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Pmr spectra of the Co(en)8+ and Rh(en)asf ions in DzO solutions of phosphate, selenate, and selenite ions and of the Co(II1) 
complex in D20 solutions of trifluoroacetic acid (TFA) show changes in the CH2 resonance consistent with directional associa- 
tion which favors the chelate ring conformations of the le1 form. Added monovalent ions such as C1-, Br-, I-, and OH- have 
little effect on the CH2 resonance for the Co(II1) complex. The prnr CHZ pattern for the Rh(II1) complex is a narrow reso- 
nance band which is not temperature dependent in the range 4-82’. The CH2 resonance for the Co(II1) complex is broad 
and has a distinct temperature dependence, consistent with a shift of distribution among the possible conformational isomers. 
The Co(II1) and Rh(lI1) complex chlorides give identical band shapes in TFA, suggesting that  both complexes have similar 
distributions of conformers in TFA, with the le1 form strongly favored. 

Introduction 
Knowledge of chelate ring conformations is important 

in assigning sources of rotatory power, and this in- 
formation, in principle, can be obtained from pmr 
data. The tris-ethylenediamine complexes axe par- 
ticularly appropriate to pmr studies, since conforma- 
tional changes alter the symmetry of the complex 
ion decisively (D3 & C,) . 

In  aqueous solution a t  25” the A( +)689Co(en)33+ 
ion  exist^^,^ in conformational equilibrium. Thermo- 
dynamic data6 obtained for the Co(en),(( - ) ~ n ) 3 - $ ~ +  
system, where specific conformational forms are sta- 
bilized by the pn chelate rings, suggest the following 
proportions for the conformational isomers of the Co- 
(en)S3+ i o n Y  59% (666)lel,7 29% (66X), 8% (6XX), 
and 4y0 (XhX)ob. These proportions suggest that  only 
the first two species, of D3 and CZ symmetry, respec- 
tively, contribute significantly to the pmr pattern ob- 
served for the C ~ ( e n ) ~ ~ +  ion. For the le1 conformer 
(D3 symmetry) the chelate rings are equivalent, and 
the resulting pmr pattern should be AA’BB’. In- 
version of one of the chelate rings, yielding the (66X) 
conformer of Cz symmetry, results in only two equiva- 
lent rings, and the pmr pattern should be more com- 
plicated. Depending upon the rate of conformational 
interchangela the values of the various coupling con- 
stants, the chemical shifts, and the transverse relaxa- 
tion times, this pattern might range from a single 
resonance band of variable width to about 20 observ- 
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able nonzero-intensity linesg symmetrically disposed 
about a midpoint. 

It has been proposed from changes in the circular 
dichroism (CD) spectra of some tris(diamine)cobalt- 
(111) complexes in the presence of various o x y a n i o n ~ ~ ~ ~ ~  
that ion pairing with tetrahedral or trigonal anions 
is sterically favored for the le1 isomer, thus shifting 
the conformational equilibrium of C ~ ( e n ) ~ ~  f in aque- 
ous solution toward the le1 isomer, effectively ordering 
the conformations. The pmr spectrum of C0(en)3~+ 
in the presence of poda- was reported3 to show little 
difference from that without added phosphate ion, 
so that no conclusions regarding conformations could 
be directly obtained. In this work, the prnr spectra 
of C0(en)3~+ and R h ( e r ~ ) ~ ~ +  have been recorded a t  
various temperatures and in the presence of some 
molecules and anions which have a large effect on 
the CD spectrum of the Co(II1) complex, including 
phosphate ion. Correlation of these pmr spectra pro- 
vides evidence consistent with preferential stabilization 
of the le1 isomer through molecular association which 
favors the conformations of the le1 form. 

Experimental Section 
Tris(ethylenediamine)cobalt(III) Salts.-The chloride salt was 

prepared by standard methods.ll The bromide, iodide, and per- 
chlorate salts were prepared by recrystallizing the racemic chlo- 
ride salt in the presence of excess KBr, NaI, or Ba(C104)2, re- 
spectively. The racemic chloride, bromide, iodide, and per- 
chlorate salts were characterized by their molar absorptivities 
in the visible region. The chloride, bromide, and iodide salts 
gave acceptahle analyses for elemental nitrogen, and the per- 
chlorate salt gave no cloudiness in AgNOs solution. 
Tris(ethylenediamine)rhodium(III) Salts.-The chloride salt 

was prepared from rhodium trichloride trihydrate (Alfa Inor- 
ganics, Inc.) by the method of Watt  and CrumlZ (88% yield). 
The chloride salt was isolated by addition of isopropyl alcohol 
to the reaction solution. The iodide and perchlorate salts were 
prepared by the addition of solid KI or an aqueous solution of 
AgC104, respectively, to aqueous solutions of the chloride salt 
(94y0 yield for conversion to the iodide and 80% yield for con- 

