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The results indicated in the last paragraph for the Cuz+ systems 
seem to hold also for those with ZnZ+ as far as this can be judged, 
because the observed differences are smaller. This seems to be 
generally true for Zn2+ complexes in 50% aqueous dioxane (Figure 
3), but a further possible reason for this apparently different 
behavior could be the weaker interaction between the ?r systems 
of 1,lO-phenanthroline or 2,2'-bipyridyl and Zn2+ with its dI0 
electron configuration; in the case of Cu2+, phen and bpy act as 
a acceptors.39 

Overall it appears that the aryl residues of the ligands in Chart 
111 presumably act as electron donors and 1 ,lo-phenanthroline 
and 2,2'-bipyridyl are acceptors in the n/a interactions within 
the intramolecular stacks. 
General Conclusions 

That organic molecules with two aromatic-ring systems which 
are linked together by an aliphatic chain may favor in solution 
a folded configuration is well-known and has been shown, e.g., 
for a series of 2-arylethyl p- t~luenesulfonates~~ and many other 
molecules allowing an  intramolecular aryl/aryl i n t e r a c t i ~ n . ~ . ~ ~  
It is also known that the distance between the aromatic residues 
has an influence on the properties of such aryl/aryl molecules: 
e.g., the pyrene-(CH2),-pyrene systems were studied for a large 
number of n values, and it was observed that the intramolecular 
interaction was most pronounced for n = 3 . 4 2 9 4 3  

The spacing of two aromatic-ring moieties by a trimethylene 
bridge has been well exploited." For example, in aqueous solution 
interactions are observable between bridged nucleic acid bases, 
like 9-substituted adenine or guanine, or 1 -substituted cytosine, 
thymine, or uracil residues.# The trimethylene bridge is probably 
most suitable because it is the shortest link allowing a stacked 
arrangement of the aromatic planes with a distance of about 3.4 
A: this distance has often been observed in the solid state1~29-30*4s 
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between aromatic-ring systems. 
I t  is interesting to view the present results in connection with 

the above observations. The highest formation degree of the 
intramolecular stack is obtained in the ternary M(phen)(PAc)+ 
and (usually to a somewhat smaller extent) M(phen)(PPr)+ 
complexes (Figure 3; Tables 111 and IV). This means that the 
following atoms form the link between the aromatic moieties 
(Figure 2): one M2+, one 0, and two (or three) C. Hence, the 
most suitable linking chain contains in the case of ternary metal 
ion complexes in total four (or five) atoms, in contrast to the three 
C atoms observed for the alkyl link in pure organic molecules. 
This difference is understandable, because the metal ion coor- 
dinates to 1,lO-phenanthroline in the plane of the aromatic-ring 
system (Figure 2) and contributes little (Zn2+) or nothing (Cuz+) 
to shorten the link of the aryl residue that forms the stack. Thus, 
overall the situation is comparable in metal ion bridged and purely 
alkyl-linked stacking adducts. 

A remarkable property that seems to be connected with the 
participation of a metal ion in the formation of the stack is in- 
dicated by the results of Tables 111 and IV: addition of ethanol 
or dioxane to an aqueous solution may promote the formation 
degree of an intramolecular stack. This observation is interesting 
and warrants further studies,25 because the experiencel5 with 
(purely organic) unbridged binary stacks is that addition of ethanol 
or dioxane inhibits stacking. 

Another point of general interest is the influence of the geometry 
of the coordination sphere of the bridging metal ion on the extent 
of stacking. The metal ion may impose certain steric restrictions 
and influence thus the orientation of the coordinated ligating 
groups that carry the aromatic moieties forming the intramolecular 
stack. This type of orientation could be important, e.g., in me- 
talloenzyme/substrate interactions. 
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The "C NMR spectra of a variety of nickel(I1) amino carboxylate complexes are reported and analyzed. The spectra are 
interpreted to indicate that the solution structure of Ni(EDTA)Z- is approximately 32% pentadentate at probe ambient temperature 
(-28 "C)  with rapid (lifetime <3 ps) pentadentate + hexadentate equilibrium. The solution structure of Ni(PDTA)2- is found 
to be 17% pentadentate, with only the in-plane acetate on the side opposite the methyl involved in the equilibrium. No evidence 
for any pentadentate CYDTA is found. The thermodynamic properties of the hexadentate + pentadentate equilibria of EDTA 
and PDTA are found to be AH = -14.2 kJ mol-', AS = -58.5 J mol-' K-I and AH = -9.2 kJ mol-', AS = -43 J mol-I K-I, 
respectively. These values lead to the conclusion that the mole fraction of either form of the complex is a sensitive function of 
temperature when the temperature is close to normal ambient conditions. At low temperature, the pentadentate form predominates, 
and at high temperature, the hexadentate form predominates. The temperature and ionic strength dependence of the equilibrium 
are believed to be responsible for the large number of contradictory conclusions regarding the coordination of EDTA. 

