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INDO-SCF calculations with constrained geometry optimization have been carried out to help elucidate the mechanism 
by which hydrogen gas is liberated when [ l.l]ferrocenophane is dissolved in acid media. The calculated equilibrium geometries 
correspond to protonation at ring carbon atoms. The calculated electronic structures of these species indicate large electron 
transfer from the rings to the protons. In order to more completely model the protonation and hydrogen liberation processes, 
single-point energies and electronic structures were obtained for other selected protonated species consisting of various positions 
of the protons relative to the crystal geometry of the [ 1 .l]ferrocenophane. The results indicate that proton transfers around 
the rings and between the rings and the metal centers are necessary for these processes. Hydrogen liberation appears to 
cccur by homolytic cleavage of metal-hydrogen bonds from a higher energy conformation, different from the crystal geometry, 
obtained from twisting of the molecule, leading to the formation of molecular hydrogen and a stable dication. 

Introduction 
The compound [ 1. llferrocenophene shows several unusual 

properties due to (a) the proximity of its two ferrocene units, 
which are linked together @f two bridging methylene groups, 
and (b) the high degree of flexibility of the molecule around 
these methylene bridges.. N M R  studies of [1.1]- 
ferrocenophane' show that the molecule undergoes a rapid 
syn-syn exchange, which, due to a small activation barrier, 
occurs at  a fast rate od the NMR time scale even at  low 
temperatures. Clearly, the exceptional ability of the molecule 
to undergo rapid conformational change and to accommodate 
charge relaxations, mec#ated by the metal centers, is crucial 
to its function and properties. 

An important property of [ 1 .l]ferrocenophane is that the 
compound dissolves in strong nonoxidizing acids with evolution 
of hydrogen gas, leaving a stable dication that can be quan- 
titatively reduced to the neutral species.2 This property, 
together with the feasibility of large-quantity production of 
the compound by new synthetic r ~ u t e s , ' J * ~  makes [1.1]- 
ferrocenophane an attractive candidate as a semiconductor 
surface m ~ d i f i e r ~ . ~  for use in the photochemical splitting of 
water in solar energy systems. 

Since the oxidation of [ l.l]ferrocenophane in aqeuous acids 
is immediate, no direct observation of the intermediates in the 
protonation and hydrogen-liberation pathways has been pos- 
sible. It has been suggested2 that protonation of [1.1]- 
ferrocenophane occurs at  both iron atoms of the ferrocenyl 
moieties, consistent with the metal protonation of ferroc- 
enes?'~~ substituted  ferrocene^,^.^ and [n]ferrocen~phanes.'~ 
Elimination of H2 could then follow by a twisting of the 
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molecule into a conformation that would place the hydrogen 
atoms within bonding distance. However, the exact proton- 
ation pathways in ferrocenes and ferrocenophanes and, in 
particular, the relative importance of the metal and cyclo- 
pentadienyl rings in this process have been the subject of much 
contr~versy.~'-'~ Proton transfer to the ring is evidenced by 
the "rapid" (>>benzene) deuteration of ferrocene in deuter- 
ated acid BF3.D20 and by observed isotopic ratios of 10:3:1 
for H2:HD:D2 liberation by [ 1. llferrocenophane in deuterated 
acid." 

In view of the importance of the mechanisms of protonation 
and hydrogen liberation to the function of [ 1. llferrocenophane 
as a semiconductor surface modifier, and in the absence of 
direct experimental evidence, characterization of these path- 
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ways by theoretical methods and, particularly, elucidation of 
the charge-transfer process involved in this reduction and the 
role of the iron and cyclopentadienyl rings are of interest. To 
this end, we have used a semiempirical INDO-SCF method 
with transition-metal ~apability’~,’’ to characterize the electron 
distributions, geometries, and energetics of the species involved 
in the protonation and hydrogen-liberation processes. We have 
previously shown16 that the use of this semiempirical INDO- 
SCF-CI method with a set of spectroscopic parameters pro- 
vides a reasonable description of the electronic structure and 
spectra of ferrocene and ferrocenium ion in agreement with 
the observed photoelectric and electronic spectra and the results 
of ab initio calculations. Further, in a complementary part 
of the present study involving calculations of the ground-state 
electronic structure of [ 1 .l]ferrocenophane and its carbanion 
and carbocation derivatives,’* we have used this same method 
with appropriate parameters for geometry optimization cal- 
culations, under the constrained conditions of fixed ring-ring 
separation distance, to obtain reasonable geometries for 
[ 1. llferrocenophane systems. In a continued study of these 
systems, we report here the results of the calculations of the 
electronic structure and equilibrium geometries of protonated 
[ 1 .l]ferrocenophane and ether species selected to model the 
processes of protonation and hydrogen liberation. 
Method 