(9) K. B. Wiberg and  B. J. Nist, “The Interpretation of N M R  Spectra,” 
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version to the perchlorate). A small amount of KI impurity 
was removed from the iodide salt by stirring in absolute ethanol 
and filtering (%yo final yield). The chloride and iodide salts 
were characterized by analyses for elemental nitrogen, Tyhile the 
perchlorate salt gave negative tests with AgKOs and NaCl solu- 
tions. All three salts gave acceptable molar absorptivities13 in 
the uv-visibleregion. 
Tris(trimethylenediamine)cobalt(IIIj chloride was provided by 

Dr. Randall L. Russell of this laboratory. 
Analyses for elemental nitrogen were obtained using a Coleman 

Model 29 analyzer. 
Spectra.--Absorption spectra were measured at  room tem- 

perature for ce. l o T 3  M solutions using a Cary Model 14 record- 
ing spectrophotometer with 1-cm quartz cells. Pmr spectra 
were measured using a Varian A-60 analytical spectrometer with 
a variable-temperature probe coupled to a V-6040 nmr tempera- 
ture controller. Unless specified, the spectra reported were 
recorded a t  the ambient temperature of the probe, ca. 35". 
Samples for pmr studies were prepared by dissolving 0.05 g of 
complex in 0.5 ml of solvent. The materials used for preparing 
solutions were: TFA (Eastman Organic Chemicals); perdeu- 
teriodimethyl sulfoxide (DMSO-&; Mallinckrodt); 1 yo dideu- 
teriosulfuric acid (diluted from 98% DtS04; Diaprep, Inc.); 
Na3Se04, sodium selenate, and NazSeOs, sodium selenite (*Ilia 
Inorganics, Inc.); IC3P01, potassium phosphate (Baker -4nalyzed 
reagent); and DaO deuterium oxide (Diaprep, Inc.). DSS 
(sodium 2,2-dimethyl-Z-silapentane-5-sulfonate j was used as an 
internal standard in most solutions after it was determined that 
its presence had no effect on the spectral patterns. KO significant 
chemical shift differences were observed in any of the series of 
solutions. The band width a t  half-height for each of the reso- 
nance patterns was measured regardless of band shape for compar- 
ing spectra. 

Results and Discussion 
Pmr spectra of the chloride, bromide, iodide, and 

perchlorate salts of C0(en)3~+ and also the chloride, 
iodide, and perchlorate salts of Rh(en)33+ (Figure I )  

Figure 1.-Pmr spectra of [Rh(en)3](C104)3 in D20 and in lyo 
D2S04-DpO (DzO, D") a t  60 MHz (HOD resonance a t  4.7 
ppm). 

exhibit no significant cliff erences in chemical shift or 
band width for both the methylene and amine bands 
of each series of complex salts. The Co(II1) complex 
shows a single amine band (34-37 Hz a t  6 4.84 ppm) 
for all the salts and a single methylene band of 19-21 
Hz (at 6 2.85 ppm) which sharpens to only 17-10 
Hz when the amine hydrogens are replaced by deu- 
terium. The series of Rh(II1) complex salts is likewiw 
consistent, but the band shapes are quite different. 
In 1% D2S04 in D20 an AB type of amine pattern 

(1JJ i' K Jviigenseti, Ad<& Ch6,;r S c r w d  , 10, 500 (J95bj 

arises. This is probably due to the greater field gra- 
dient of the Rh(II1) ion and subsequent greater dif- 
ference between the hydrogen nuclei of each NH2 group. 
A smaller difference in the pairs of amine hydrogen 
nuclei for the Co(II1) complex would be consistent with 
the observation of only one amine band in the 60- 
MHz spectrum and two amine bands a t  100 M H Z . ~ ~ ~ ~  
The methylene resonance has little or no fine structure 
and a band width of 8-9 Hz (at 6 2.92 ppm). In 
D2O alone the methylene resonance sharpens to 2.5- 
3.0 Hz indicative of extensive N-H and C-H coupling 
and rapid averaging, as by conformational inter- 
change.15 Coupling of the lo3Rh (spin nucleus 
to the chelate ring protons was not observed. 

