with complex and the indicated molar- 
ity of electrolyte. 

Results 
For (+)sgy-  [Co(en)3]Cls there are two absorption 

bands in the visible region a t  21,500 and 29,000 cm-l. 
The CD spectrum (curve I ,  Figure 1) has three bands 
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in this region. The low-frequency positive band (Ea) 
and the negative band (Az) are due to the splitting of the 
AI, + TI, transitions” while the positive band a t  29,000 
cm-I is denoted by ( E b ) .  

Figure 1 shows the effect of C1- on the CD of the 
( + ) m - [ C ~ ( e n ) ~ ] ~ +  ion. One observes a gradual in- 
crease in the rotational strength (R, proportional to 
the area of a CD peak) of all three bands with the in- 
crease being largest for E,. The total increase in R 
is about 10% for 2 M C1-, and concentrations of C1- up 
to 4 Af had no greater effect. The effects of Br- and I- 
are similar but weaker. The Br- ion produces a larger 
change than I-. The effect of F- ion on R(E,) is about 
the same as for C1-; however, there is a larger increase 
in R(A2). Other singly charged anions including NO8- 
and Clod-, but with the notable exception of OH-, had 
a similar but weaker effect compared to C1-. 

The effect of OH- is shown in Figure 2. One ob- 
serves that, while the increase in R(E,) is the same as 
for C1-, the increases in R(AJ and R(Eb) are consider- 
ably larger. The total increase in X(Ea) and X(Ae) is 
about 207,. 

Figure 3 shows the maximum changes observed in 
the CD of (+)58~-[C~(en)3]C13 with additions of doubly 
charged oxy anions. The effect increases for concentra- 
tions up to 0.5 Jd and then remains essentially un- 
changed up to 2.0 &I. One observes that there is a 
considerable increase in R(A2) while R ( E b )  increases 
only slightly and in general R(Ea) decreases. The ef- 
fects appear larger for the smaller anions. 

In  Figure 4, curves 2, 3,  and 4 show the effects of 
Pod3-, HP042-, and HzP04-, respectively. While 
R(A2) increases as R(Ea) decreases, it  can be seen that 
the largest fraction of the increase in X(&) is between 
HP012- and P043- (area between curve 2 and 3 com- 
pared to that betn-een 3 and 4) whereas the largest 
decrease in R(EJ is between H2PO4- and HP042-. 

If one reduces the charge on the complex by sub- 
stituting a glycinate ion for one ethylenediamine, a 
second (negative -4) CD peak appears on addition of 
electrolytes. This effect has been noted as an aid in 
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Figure 1.-The effect of NaCl on the circular dichroism of (+)sgg-[Co(en)j]Cl:~.H20: (1) no electrolyte added, (2) 0.5 M ISaCl, 
( 3 )  1.0 M NaC1, ( 4 )  2.0 M NaCl. 
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Figure 2.-The effect of NaOH on the circular dichroism of (+)h*8-[Co(en)3]Cl3.HDO: (1) no electrolyte added, (2) 0.1 AI NaOH, 
(3) 1.0 M NaOH, (4) 3.0 M IVaOH. 
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Figure 3.--Effects of some doubly charged anions on the circular dichroism of (+ )~ - [Co(en )p ]  Cls.Hg0: 
(2) 0.5 iVf NapSO4, (3) 0.5 M Na&Og, (4) 0.5 M NasSOg, ( 5 )  0.5 X Ka2COg. 
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Figure 4. Effects of phosphate ions on the circular dichroism 
of (+)s8s-[Co(en)a]Cls.H~O: (1) no electrolyte added, ( 2 )  0.05 iW 
KasPO4, (3) 0.05 M NanHP04, (4) 0.05 A/r NaHZP04. 

the interpretation of CD curves where the peaks are 
poorly r e s ~ l v e d . ~ , ~  The effects of the various ions are 
qualitatively the same as for the tris(ethy1enediamine) 

compound although they are greatly reduced (Figure 

When the symmetry and charge of the complex are 
lowered further, the effect of electrolytes is quite small. 
This is demonstrated with the (+)jg&s- [Co(en)z- 
(NO&]Br complex in Figure 6. The effects are very 
small for the ions used with (+)~Bg-[Co(en)~]Cl~ other 
than those shown. Electrolytes had no effect on the 
CD of the (+)~Bv [C0(en)~acac]I2 which contains one 
unsaturated ligand. 

Discussion 
Mason and Norman3 have demonstrated that hydro- 

gen bonding plays an important role in the ion pair for- 
mation between P043- and [Co(en)3I3+ or (+)-[Co- 
( + - ~ n ) ~ ] ~ + + .  I n  their model, three of the phosphate 
oxygen atoms are hydrogen bonded to the hydrogen 
atoms whose N-H bonds parallel the C3 axis of the com- 
plex. They propose that the charge-transfer transition 
of the ion pair having E symmetry mixes with the E 
transition so that Eb borrows rotational strength from 
E, and Az increases because of the removal of the over- 
lapping E,. This assumption accounts for the equal 
changes in ??(E,) and R(Az).  

Hydrogen bonding could occur in a similar way be- 
tween P043- and the amine groups on one octahedral 
face of [ C ~ ( e n ) ~ g l y ] ~ + .  It is reasonable that the effect 
is reduced (Figure 5 )  because of the lower charge and 
the fact that  only one face is available for this type of 
interaction. With cis- [Co(en),(NO&,]+ the interac- 
tion with Pod3- cannot be of this same type and might 

5 )  * 
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Figure 5.-Effects of electrolytes on the circular dichroism of (+)ssg-[Co(en)zgly]I~: (1) no electrolyte added, ( 2 )  2.0 M NaCI, ( 3 )  0.5 
M Na~S04, (4) 0.5 M NazC03, (5) 0.5 M Na3P04. 
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Figure 6.-Effects of NaaP04 and Na~C03 on the circular 
dichroism of (+)~89-[Co(en),(N0~),1Br: (1) no electrolyte added, 
( 2 )  0.05 M Na2C03, (3) 0.05 M Na3P04. 

be expected to be weaker (Figure 6). The effects of 
P043- might also be expected to be less highly direc- 
tional for cis- [Co(en),NO,),]f and the CD peaks with 
E, and Az parentage are seen not to be affected to the 
same extents. 