A detailed description of the INDO-SCF-CI method has 
been given previously.16 Spectroscopic parameterization, in 
which the two-electron repulsion integrals are evaluated from 
an empirical Weiss-Mataga-Nishimoto f o r m ~ l a , ~ ~ , ~ ~ . ~ ~  is 
ideally suited to the calculation of ground-state electronic 
structure and properties of transition-metal complexes in their 
equilibrium geometries. The method also has the capability 
of performing geometry optimization by a gradient technique 
in the Cartesian coordinate system with the appropriate 
parameterization, in which the tweelectron repulsion integrals 
are calculated theoretically and the resonance integrals are 
set to values suitable for energy calculations. Equilibrium 
geometries of the protonated [ 1 .l]ferrocenophane were cal- 
culated by using the crystal structure of the neutral ~pecies~~2* 
as the starting geometry and by initially placing two additional 
hydrogen atoms at various locations inside the molecule and 
requiring an overall molecular charge of 2+. As we have 
described in detail elsewhere,’* the present INDO method, 
similar to ab initio t e c h n i q ~ e s , ~ ~ . ~ ~  predicts a cyclopentadienyl 
ring separation of 3.14 A larger than the observed value of 
3.3 A.22 Therefore, all optimization calculations were carried 
out with the additional constraints of holding the z components 
of all ring carbon atoms constant in a Cartesian coordinate 
system in which the y-axis coincides with the axis of C2 sym- 
metry of the molecule and the iron atoms are positioned on 
the x axis. 

The inclusion of these constraints, which effectively restrict 
the metal-ligand distance to the experimentally observed value, 
is important for proper description of the charge distribution 
and relaxation effects.’* However, calculations with and 
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Figure 1. Top and side views of the optimized geometry of @-pro- 
tonated [ 1.ljferrocenophane with two hydrogen atoms initially 
positioned 1.1 A from each metal atom on the outside. Symbols: m, 
Fe; 0, carbon; 0, hydrogen. 

without constraints show that they do not severely affect the 
details of the equilibrium geometry of the protonated species. 
In this regard, we note that although seemingly better tran- 
sition-metal-ligand bond distances have recently been reported 
for other approximate SCF models,25 Hartree-Fock and CI 
investigations of ferrocene and ferrocenium ion indicate that, 
for a correct description of the metal-ligand distance, electron 
correlation effects have to be included.26 Thus, the failure 
of the INDO-SCF-CI method in correctly describing the 
metal-ligand distance in ferrocenophane may be a general 
problem of the Hartree-Fock model in predicting the equi- 
librium geometry of transition-metal complexes.24 However, 
this failure will not severely affect the description of the 
electronic structure of the ligands themselves, and their proton 
affinity should be qualitatively correctly predicted. Extensive 
ab initio studies of the equilibrium geometry of the ferrocene, 
using from minimal to better than polarized triple-t quality 
basis sets,23.24 show that in spite of a poor metal-ligand dis- 
tance, the details of the ligand structure can be properly re- 
produced at the Hartree-Fock level. 

Electronic structures of the protonated species in their 
equilibrium geometries were obtained by using their optimized 
geometries as input to the INDO program with spectroscopic 
parameterization. In addition to the optimized geometries that 
represent the most stable form of the protonated [ 1. llfero- 
cenophane, single-point calculations of relative energies and 
electronic structures were also made for two other types of 
complex geometries. (1) Two hydrogen atoms were placed 
at varied distances from the iron atoms to investigate the effect 
of metal protonation. (2) A molecular hydrogen was placed 
at several locations near the center and at increasing distances 
from the center of the molecule as a model for the hydrogen 
formation and liberation. All single-point calculations were 
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Table I. Electronic Properties of Protonated [ 1 .l]Ferrocenophane 
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10 I P  I I Ib  I V b  V b  V I b  

Charges 
Fe 1.781+' 1.763+' 2.441+ 2.2781 2.182+ 2.187+ 
H' 0 .223t  0.210+ 0.120-  0.021+ 0.021+ o.oo+ 

d-Orbital Population 
dz 1 1.436 1.431 1.540 1.468 1.03 1 1.007 
dxi-y2 1.655 1.671 1.481 1.503 1.763 1.764 
dx Y 1.596 1.564 1.730 1.742 1.754 1.760 
dXZ 0.847 0.839 0.964 0.961 1.006 1.019 
dY 2 1.172 1.201 0.99 1 1.00 0.984 0.986 