-4 prnr temperature study of [Co(en)3](C104ja and 
[Rh(en)3](C104)3 in DzO solutions has been carried 
out (Figure 2). The temperature study of the spectral 

4.0 ppm 3.0 2.0 

Figure 2.--Pnir temperature study of [Co(en)3] (Cl0l)s in 
D20 solution a t  60 lMHz after deuterium exchange. Band 
widths a t  half-height are listed on the arrows. Temperature 
accuracy is f 2 '. 

pattern for the Rh(II1) complex shorn-ed essentially 
no change, indicating rapid conformational averaging'" 
which is not significantly affected in the range of 
temperatures studied. The trend in the band width 
data for the Co(II1) complex (Figure 2) indicates a 
unique temperature dependence. The band width of 
the methylene resonance pattern broadens unsymnzetri- 
cally with increasing temperature. The broadening 
is opposite to the influence expected from quadrupolar 
effects.lB (An opposite, smaller trend is observed in 
trifluoroacetic acid solution, consistent with quadru- 
polar effects.) Assuming that the rate of conformational 
interchange is very rapid and is not significantly altered 
in the range of temperatures studied, this temperature 
dependence is probably due to variation in the chemical 

(14) S .  T. Spees, Jr., L. J. Durham, and A.  A,I, Sargeson, I n o r y .  Chem., 5 ,  
2103 11966). . .  

(15) I t  has been suggested that the simplicity o f  the CH? resonance could 
he due to a lnwer anisotropy for the 1osRh-N bond as compared to the 5Co-N 
bond in ihese complexes: B. 1'1. Fung, personal communication. I'J6Y; 
J .  Phys.  Chem., 73, 4708 (1968). 

(16) J. D. Roberts, J .  A m .  Chern. Soc., 78,  44Y5 (19561. 
(17) H. Yoneda and Y .  Morimoto, Bull. Chenz. Soc. J a / x ~ ; i ,  39, 2180 

(IHB6). 
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shifts with temperature. However, further considera- 
tion yields some interesting information. The un- 
symmetrical CH, resonance a t  82’ can be rationalized 
as being made up of two symmetrical components, 
a higher field narrow peak and a lower field broad 
peak. Assuming a distribution of conformational iso- 
mers, the higher field narrow peak can be assigned 
to more symmetrical species, the le1 conformers which 
should possess a simpler pmr pattern because of the 
higher symmetry (DZ). The lower field peak can be 
assigned to species of lower symmetry, the less stable 
conformers of CZ symmetry. If the same distribution 
of conformational isomers is maintained in the tem- 
perature range, then the coalescence of resonance pat- 
terns a t  lower temperatures should result in a pattern 
which is still broad, ca. 20 Hz. The band width a t  4” 
(7 Hz) indicates that  the total pattern becomes narrow 
(with some broadening a t  the base) indicative of a 
predominance of a more symmetrical species, the le1 
conformer. 

Ion pairing of multiply charged oxyanions to the 
Co(en)a3+ ion has been deduced as being predominantly 
directional in nature while that for monovalent anions 
such as C1-, Br-, and I- is nondirectional in na- 
t ~ r e . ~ ~ ’ ~ ~ ’ ~  The model proposed for ion pairing by 
oxyanions which favors the le1 c o n f ~ r m e r ~ ~ ~ ~  is not 
sterically favored for ion pairing by monovalent anions. 
Consequently, while changes are expected in the pmr 
spectrum for directional modes of ion pairing which 
impose restrictions on the conformations of the chelate 
rings, little or no change is expected for the nondi- 
rectional modes (Figure 3, Table I). The Co(II1) 

TABLE I 
BAND WIDTHS AT HALF-HEIGHT (W/2 )  FOR COMPLEXES 

IN VARIOUS D*O-SALT SOLUTIONS 

[Co(en)~]  CIS DzO alone 17 
0 . 1  m NazSeOc 14 
0 I 5 m NazSeOc 10 
1.8 m NalSeOc 13 
0 . 1  m NazSeOs 11 
0 .5  m NazSeOa 8 
1 . 9  m NazSeOB 11 
1 . 1  m NaCl 16 

[Co(en)1)Br3 DzO alone 19 
0 .1  m NaBr 17 
0.5 m NaBra 16 

[Co(en)rlI$ DzO alone 19 
0 . 1  m KI5 17 

[Rh(en)~]  C ~ S  DzO alone 3 
1.8 m NazSeOc 7 
1 .9  m NasSeOs 10 

Complex Salt s o h  W/2 of CHs, Hz 

Solubility limitations prevented the study of more concen- 
trated solutions. 

and Rh(II1) complexes in phosphate solutions are cited 
as examples consistent with the ordered model, and 
almost identical results are obtained in comparable 
solutions of selenate and selenite ions (Table I). The 
data indicate that with increasing phosphate concentra- 
tion the band width of the CH2 resonance for the 

(18) H. L. Smith and B. E. Douglas, Inorg. Chem., 6, 784 (1966); J. A m .  
Chem. Soc., 86, 3885 (1964). 