Introduction 
The question of whether EDTA functions as a hemdentate or 

pentadentate ligand has been studied by a wide variety of in- 

vestigators utilizing an equally wide variety of techniq~es.~- '~ The 
conclusions of many of these studies have, however, been con- 

(1) Higginnon, W. E. C. J .  Chem. Sa. 1962, 2761-2763. 
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tradictory. Despite some reports that EDTA functions as a 
hexadentate ligand,6~7~12 most studies point to at least some pen- 
tadentate coordination. No one has to date, however, determined 
the thermodynamic properties AH and AS for the hexadentate 
+ pentadentate equilibrium. 

This paper reports the results of a I3C N M R  study of the 
paramagnetic nickel(I1) complexes of EDTA and several related 
ligands. From the temperature dependence of the chemical shifts 
the AH and AS of removal of the sixth arm are determined. The 
results for EDTA agree with previous estimates of the degree of 
pentadentate coordination in nickel complexes of EDTA. 

Experimental Section 
Most of the I3C NMR spectra were recorded on a JEOL FX90Q 

Fourier transform spectrometer. The 125 MHz I C  NMR spectrum was 
provided by the high-field NMR center at Yale University. Temperature 
was controlled by the JEOL NMVTS temperature control unit. The 
control unit temperature setting was calibrated against methyl alcohol 
for low temperatures and ethylene glycol for high temperatures. 

All ligands were purchased commercially in the highest possible purity 
and were used without further purification except for N-ethylethylene- 
diaminetriacetate (N-EtED3A), which was synthesized by reaction of 
N-ethylethylenediamine with chloroacetic acid as described in ref 14 
except that the free acid did not precipitate upon acidification and 
standing. The complex for spectral investigation was obtained by ad- 
dition of excess nickel(I1) chloride solution to the reaction mixture and 
adjustment of the pH to approximately 6. This mixture was then passed 
through an anion-exchange column (Dowex-1) and washed repeatedly 
with distilled water. Ni(N-EtED3A)- was eluted off the column with 
lithium chloride solution (-4 M), the elutant evaporated to dryness on 
a rotary evaporator, and the resulting solid dissolved in deuterium oxide. 
Because of the small quantity of the complex obtained by this method, 
a 5-mm sample tube was used to acquire the spectrum of this complex 
while 10-mm tubes were used for all the other complexes. Except for that 
of N-EtED3A, all complexes were made in the same way: Two milli- 
moles of anhydrous nickel chloride was weighed and dissolved in 5 mL 
of deuterium oxide. Two millimoles of ligand was weighed and dissolved 
in 5 mL of water with addition of sodium hydroxide to neutralize the acid 
groups. The two solutions were mixed, and the pH was measured and 
adjusted with hydrochloric acid or sodium hydroxide as needed. The 
approximately 50% deuterium oxide solvent served as the lock signal for 
the spectrometer. No concentration-dependent shifts were observed that 
could be attributed to shifts in the lock signal from the paramagnetic 
complexes. Because of the broadness of the peaks, peak positions are 
probably good to only f 4  ppm. The position and broadness of the 
carboxylate peak undergoing uncoordinated + coordinated equilibrium 
is a function of ionic strength, pH, and temperature (in excess of the 
expected Curie law dependence) while the other peak positions virtually 
are unaffected by these factors. 

The pHs of the solutions were measured with a Corning Model 110 
digital pH meter equipped with a Graphic Controls pH electrode 
standardized against commercial buffers. No attempt was made to 
correct the measured pH for the partially deuterated nature of the sol- 
vent. 