HOMO 
energy, au -0.529 -0.541 -0.561 -0.524 -0.487 -0.436 
% character 

dz2 38.0 69.6 68.8 

dXY 36.8 38.4 
dXZ 10.8 13.7 4.6 2.9 4.0 
dY Z 4.7 2.0 14.8 14.5 
C R  13.2 
H+ s 2.6 

LUMO 
energy, au -0.198 -0.21 1 -0.227 -0.353 -0.383 -0.436d 
% character 

dx2-y' 38.3 34.1 65.2 3 7 . 3  

dzl 8.4 20.6 67.8 70.3 
dX2-y2 4.9 14.6 20.6 

dX, 7.1 5.8 2.0 14.3 14.6 

CR 57.6 56.2 26.2 22.9 
H+ s 6 . 3  6.3 39.0 16.6 

dx Y 4.7 10.6 3.4 3.3 

dY 2 

a Optimized geometiy. Crystal geometry. ' Metal charges are sensitive to the angle of twist (see text). This orbital is singly occupied 
and, therefore, is formally a HOMO. 

carried out with the crystal geometry of [ l.l]ferrocenophane. 

Results 
One major result of the present calculations is that, under 

the constrained geometry optimization conditions of fixed 
ring-ring separation employed, all the equilibrium geometries 
of protonated [ 1 .l]ferrocenophane obtained correspond to 
protonation at the ring carbon atoms, independent of the initial 
position of the protons. Equilibrium complex geometries were 
calculated with two H atoms initially positioned near the two 
iron atoms, corresponding to metal protonation, and also within 
bonding distance of each other (0.74 A) in the exterior of the 
molecule. In all cases, optimization causes each of the hy- 
drogen atoms to move to within bonding distance of the nearest 
ring carbon atoms. Figures 1 and 2 display the top and side 
views of two optimized equilibrium geometries obtained b 

from each of the iron atoms, outside and inside of the metal 
centers, respectively. In both cases, the hydrogen atoms move 
to bind to the nearest ring carbons at the &position (Figure 
1) and a-position (Figure 2), respectively, by displacing the 
hydrogen atoms initially bonded to those carbons. The pro- 
tonated ring carbon does not become a tetrahedral sp3 center. 
Instead, as shown in Figures 1 and 2, the protonating H atom 
is shared equally by two neighboring carbon atoms with rC-H 
N 1.3 A. The distance of this H atom to the other carbon 
atoms of the same ring are 2.2 and 2.7 A, respectively. 

Ring protonation was also obtained when the H atoms were 
initially placed, as molecular hydrogen, in the interior of the 
molecule with the center of the H2  0.2 A from the center of 
the ferrocenophane molecule on they  axis toward the bridge 
carbons. In the corresponding optimized equilibrium geometry 
(not shown), the hydrogen atoms moved apart and again 
protonated their nearest ring carbon atoms, in this case the 
tertiary carbons. The protonating H atoms in this instance 
remained in the interior of the molecule with rC-H = 1.16 A 
and rFeH = 1.96 A. 

initially placing two hydrogen atoms on the x axis at 1.1 x 

Protonations at various ring positions then correspond to 
local minima of the potential surface. The most favored 
codiguration corresponds to protonation at the @-carbon atoms 
(Figure 1) with the protonation at the a-position (Figure 2) 
about 13 kcal/mol higher in energy. Protonation of the ter- 
tiary carbon atoms is at a still higher energy of 124 kcal/mol. 
No local minima were obtained corresponding to metal pro- 
tonation. 

Geometry optimization calculations for protonated ferroc- 
ene, with and without constraints, also show that ring pro- 
tonation is favored. Furthermore, the ring protonation tend- 
ency also remains a dominant feature of the metal-protonated 
ferrocene obtained by restricting the protonating H atom to 
the metal plane, in an otherwise constraint-free optimization. 
Both rings are considerably tilted to establish a C-H distance 
of 1.42 A for the nearest carbon atom of each ring, with Fe-H 
= 1.96 A. Calculations of charge distributions show that ring 
protonation of ferrocene is consistent with the large negative 
charges calculated for the cyclopentadienyl ring carbons. They 
further indicate that metal protonation requires considerable 
charge transfer between the metal and ring system and leaves 
the formal oxidation state of the metal unchanged. 