Rh(II1) complex increases while that  for the Co(II1) 
complex first decreases and then increases. Since the 
conformational equilibrium for the Co(II1) complex 
is a dynamic one and since the nmr experiment records 
an equilibrium situation compared to the CD experi- 
ment, the observed trend in the band width data 
for the Co(II1) complex is consistent with a shift 
of the conformational equilibrium toward the le1 con- 
former of higher symmetry and narrower band width. 
Only broadening is observed in the CHz resonance 
of the Rh(II1) complex, but the Co(II1) and Rh(II1) 
complexes give identical CH2 patterns in 0.5 and 1.8 rn 
K3P04. It might be expected that the nmr pattern 
of the Co(II1) complex should broaden continually 
with ion pairing and the deterred motion of the chelate 
rings. This need not be the case, especially in the 
more dilute phosphate solutions, if the rate of ring 
inversion remains fast but the distribution of con- 
formational isomers is shifted toward the le1 isomer. 
There is also the possibility that  band sharpening 

Rh (ed3]C13 

3.5ppm 3.0 2.5 3.0 2.5 

Figure 3.-Pmr spectra of [Co(en)~]Cla and [Rh(en)3]C13 in 
deuterium oxide solutions of potassium phosphate a t  60 MHz. 
Band widths a t  half-height are listed on the arrows. 

is due to an acid-base type of reaction between phos- 
phate species and the complex ion which relaxes the 
barrier to ring inversion through proton exchange. The 
probability that this mechanism is operative is small, 
however, since DzO is a much stronger acid than the 
complex ion. Also, a pmr spectrum of the Co(en)ss+ 
ion in NaOD-Dz0 (pH ca. 13) showed some sharpening 
of the resonance pattern (16-17 Hz), but this does 
not compare with the band width of 8 Hz in 0.1 or 
0.5 m &Po4 in DzO. The effects of ion pairing with 
monovalent anions are small in the CD spectrum for 
[C0(en)3]C13~~~~* and the effects in the pmr spectrum 
(Table I) are also small. This is consistent with the 
prediction that nondirectional ion pairing is associated 
with negligible shifts in the distribution of conforma- 
tional isomers. 

Pmr spectra of the complexes in the hydrogen- 
bonding solvents trifluoroacetic acid (TFA) and per- 
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deuteriodimethyl sulfoxide (DMSO-&) also show 
changes ascribed to conformational ordering. It has 
been shownlg that solvent association with the Co(II1) 
complex in DMSO-& solution gives an activation en- 
ergy for ring inversion of ca. 10.5 kcal/mol. The 
high barrier to ring inversion is attributed to the 
formation of a secondary coordination shell and “frozen 
conformers” in solution. It has been suggested20 that 
ring inversion is rapid for this complex in DMSO-& 
but this conclusion was based on the observation of a 
singlet amine resonance, which has been observed 
as a t  least a doublet in this and otherlg work. The 
solvent impurity resonance of DMSO-& is superimposed 
upon the methylene resonance for the Co(II1) complex 
so that evaluation of the band width is difficult (ca. 
20 Hz total band width). The CH2 peak for the 
Rh(II1) complex is separated from the DMSO-& res- 
onance well enough to yield the reasonably accurate 
band width of 15 Hz. This unfortunate situation 
gives no indication as to whether the Co(II1) and 
Rh(II1) chelate rings are in common environments 
in solution, but the spectra in TFA4 are much more 
informative in this respect. Except for their chemical 
shifts, the Co(I11) and Rh(II1) complexes give identical 
spectra in TFA solution. The spectrum for the Co(II1) 
complex is shown in Figure 4. Both complexes possess 

A 
25.6 m TFA A 

I I I 
5.0 ppm 4.0 3.0 2.c 

Figure 4.--Pmr spectra of [Co(en)s] Cls in trifluoroacetic acid 
( T F A )  and 25.6 m T F X  in DzO (note chemical shift indices). 