The protonation of Po43- might be expected to inter- 
fere with the symmetrical interaction suggested by 
Mason. This and the lower charge on the anion would 
account for the smaller effect observed (Figure 4). 

Mason’s model might be adapted to describe the 
interaction between [ Co (en) 3 ]  + or [Co (en),gly ] + 

and S 0 k 2 - ,  S032-, and S20z2-. However, for these 
anions, COS2-, and the singly charged anions, the ef- 
fects are not only smaller compared to  POdadl as ex- 
pected because of the lower charge, but the E, and A2 
bands are not affected to the same extent as noted by 
Mason for Po43-. The predominant effects of the 
doubly charged anions appear to increase R(Az),  sug- 
gesting that there is still a directional effect (Figure 3). 
However, there must also be nondirectional inter- 
actions since there is not a corresponding decrease in 
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R(E,).  The nondirectional effects could arise from 
different orientations as ion pairs or from the associa- 
tion of additional anions with an ion pair oriented as 
described by Mason. The charge on [ C ~ ( e n ) ~ ] s +  is 
neutralized in an ion pair formed with P043-, but not 
with anions of lower charge. 

The singly charged anions show no evidence of pre- 
ferred orientation of anions about the complex cation 
(Figures 1 and 2 )  as all the bands show some increase in 
R. Random orientation of the anions might be ex- 

pected to increase R because of polarization effects 
and/or slight lowering of the symmetry. 

The effects of electrolytes must be due to several 
factors. Mason's model for the interaction between 
[Co(en),13+ and POb3- can account for the major effect 
in this case which is the most favorable one for such 
preferred orientation. In  other cases, the other factors 
become increasingly important until the effect of such 
preferred orientation disappears for the singly charged 
anions. 
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Proton Magnetic Resonance Studies of the Solvation of Cations in 
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At temperatures below -38' the proton nmr signals of N,N-dimethylformamide ( D M F )  in the first coordination sphere of 
Co(I1) in D M F  solutions can be distinguished. From the relative intensities of these signals, a primary solvation number 
of six was calculated for Co(I1). The relative widths of these signals below -55"  require that D M F  should be coordinated 
to Co(I1) via the oxygen atom and that the Co-0-C angle be bent. Above -53' the widths of the signals are dominated 
by the rate of exchange of D M F  between the primary solvation sphere and the bulk solvent. Throughout a wide tempera- 
ture range, the width of the bulk solvent formyl proton signal of D M F  solutions of Co(CI04)2 and Xi( C104)2 is dependent on 
the rate of exchange of D M F  between the bulk solvent and the species M(DMF)e2+. From the line width data the ex- 
change parameters k l  (sec-1 a t  2 S 0 ) ,  AH* (kcal), arid AS* (eu) mere calculated for Ni(DMF)s2+ arid Co(DMF)c2+, respec- 
tively: 3.8 X 103, $15.0 =k 0.5, 8 =k 2 ;  and 3.9 X lo6, +13.6 -C 0.5, 12.6 f 2. For the Co(I1) system. the exchange 
parameters obtained froin the bulk solvent line broadening are in exceileiit agreement with those calculated from the widths 
of the proton signals of CO(DMF)~?+ .  Both the Co(I1) and Ni(I1) systems exhibit large proton contact chemical shifts 
froin which the scalar coupling constants were calculated. Some comparisons are made between these data and those ob- 
tained for other Co( 11) and Ni(I1) systems. 

Introduction 
Recently nuclear magnetic resonance (nmr) spec- 

troscopy has been applied to the study of a number of 
rapid substitution reactions involving metal ions in 
s o l u t i ~ n . ~ - ~  Of particular interest is that, under the 
proper conditions, nmr signals of the solvent mole- 
cules in the first coordination sphere of a metal ion can 
be detected. Thus, Jackson, Lemons, and Taube' have 
shown that it is possible to distinguish separate I7O nmr 
signals arising from water in the first coordination 
sphere of selected diamagnetic cations and from that 
in the bulk solvent. Connick and Fiat,* using water 
enriched in I7O, obtained the primary solvation num- 
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bers of Al(II1) and Be(I1) (six and four, respectively) 
by comparing the integrated intensities of the two 170 

signals. By lowering the temperature of methanol- 
water solutions of Mg(C10&, Swinehart and Taubeg 
were able to increase the mean lifetime of the solvent 
molecules in the first coordination sphere of Mg(I1) 
sufficiently to allow the direct observation of the pro- 
ton (OH) nmr signals of aquo-methanol complexes. 
Luz and Meiboomln have shown that, even with the 
paramagnetic ions Co(I1) and Ni(I1) in methanol-mater 
solutions a t  low temperatures, the proton nmr signals 
of methanol and water in the first coordination sphere 
can be detected, and the rate of exchange of solvent 
molecules between the bulk solvent and the coordina- 
tion sphere can be calculated from the widths of the 
signals. The exchange rates obtained in this manner 
were used to elucidate the relaxation mechanisms which 
contribute to the line widths of the nmr signals of the 
b d k  solvent protons over a wide range of tempera- 
tures. l1 
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