Results and Discussion 
Figure 1 shows the 13C NMR spectra of the EDTA, 1,2-PDTA, 

CYDTA, and N-EtED3A complexes. The assignments of these 
spectra are summarized in Table I. The spectra, as a function 
of pH, of Ni(EDTA)2- I3C enriched at  the carboxylates have 
previously been published and have been interpreted to indicate 
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Figure 1. 13C NMR spectra of nickel(I1) complexes (all shifts in ppm 
from methyl alcohol): (a) N-EtED3A, pH -7; (b) EDTA, pH -8;  (c) 
1,2-PDTA, pH -8 ;  (d) CYDTA, pH -8. 

Table I. Assignment of 13C NMR Swctra of Nickel Comulexes 
peak 

assignt locationa assignt peak locationa 

+348 
-27 
-40 
-64 

+22 

-16 

-294 

+296 
+22 

-8 

-1 2 

-78 

-216 

+39 

-1 7 

-65 

+124 
+123 

+9 
+I 

Ni(N-EtED3A)- 
CH3CH2 -313' 
out-of-plane C02- -382b 
out-of-plane COT -456' 
in-plane C02- -498' 

Ni(EDTA)2- 
equilibrating -316 

out-of-plane -416 
c02- 

c02- 
-CH2CH2 

Ni(PDTA)2- 
CH3 -264 

out-of-plane -369 

out-of-plane -403 

equilibrating C02- -348 

c02- 

c02- 
in-plane C02- -480 

CydTA 
ring carbons j3 -290 

ring carbons y -413 

(2) out-of-plane -493 

to nitrogen 

to nitrogen 
. .  

c02- 
(2) in-plane CO2- 

Zn( PDT A) 2- 
coordinated C02- +6' 

CH2CO2-b -38 
coordinated C02- +4b 

CH2C02-b 

in-plane + equili- 

out-of-plane 
cH2c02- 

brating CH2C02- 

CH3CH 
CHCH2 
equilibrating 

CH2c02- 
in-plane 

CH2c02- 
out-of-plane 

CH2c02- 

ring carbons a 
to nitrogens 

(2) in-plane 

(2) out-of-plane 
CH2c02- 

CH2CO2- 

'In ppm from MeOH. bThese assignments are uncertain but do not 
affect the interpretation of the carboxylate data. 

hexadentate coordination at high pH and protonation of a car- 
boxylate, making EDTA behave as a pentadentate ligand, at pH 
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% 30C 
Figure 2. Temperature dependence of 1,2-PDTA carboxylate peaks at 
pH -8. 

<4.6 As previously reported, we have also observed a large 
downfield shift of a resonance of EDTA at pH <4, consistent with 
carboxylate protonation. Examination of these spectra and tem- 
perature studies, however, has led to the conclusion that, even at  
high pH, EDTA is pentadentate a significant fraction (-32%) 
of the time at  ambient temperature. The reasons for this con- 
clusion are explained below. A similar conclusion based on 170 
NMR studies has also been r e p ~ r t e d . ~  

On the basis of the spectrum of the I3C-enriched study, the 
EDTA peaks at approximately +22 and -16 ppm (vs. MeOH) 
are known to be the carboxylates. I t  is obvious from Figure 1 
that the peak at +22 ppm is considerably broader than the other. 
Integration of the peaks and the earlier work indicate that they 
are of equal areas within experimental error. Furthermore, by 
variabletemperature studies, it is easily shown that the broad peak 
arises from a carbon undergoing a rapid chemical exchange be- 
tween two quite different chemical environments while the other 
peak does not. Before the variable-temperature study shown in 
Figure 3 is discussed, the spectra shown in Figure 1 should be 
considered. If one compares the carboxylate regions of CYDTA, 
PDTA, EDTA, and N-EtED3A, it is apparent that the broad 
carboxylate peak is only observed in the EDTA and PDTA cases 
and, furthermore, that this peak corresponds in area to about one 
carbon in the PDTA case and to two carbons in the EDTA case. 
On the basis of the variation of this peak position with pH and 
temperature (see below), it is assigned to a carboxylate undergoing 
rapid coordinated G= uncoordinated equilibrium. Because this 
peak has the same shift in PDTA as in EDTA, it is concluded 
that the position of the equilibrium is essentially the same for that 
carboxylate in each complex. The absence of such a peak in either 
the CYDTA or N-EtED3A case and the lack of similar pH or 
temperature dependence of any of the CYDTA peaks indicate 
that the carboxylates are coordinated virtually 100% of the time 
in these two complexes. Because the difference between PDTA 
and EDTA is only one methyl group and peaks due to in-plane, 
out-of-plane, and equilibrating carboxylates are observed for 
PDTA, it is clear that one side of the complex is undergoing the 
equilibrium while the other side is not. On the basis of the 
observation that both sides of EDTA are equally involved in this 
equilibrium, it is concluded that the uncoordinated arm in PDTA 
is on the opposite side from the methyl group. This conclusion 
is supported by the lack of any uncoordinated carboxylate in 