To simulate H2 liberation, single-point energy calculations 
with the H2 molecule at increasing distances from the center 
of the [l.l]ferrocenophane dication were also made. The total 
energy was found to decrease with increasing H2-dication 
distance, indicating formation of a stable hydrogen molecule 
once H2 is moved to the exterior of [ 1.11 ferrocenophane. 

In addition to their energy and optimized geometry, the 
electronic structure of each of these same representative species 
in the protonation and H2-liberation processes was calculated. 
Table I contains the results of the Mulliken population analysis 
for atomic charges on the iron atoms and protonating hy- 
drogens, the iron d-orbital populations, and the energies and 
nature of the highest occupied (HOMO) and lowest unoccu- 
pied (LUMO) molecular orbitals for (1) the ring-protonated 
complexes shown in Figures 1 (case I) and 2 (case 11), (2) a 
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ion,16 corresponds to the formal removal of one 3d,z electron 
from each of the ferrocenes. However, as in the case of the 
ferrocene and ferrocenium ion,16 both back-donation into the 
formally unoccupied dxz and dYz orbitals and forward donation 
from the formally occupied d,z orbital result in significant 
relaxation and reduction of charge buildup on the iron atoms. 

Comparison of the nature and energies of HOMO and 
LUMO in Table I provides further insight into the electronic 
rearrangements and, particularly, the crucial importance of 
the metal-protonation step in the course of the hydrogen lib- 
eration. While HOMO and LUMO are well separated in 
energy in the protonated species (I-111), their energy difference 
is decreased as the hydrogen atoms approach each other and 
the metal (IV, V) and, finally, they become degenerate and 
each is singly occupied in the extreme case of dication for- 
mation (VI). In particular, the orbital characters show that 
metal protonation (111) and formation of a hydrogen molecule 
inside [ 1. llferrocenophane (IV), which involve considerable 
mixing of the metal ds and hydrogen s orbitals, also correspond 
to the onset and emergence of the dication character, re- 
spectively. This illustrates that the electron transfer from metal 
to hydrogen is formally out of the ds orbital. It further shows 
that the liberation of the H2 as represented in case V can occur 
by homolytic cleavage of the Fe-H bond. 

Discussion and Conclusions 
Under the constrained geometry optimization conditions 

used, ring protonation was found to be energetically favored 
over metal protonation of [ l.l]ferrocenophane. The NMR 
spectra of ferrocenes and bridge ferrocenes have been inter- 
preted in terms of metal prot~nation.~-'- '~ While the con- 
straints used and other approximations inherent in the method 
do not preclude that protonation at the metal sites could be 
of comparable or lower energy, possibly due to ring tilting,* 
the results obtained do indicate that proton transfer to cy- 
clopentadienyl rings play an important role in the protonation 
and hydrogen-liberation processes. A rapid proton exchange 
around the rings and between the rings and the metal centers, 
as our results suggest, would also be consistent with the ob- 
served NMR spectra of the protonated bridged ferrocenes,2 
if the exchange occurs at very fast rates on the NMR time 
scale. 

The main conclusions of our study can be summarized as 
follows. (1) Protonations at metal sites and at the ring carbons 
both lead to large electron donation to the protons from the 
metal-ring systems, resulting in their reduction to atomic 
hydrogen character. However, the electron donation is 
maximized when the hydrogen is bonded to the iron, which 
indicates that hydrogen transfer to metal is the first step to- 
ward molecular hydrogen formation. (2) In the configurations 
corresponding to crystal geometry, formation of molecular 
hydrogen inside the [ 1. llferrocenophane is of higher energy 
than that for both metal- and ring-protonated complexes. 
Formation of a stable H2 molecule thus requires an activated 
configuration of the complex and possibly involves twisting 
of the molecule. (3) The transition state in the liberation of 
H2 corresponds to formation of molecular hydrogen in the 
vicinity (0.2 A) of the center of the [l.l]ferrocenophane 
molecule. At this point there is considerable mixing of the 
metal dzz and hydrogen s atomic orbitals, and the energy 
difference between HOMO and LUMO is decreased. (4) 
Liberation of molecular hydrogen from this point on is a 
downhill process in energy, leading to the formation of a stable 
dication with a pair of singly occupied degenerate dzz orbitals. 