CHs resonances with the common band width of 10 
Hz and broadened AB-type amine resonances of com- 
parable width. The peaks for the Rh(II1) complex 
occur slightly further downfield, and this might be 
expected considering the larger radius of the Rh(II1) 
ion and larger field gradient surrounding the Io3Rh 
nucleus. The narrow CHa resonance of the Co(II1) 
complex in D 2 0  a t  low temperatures was attributed 
to the le1 conformer. The narrow CH2 resonance 
in TFA suggests a predominance of the le1 conformer 
in this solvent. It was hoped that the deuterated 
complexes in TFA would yield cven smaller widths 
for the CH2 resonances with the removal of N-H 

(19) B. M. Fung, J .  Ant .  C h e m .  Soc., 89, 6788 (1967). 
(20) H. Yoneda, 1’1. T. Emerson, and Y. Morimoto, Inorg. Chem., 8, 2214 

(1969). 

TABLE I1 
BASD WIDTHS AT HALF-WEIGHT ( W / 2 )  FOR THE COMPLEXES 

[ C ~ ( e n ) ~ ] C l ~  AND [ R h ( e n ) ~ ]  C1, IN HYDROGET-BONDING SOLVENTS 
(CHEMICAL SHIFTY as. DSS ARE GIVES IN PARENTHESES) 

Solvent soln 

0 . 1  nz T F A  in De0 
0 . 5 1 n T F A i n D z O  
2 . 0  ?n T F A  in D20 
9 . 8  m T F A  in DzO 
25.6 nz T F A  in D20 
T F A  

DMSO-do 

Complex 
[Co(en)alCls D20,  D +  

[Co(en-di)s]Cls TF4 
[Iih(en)s]Cld Dz0, D i  

0 . 1  14 TFA in DzO 

TFA 

DMSO-ds 

[Rh(en-da)s]Cls TF-4 
(partially 
deuterated) 

WI2 of CH?, Hz 
(8, ppm) 
19 (2 .86)  
19 (2.82) 
18 (2.83) 
17 (2.SS) 
14 (2.95) 
13 (3.02) 
10 ( 3 , 2 2 )  

Ca. 20b ( 2 .  57) 

17 (3.24) 
9 (2.92) 

8 

10 ( 3 .  17) 

15 (2.67) 

11 (3.15) 

w i 2  of MI,, m 
(6 ,  ppm) 
36 ( 4 . 8 i )  
36 (-1.88) 
30 (4.88) 
24 (5.0) 
15 (5 .14 )  
16 ( 5 .  14) 

Ca. 30 (4.71)IL 
Ca. 30 (5 .04)  
Ca. 34 (5.39)“ 
Ca. 25 (5.75) 

c u .  25 ( 5 . O ) U  

Ca.  25 ( 5 . 3 )  
Ca. 25* 
Ca. 25 
Ce.  25 (5.  l5)O 
Ca. 25 (5.36) 
C a .  24 (5.74)‘L 
Ca. 30 (5.96) 

a T w o  overlapping bands. DMSO-dj resonaiice super- 
imposed. 

and C-H coupling, but the band widths were observed 
to broaden slightly (Table 11). The expected sharpen- 
ing with the deuterated Co(II1) complex in TFA has 
been reported17 but was not observed in this work. 

To investigate the possibility that the reduced band 
width of the Co(II1) complex in TFA might be due 
only to solvent effects on the chemical shifts and 
therefore not to the le1 conformer alone, pmr spectra 
of the complex were recorded in a series of TFA-D20 
solutions (Figure 4, Table 11). Just as with the various 
salt solutions, the band width of the CH2 resonance 
was observed to decrease with increasing TFA con- 
centration. The change was not as pronounced as 
in the salt solutions but there was also no comparable 
charge effect in the TFA solutions. An interesting 
aspect of this series of spectra is that the single amine 
band sharpened with increasing TFA conce‘itration 
instead of broadening toward the two amine bands 
observed in pure TF-4. This trend does not necessarily 
reflect a lack of conformational ordering effects since a 
concentrated solution of NasSeOd in 1y6 D~SOJ-D~O 
gave the same result for the band widths of the CH? 
(16 Hz) and NH2 (18 Hz) patterns. 

The larger chelate rings of the tris(trimethy1enedi- 
amine)cobalt(III) ion have far more mobility than 
en chelate rings. This mobility is reflected in the 
pmr spectra obtained in TFA,17 DzO, lY0 D2S04 in 
DsO, and 1.8 rn &PO4 in D20. While large differences 
in the CHa resonance were noted in the (en), complexes 
in these solvents, only minor differences in fine struc- 
ture were evident in the CH2 resonances of the Co(t11)33 + 

ion (two protons a t  ca. 1.9 ppm, half-width 17- 19 
Hz; four protons a t  ca. 2.6 ppm, half-width 14 18 
Hz). 