500 1 

300 

I 
0 1 .o 2.0 3.0 4.0 

1IT X l O O O  
Figure 3. Curie law plot of 1,2-PDTA resonances. Solid dots are data 
for the carboxylate undergoing equilibration. 

Table 11. Shift of Equilibrating Carboxylate vs. Temperature for 
PDTA and EDTA 

temd shiftb temu' shiftb 

304 
316 
326 
336 

256 
266 
216 
286 

~ ~~~ 

Ni(PDTA)2- 
-102 346 -115 
-107 356 -116 
-1 13 376 -120 
-1 15 

Ni(EDTA)2- 
-30 296 -101 
-65 304 -102 
-5 5 316 -107 
-86 

' In K. In ppm vs. Zn(PDTA)2-. 

CYDTA. This interpretation is confirmed by the temperature 
study shown in Figure 2. In this figure one can see that the broad 
peak of PDTA sharpens at  high temperature and moves toward 
the upfield carboxylate peak. Clearly, the reaction is more rapid 
and the equilibrium is shifted toward 6-coordinate at high tem- 
perature. The shift vs. temperature data for this carboxylate in 
EDTA and PDTA are tabulated in Table 11. 

Examination of the CYDTA spectrum shows that shifts of 
in-plane, where in-plane refers to the nitrogen-metal-nitrogen 
plane, coordinated carboxylates give rise to peaks approximately 
48 ppm different from those for out-of-plane carboxylates. Al- 
though it is not obvious a priori, the more upfield peak is assigned 
to the in-plane carboxylates since that is the peak which is missing 
in the EDTA spectrum and has reduced intensity in the PDTA 
spectrum. Previous studies have shown that the in-plane acetate 
is most likely to be ~ncoord ina ted . '~ J~  These data can be used 
to quantitatively establish the amount of 5-coordinate EDTA 
species if the shift of fully coordinated and fully uncoordinated 
carboxylates can be determined. The fraction of 5-coordinated 
EDTA will be twice that of PDTA since it contains two equivalent 
sides, and on the basis of the similar shifts of the partially un- 
coordinated groups in these two complexes, both of these acetates 
are uncoordinated for equal fractions of time. A similar order 
of percentage pentadentate structures has been reported for the 
Co(I1) EDTA, PDTA, and CYDTA complexes. In fact the 
PDTA complex has been reported to have only half as much 

(15) Smith, G. S.; Hoard, J. L. J .  Am. Chem. SOC. 1959, 81, 556-560. 
(16) Weaklien, H. A.; Hoard, J. L. J.  Am. Chem. SOC. 1959,81, 549-555. 
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Table 111. Parameters for Acetate Arm Coordination 
fraction 

uncoordinated 
compd arm" lifetimes AHb ASc at 28 OC 
EDTA either -3 X 10" -14.2 -58.5 0.16d 
PDTA CH2side -3 X 10"' -9.2 -43.0 0.17 

"It is assumed that only the in-plane arms are involved. *In kJ 
Mol-' for the reaction hexadentate Q pentadentate. cIn J mol-' K-]. 
dTotal fraction of pentadentate species is 2 X 0.16 = 0.32. CIt is as- 
sumed that the rate of the PDTA reaction is approximately equal to 
the rate of the EDTA reaction because of the similarity in peak width 
as a function of temperature between them. /The data are explained 
by AH of this value or less or by AS of this value or less. ZIn seconds. 