On the basis of these conclusions, the following series of 
events for the protonation and hydrogen-liberation processes 
can be suggested. Subsequent to the initial protonation step 
either at the rings or at the metal centers, the protons are 
rapidly exchanged between the metals and the rings. In a 
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Figure 2. Top and side views of the optimized geometry of a-pro- 
tonated [ l.l]ferrocenophane with two hydrogen atoms initially 
positioned 1.1 8, from each metal atom on the inside. Symbols: R, 
Fe; 0, carbon; 0, hydrogen. 

complex where the protons are bound to the Fe atoms with 
an Fe-H distance of 1.56 A and an H-H distance of 1 S O  A 
(case 111), and (3)  a series of three steps in the liberation of 
H2 molecule from the [ l.l]ferrocenophane dication with 
varying distances from the center of each molecule of 0.2 A 
(case IV), 3.0 A (case V), and 10.0 A (case VI). 

The calculated charges show a large net electron transfer 
to the protons whether they add to the metal (111) or the ring 
carbon atoms (I, 11), resulting in their reduction to atomic 
hydrogens. The two-electron equivalent charge transfer to the 
protons, leading to the eventual homolytic cleavage of Fe-H 
bonds and separation of the molecular hydrogen (IV-VI), is 
accompanied by only a small change in the charge of the iron 
atoms. The electron density transferred comes mainly from 
the cyclopentadienyl anion rings, which substantially decrease 
in negative charge while the net charges on iron atoms remain 
close to 2+ throughout the protonation and hydrogen-liberation 
processes. We should note that the rather large apparent 
differences between the calculated charges on the irons in I 
and I1 compared to those in 111-VI in Table I are mainly due 
to the differences between the optimized and crystal geometries 
used in the two sets of calculations and not the site of proton 
bonding. The optimized geometries used in I and I1 have a 
larger angle of twist compared to that observed in the crystal 
geometry.'s,22 The angle of twist is defined as the mean of 
the angles of projection made by two nearest carbons, one from 
each ring of the ferrocene unit, viewed down the line joining 
the center of mass of the two ringsz2 Both the charge dis- 
tribution between the iron and cyclopentadienyl rings and 
d-orbital populations are sensitive to the relaxation of this 
angle.lS For comparison, the calculated net charge on the iron 
in neutral [l.l]ferrocenophane is 1.67+ and 2.06+ for op- 
timized and crystal geometries, respectively. 

The total electron transfer to the protonating H atoms is 
sensitive to the Fe-H distance and is greater when the H atoms 
are within bonding distance of the metal (111). While the net 
charge on the iron does not increase to 3+ in the dication (VI), 
the resulting state, similar to the 2Al' state in ferrocenium 
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particular higher energy conformation, brought about by the 
twisting of the molecule, in which two hydrogens with a small 
positive charge, both in the vicinity of the metals, and at 
near-bonding distances, homolytic cleavage of the hydrogens 
will occur and molecular hydrogen will be liberated. The rapid 
proton exchange between the metal and rings and around the 
ring system, as  suggested by the present calculations, is con- 

sistent with the o b s e r v a t i ~ n ' ~  that when [ 1. llferrocenophane 
is dissolved in fully deuterated acid BF3.D20, an isotopic 
mixture of composition 10:3:1 Hz:HD:Dz is liberated. 
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Structure and Properties of a Cobalt(II1) Complex 
with a Branched Cyclic Tetraamine Ligand, 
(6-Methyl-6- (4-amino-2-azabuty1)- 1,4-diazacycloheptane) (ethylenediamine)cobalt(III) 
Perchlorate 
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The preparation and properties of a cobalt(II1) complex with a new branched cyclic tetraamine ligand, [Co(L)(en)] (C104)3, 
are described, where L is 6-methyl-6-(4-amino-2-azabutyl)-l ,Cdiazacycloheptane and en is ethylenediamine. The structure 
of the red complex [ C O ( C ~ H ~ ~ N , ) ( C ~ H ~ N , ) ]  (C104)3 has been determined by single-crystal X-ray diffraction techniques 
(R = 0.0462, orthorhombic crystals, space group Pbca with a = 14.059 (3) A, b = 15.319 ( 5 )  A, c = 20.497 (6) A, and 
Z = 8). The cobalt(II1) ion is surrounded by six nitrogen atoms, four from L and two from en. The N-Cc-N angle subtended 
by the two nitrogens of the 1,4-diazacycloheptane moiety is unusually small (76.4 (1)'). While the Co-N bonds trans 
to these two nitrogens have normal lengths, the other four Co-N bonds are elongated due to steric strain in the L ligand 
and the steric repulsion between the hydrogens of L and en. The correlation between the A,, values in absorption spectra 
and the average Co-N lengths of [Co(N),] complexes has been found and used to explain the large red shift in the absorption 
spectrum of this complex. 