5-coordinate species as the EDTA complex, as predicted here.I7 
Thus, these spectra indicate that the presence of an alkyl group 
on the carbon adjacent to the nitrogen coordination site represses 
removal of that carboxylate from the primary coordination sphere. 
The effect of the alkyl substitution on the opposite side of the 
molecule increases both the AH and AS of coordination. The 
combined effect, in this case, results in virtually no change in the 
degree of coordination of that carboxylate. 

This rather unexpected phenomenon can be rationalized on the 
basis of the X-ray crystallographic study of the pentacoordinated 
nickel EDTA complex. Examination of this structure shows that 
the dihedral angle (relative to the N-Ni-N plane) is about 5 O  
less on the side containing the uncoordinated ~ a r b o x y l a t e . ' ~ J ~  
Thus, if the carboxylate on the methyl side of 1,ZPDTA becomes 
uncoordinated, the methyl will experience an increase in its axial 
character. The great steric preference of alkyl groups for an 
equatorial environment opposes such a change. These data in- 
dicate, therefore, that this equatorial preference is sufficient to 
shift the equilibrium to complete, within experimental error, co- 
ordination. Such a dramatic effect at a site so far removed from 
the point of substitution appears somewhat surprising but is the 
result of two factors: the large preference by the methyl group 
for an equatorial environment and the only slight preference, at 
room temperature, for coordination in the absence of the alkyl 
group. Because the equilibrium constant is nearly unity when a 
hydrogen is present, the slight equilibrium shift caused by the 
methyl substitution causes a dramatic change in the concentration 
of pentadentate ligand. 

Figure 3 shows the observed temperature dependence of PDTA 
as a Curie law plot. Table I1 summarizes the temperature de- 
pendence of the equilibrating carboxylate for EDTA and PDTA. 
Figure 4 shows a blowup of the carboxylate peaks and theoretically 
generated curves for the equilibrating carboxylate of EDTA and 
PDTA using the values of AH and AS reported below. The 
procedure used to generate the theoretical curves will be explained 
below. The best fit curves correspond to the AH and A S  values 
in Table 111. 

The data for the methyl-side carboxylate of PDTA are re- 
produced within experimental error ( f4  ppm) if it is assumed that 
the methyl destabilizes the pentadentate form by 6.3 kJ mol-l in 
AH or by 25 J mol-' K-' in AS. This fit is also within experimental 
error of the ideal Curie law line for 100% coordination of this arm. 
Thus, even a slight destabilization of the 5-coordinate form by 
the increased axial nature of the methyl is sufficient to shift the 
equilibrium to complete coordination, within experimental error, 
a t  room temperature. Because the equilibrium constant is so close 
to unity, the spectral appearance is also greatly affected by any 
conditions that shift the equilibrium even slightly. For this reason, 
the position of the equilibrating peak is very sensitive to ionic 
strength and the presence of other ions that compete for water. 
The data discussed in this paper were obtained on dilute (-0.2 
M) solutions with no added salts. The addition of lithium chloride 
to the solution favors hexacoordination presumably by decreasing 
the effective water concentration. This phenomenon was not 
studied quantitatively, however. 

PDTA methyl side 1-2f 5-19 -0 

(17) Higginson, W. E. C.; Samuel, B. J .  Chem. SOC. A 1970, 1579-1586. 
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Figure 4. Expansion of the Curie law plot of in-plane carboxylates of 
EDTA and 1,2-PDTA: lower curve, theoretical curve calculated as 
described in text for EDTA by using best fit AH and hs, upper curve, 
theoretical curve for 1,2-PDTA. Solid dots are data for EDTA. 

In order to quantitatively assess the fraction of time that the 
ligand is 5-coordinate, it is necessary to determine the "frozen" 
resonance positions in the two environments being averaged. Then, 
from the position of the observed average resonance, the fraction 
of each form is calculated. The shift of a coordinated in-plane 
carboxylate is obtained directly from the shift position of the 
in-plane carboxylate on the methyl side of the PDTA molecule 
as -202 ppm at 28 O C  (vs. the diamagnetic zinc complex). As 
an estimate of the position of an uncoordinated carboxylate, the 
methyl position of N-ethylethylenediaminetriacetate, +386 ppm 
at  28 O C  (vs. the methyl resonance of Zn( 1,2-PDTA)2-), is used. 
This leads to the conclusion that the coordinated carboxylate shift 
is 588 ppm upfield of the uncoordinated shift. 

A computer program for calculating the contact shift tem- 
perature dependence of the equilibrating carboxylate in EDTA 
and PDTA was written. The program iterates AH and &Y values 
until a minimum deviation between the predicted and observed 
temperature dependences is obtained. These values of AH and 
M were then used to calculate the predicted shift vs. temperature 
curves shown in Figure 4. Because EDTA has two equally 
probable carboxylates while PDTA has only one, the EDTA 
program differed slightly to account for the statistical factor. The 
program is available on request. 

It should be noted that the shift positions shown in Figure 1 
are relative to methyl alcohol. Because the diamagnetic reference 
for carboxylates is significantly different from the reference for 
non-carboxylates, shift values in Figure 1 are not equally displaced 
from the shifts shown in the Curie law plot of Figure 3. The 
Zn(PDTA)2- reference used to calculate the shifts for the Curie 
law plot gave +124 ppm for coordinated COz-, -38 ppm for 
uncoordinated -CH3, +9 ppm for the methylene backbone, and 
+9 ppm for coordinated acetate methylene. Thus the contact shift 
of the uncoordinated carboxylate is calculated from the N-EtED3A 
spectrum as the observed resonance (+348 ppm) minus the Zn- 
(PDTA)2- diamagnetic shift of CH3 (-38 ppm) for a contact shift 
of +386 ppm a t  probe ambient temperature. The contact shift 
of a coordinated in-plane carboxylate is calculated in a similar 
manner as the difference between the observed shift of the Ni- 
(PDTA)z- carboxylate (-78 ppm) minus the Zn(PDTA)2- dia- 
magnetic carboxylate shift (+124 ppm) for a shift of -202 ppm. 
All the other shifts in Figure 3 were calculated in a similar fashion. 

Because of racemization of the EDTA complex, EDTA data 
above 40 O C  were not used. PDTA data at low temperatures were 
not used because of phasing difficulties associated with the 
downfield methyl peak and base line roll, which causes the car- 
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boxylate peak location to be greatly influenced by the phasing 
of the spectrum when the uncoordinated peak moves downfield. 
In view of the fact that the calculations show very little difference 
between the EDTA and PDTA peaks over the accessible tem- 
perature range, no attempt was made to overcome this problem. 
The values of AH and AS for the coordinated =;I uncoordinated 
equilibria are summarized in Table 111. The value of AH for 
EDTA found in this work, -14.2 kJ mol-’, is in reasonable 
agreement with the previous estimate of -12.2 kJ mol-’ (25% 
uncoordinated) .4 

Examination of Figure 3 indicates that only the equilibrating 
carboxylate resonance appears to violate the Curie law. One would 
expect, however, that all resonances would be affected by the 
equilibration of the carboxylate and, hence, that all the resonance 
should violate the Curie law. That this is not observed is explained 
by reference to the N-EtED3A spectrum. The spectrum of this 
100% pentadentate ligand corresponds quite well to the spectra 
of the other ligands, indicating that the shift differences between 
pentadentate and hexadentate forms are very small except for the 
carboxylates. This is consistent with the fact that contact shifts 
transmitted through oxygen are much smaller than those trans- 
mitted through nitrogen.I8 Thus, the deviations from the Curie 

(18) Evilia, R. F.: Reilley, C. N. J.  Coord. Chem. 1973, 3, 7-16. 
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law of these resonances are small and, hence, not observable over 
experimental error. 