Introduction 
In a recent series of papers,'q2 we have been studying the 

stereoselective association in solution between trigonal [Co- 
(N)6]3+ complexes and &tartrate or bis(p-d-tartrato)di- 
antimonate(II1) ion. In that  work, we have improved the 
synthetic method of [Co(sen)13+ for large-scale synthesis, 
where sen is l,l,l-tris(4-amino-2-azabutyl)ethane. During the 
synthesis of [Co(sen)] 3+, a red crystalline compound was 
isolated in a yield comparable to that of [Co(sen)13'. The 
visible absorption spectrum of this compound in water ap- 
peared to be consistent with the c i s - [ C 0 ( 0 ) ~ ( N ) ~ ]  chromo- 
phore. The chemical analysis was not, however, consistent with 
any complex involving such a chromophore. The proton NMR 
spectrum in deuterium oxide was very complex at 60 MHz 
and was not very helpful in deducing the structure of the 
compound. Thus, the compound was subjected to the structure 
determination by single-crystal X-ray diffraction, and it is 
disclosed that  the compound was of the [Co(N),] type and 
contained a novel branched cyclic tetraamine ligand, 6- 
met hyl-6- (4-amino-2-azabutyl) - 1 ,Cdiazacycloheptane (L) . 
This paper describes the preparation, spectral characteristics, 
and structure of the complex, as well as  a discussion on the 
origin of the large red shift in the absorption spectrum of this 
compound. 

Experimental Section 
l,l,l-Tris(hy- 

droxymethy1)ethane was tosylated in pyridine after Heinz and 
B~rkhardt .~ The tritosylate (100 g) was refluxed with a large excess 
of anhydrous ethylenediamine (en) (500 g) for 72 h out of contact 
with atmospheric moisture and carbon dioxide. Excess en was removed 
by a rotary evaporator, a solution of sodium hydroxide (240 g) in water 

Preparation of [Co(sen)I3+ and [Co(L)(en)J3+. 

(400 mL) was added to the viscous yellow residue, and this mixture 
then was extracted three times with pyridine (1 L). The extracts were 
rotary evaporated to give a viscous yellow oil, to which 300 mL of 
ethanol was added. The mixture was suction filtered to remove 
p-toluenesulfonic acid salts, and this ethanolic solution of crude sen 
(containing also L and en) was used directly in the subsequent reaction. 

Sixty grams of t r~ns- [CoCl~(py)~]Cl~  (py = pyridine) in 1 L of 
warm methanol was added, with stirring, to the above ethanolic 
solution. The orange precipitate of [Co(sen)]CI, that was formed 
was suction filtered, washed with ethanol and ether, and recrystallized 
from warm water, yielding 35 g of analytically pure [Co(sen)]C13. 
The overall yield based on the starting material l,l,l-tris(hydroxy- 
methy1)ethane was about 60%. To the dark red-brown filtrate was 
added a further amount (30 g) of tran~-[CoCl~(py)~]Cl with me- 
chanical stirring, and the solution was concentrated by a rotary 
evaporator, yielding a red precipitate. This was the chloride salt of 
[Co(L)(en)13+, which was collected by filtration. Because the chloride 
salt was rather hygroscopic, it was transformed into the perchlorate 
salt by using an anion-exchange column of QAE-Sephadex A-25 
(perchlorate form). The effluent was concentrated on a rotary 
evaporator, and the precipitate was collected by filtration. The 
perchlorate salt was recrystallized from warm water, and its yield 
was about 20 g (19% based on the tritosylate). Anal. Calcd for 
[CO(C,,H,,,N~)](CIO~)~: C, 21.89; H, 5.01; N, 13.92. Found: C, 
21.90; H, 5.31; N, 14.00. 

Measurements. Proton magnetic resonance spectra were obtained 
on a JEOL JNM PMXdO spectrometer at 60 MHz and 37 OC, with 
an internal standard of sodium 4,4-dimethyl-4-sila-1 -pentanesulfonate 
(DSS). Electronic absorption spectra were obtained on a Shimadzu 
UV-240 double-beam recording spectrophotometer at ambient tem- 
perature. 

The optical resolution of [Co(L)(en)l3+ was effected by re- 
versed-phase ion-pair chromatography with 0.01 M potassium bis- 
(y-d-tartrato)diantimonate(III) as the ion-pairing reagent.5 The 
column packing was LS-410 ODSSIL. (Toyo Soda Manufacturing 
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