All attempts to slow the exchange rate so that the coordinated 
and uncoordinated peaks could be observed directly were un- 
successful. This failure is not surprising since the percentage of 
5-coordinate species shifts dramatically in the available low- 
temperature region toward more pentadentate. A I3C N M R  
spectrum of Ni(EDTA)2- obtained at 125 MHz did not contain 
the broad carboxylate peak or new peaks at the “frozen” positions. 
Assuming that the peak was not observed because of kinetic 
broadening, the rate constant for the reaction is estimated to be 
approximately 3 X los s-l in reasonable agreement with the 
water-exchange rate for Ni(HzO)Y2- of 7 X lo5 s-’ estimated by 
”0 NMR.4 

This work shows that the enthalpy of coordination of the sixth 
EDTA site is endothermic and very small, and therefore, the 
position of the equilibrium is easily changed by slight changes in 
solution conditions, temperature, or structure. The disagreement 
in the literature can be explained at least in part by this sensitivity. 
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Circular Dichroism of Chromium(II1) Complexes. 10. Circular Dichroism Spectra in 
the Spin-Forbidden Transitions of Cr1U(N)6 Type Complexes with Chiral Diamines 
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Room-temperature solution circular dichroism (CD) spectra were measured in the spin-forbidden 2E8, 2Tl, - 4A2, d-d transitions 
of the diastereomers of [Cr(en),(diamine),,13+ (x = 0, 2), ci~-[Cr(NH,)~(diamine)~]~+, and [Cr(NH3)4(diamine)]3+, where the 
diamines used were (R)- or (S)-propylenediamine and (1R,2R)- or (1S,2S)-1,2-tram-cyclohexanediamine. The differences in 
observed CD spectra between each pair of the diastereomers were accounted for by separability and additivity of the configurational 
and vicinal CD effects. Consistent assignments for these configurational and vicinal CD peaks to the doublet +- quartet electronic 
transitions were made in connection with the CD in the spin-allowed 4Tzr - lA2, transitions on the basis of the theoretical 
approaches for the energy ordering and the rotational strengths between the spin-forbidden and the spin-allowed transitions; e.g., 
four vicinal CD peaks in the spin-forbidden transitions of the tris(diamine) complexes were assigned to the 2A(ZE,), E(ZE,), 
2AZ(2Tl,), and 2E(2T1 ) from the lower frequency side. This is the first demonstration by the roc-m-temperature solution CD 
measurements for the ?E, split components due to the electronic transitions to the Kramers doublets (2A and E) with a small spacing 
of less than 100 cm-’. 

Introduction 
In our previous papers of this series,’-’ room-temperature so- 

lution circular dichroism (CD) spectra in the spin-forbidden 2E,, 
2Tl, - 4A2s transitions of trigonal and tetragonal Cr(II1) com- 
plexes have been examined in comparison with those in the first 
spin-allowed 4T2, - 4Azs transitions. As a result, it has been 
demonstrated that weak but sharp well-resolved CD peaks in the 
spin-forbidden transitions can be elucidated by the close correlation 
(spin-orbit coupling) between the quartet (4Tzg) and doublet (*E, 
and 2Tl,) excited states. Still, there have remained some am- 
biguous elucidations of the spin-forbidden transitions even for one 
of the most popular complexes, [Cr(en),I3+, though the under- 
standing of chiroptical spectra of this complex in both the spin- 
forbidden and the first spin-allowed transitions has much advanced 
in experiments and theories for the last d e ~ a d e . ’ - ~ - ’ ~  The low- 

(1) Kaizaki, s.; Hidaka, J.; Shimura, Y. Inorg. Chem. 1973, 12, 142. 
(2) Kaizaki, S.; Shimura, Y .  Bull. Chem. Soc. Jpn. 1975, 48, 3611. 
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(5) Giidel, H. U.; Trabjerg, I.; Vala, M.; Ballhausen, C. J. Mol. Phys. 1972, 

24, 1227. 

temperature single-crystal spectroscopic studiess8 have confirmed 
our previous assignments’ of the lowest frequency CD peak to the 
spin-forbidden 2E, + 4Az, transition and have substantiated the 
splitting of the 2E state with a spacing of 18 cm-I and the 

gression of the 2E, origins. However, they are in some dis- 
agreement with theoretical  treatment^.'*^^*^ Thus, it is important 
to reexamine whether room-temperature solution CD peaks in this 
region arise from the electronic or vibronic origins. For this 

overlapping of the 4 TI,. split components with the vibronic pro- 
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