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Cobalt(III) complexes containing an optically active 14-membered cyclic tetraamine (R,R-Meg[14]aneNy,
7(R), 14(R)-5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane) and a bidentate ligand (glycinato, S-
alaninato, or oxalato), in which the tetraamine takes the folded cis-type configuration, were prepared and charac-
terized by elementary analyses, 'H and !3C NMR spectroscopy, and circular dichroism spectroscopy. Electronic
absorption and 5°Co NMR spectroscopies indicate that stereochemical modification of the 14-membered cyclic
ligand with C-methyl groups causes an unusual decrease in the ligand field strength of the complex. Rapid
dissociation of the chelated alaninato ligand from the cobalt(III) complex, which is generally inert, was observed
for the [Co(S-alaninato)(R,R-Megs[14]aneN4)]** complex system. The dependence of the dissociation of the
alaninato chelate on the ligand field strength is strongly suggested.

Regulation of the reactivity of transition metal com-
plexes is an important subject in particular in designing
highly specific catalysts. Because many physical prop-
erties of transition metal complexes are related to the
ligand field, it is important to elucidate the effect of
modification of the ligand on the ligand field strength
of a complex.

We previously reported that stereochemical mod-
ification of the ligand can affect the ligand field
strength of a cobalt(III) complex considerably.’) C- or
N-methyl substitutions on the tetraamine ligand in the
[Co(alaninato)(tetraamine)]?t system, where tetra-
amine is a linear tetraamine of the 2,3,2- or 3,2,3-tet
type,? caused a decrease in the ligand field strength
due to the formation of a hindered structure. Because
the conformation of the cyclic tetraamine is more rigid
than that of linear tetraamines, methyl substitutions on
the cyclic tetraamine are expected to exert larger stereo-
chemical effects than those on the linear tetraamines. In
the present study, we have chosen a cyclic tetraamine
with a 14-membered ring, because it involves both the
2,3,2-tet and 3,2,3-tet units.

A great many complexes containing [14]aneN4?
(cyclam) or its C-methyl derivative have been prepared
and their properties have been thoroughly studied.®)
However, in most cases, the tetraamines have planar
trans-type configurations. Although preparations of
some cis-type complexes involving [14]aneN4*® and
its C-methyl derivative®® have been reported, their
properties and reactivities have not been sufficiently
studied.®'®

In the present study, cobalt(III) complexes contain-
ing an optically active cyclic tetraamine, R, R-Meg[14]-
aneNy4,? and a bidentate ligand (glycinato, S-alaninato,
or oxalato) were prepared and the stereochemistry of

the cis-type coordination of R,R-Meg[14]aneN, was in-
vestigated. The effect of C-methyl substitutions of the
cyclic tetraamine on the ligand field strength and on
the dissociation of the chelated alaninato ligand is elu-
cidated.

Experimental

Preparations. [Co(gly)(R,R- Meg[14]aneN4)]
(Cl04)2 (1la and 1b). To an aqueous solution of
trans-[CoCla( R, R-Meg[14]aneN4)]ClO4 (1.03 g, 2.0 mmol)
(prepared by the reported procedures'!) except that the
tetraamine used was R,R-Meg[14]aneN4'? instead of rac-
Meg[14]aneNy), glycine (0.18 g, 2.4 mmol) was added, and
the pH of the solution was adjusted to 6.5 with NaOH. The
mixture was stirred at 50 °C for 2 h, then poured onto an SP-
Sephadex C-25 column (Nat form, 700 mmx40 mm o.d.).
Elution with 0.1 M (1 M=1 moldm~3) NaClO4 produced
two violet bands (1a and 1b) eluting in this order. Concen-
tration of each eluate from the main bands gave microcrys-
tals. Found for 1a: C, 32.78; H, 6.53; N, 10.61%. Calcd for
Co(C2H4NO2)(C16H3eN4)(ClO4)2-2H20: C, 33.14; H, 6.80;
N, 10.73%. Found for 1b: C, 35.18; H, 6.71; N, 10.80%.
Caled for CO(CQH4N02)(016H35N4)(CIO4)2: C, 35.08; H,
6.54; N, 11.36%.

When the pH of the reaction mixture is higher than 7, a
considerable amount of [Co(CO3)(Meg[14]aneN4)]Cl04 (4)
is formed by the facile uptake of dissolved carbon dioxide.'?
Its formation is remarkably suppressed by careful adjust-
ment of the reaction mixture to keep the pH below 7.

[Co(S-ala)(R,R-Meg[14]aneN4)](ClO4)2: (2a and
2b). These complexes were prepared from trans-
[CoClz(R,R-Meg[14]aneN4)]ClO4 and S-alanine by proce-
dures similar to those described above. Development of
the column produced two violet bands (2a and 2b) and a
minor orange band (2c) eluting in this order. Concentra-
tion of each eluate from the main bands gave microcrystals.
Found for 2a: C, 34.99; H, 6.55; N, 10.76%. Calcd for
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CO(C3H6N02)(CleH36N4)(ClO4)2'H202 C, 35.19; H, 6.78;
N, 10.80%. Found for 2b: C, 35.47; H, 6.35; N, 10.93%.
Calcd for [CO(C3H6N02)(CleH36N4)](ClO4)z°0.5H201 C,
35.69; H, 6.72; N, 10.95%. 2c is an alaninato—Co(III) com-
plex involving a tetraamine, which is generated from R,R-
Meg[14]aneN, by oxidation; its details will be reported else-
where.

[Co(C204)(R,R-Meg[14]aneN4)]Cl04 (3a and 3b).
To an aqueous solution of K3[Co(C204)3],"*) a methanol so-
lution of R,R-Meg[14)aneN, was added and stirred for 1 h at
ca. 40 °C in the presence of activated carbon. The solution
was filtered and the filtrate was poured onto an SP-Sephadex
C-25 column. Elution with 0.02 M NaCl produced two vi-
olet bands (3a and 3b) eluting in this order. The eluate
from each band was concentrated, and addition of NaClO4
gave microcrystals, which were collected by filtration, then
air dried. Found for 3a: C, 39.33; H, 6.59; N, 10.23; Cl,
6.41%. Calcd for CO(CQO4)(C16H36N4)CIO4°H202 C, 39.39;
H, 6.98; N, 10.21; Cl, 6.46%. Found for 3b: C, 38.88; H,
7.47; N, 10.02; Cl, 6.52%. Calcd fOI‘ CO(C2O4)(C16H36N4)-
Cl04-1.5H20: C, 38.77; H, 7.05; N, 10.05; Cl, 6.36%.

[Co(COs)(rac-Meg[14]aneN4)]Cl (4a and 4b). To
an aqueous solution of K3[Co(C03)s),"® a methanol solu-
tion of rac-Meg[14]aneN4 was added and stirred for 1 h at ca.
40 °C in the presence of activated carbon. The solution was
filtered and then poured onto an SP-Sephadex C-25 column.
Elution with 0.02 M NaCl produced two violet bands (4a
and 4b) eluting in this order. Concentration of the eluate
from each band gave microcrystals, which were collected by
filtration, then air dried. Found for 4a: C, 46.47; H, 8.19;
N, 12.66%. Calcd for Co(CO3)(Ci16H3eN4)CL: C, 46.52; H,
8.27; N, 12.77%. Found for 4b: C, 45.06; H, 8.05; N, 12.36%.
Calcd for CO(COg)(C]6H36N4)Cl~H20: C, ,44.69; H, 8.38; N,
12.26%.

[Co(gly)([14]aneN4)](ClO4)2 (5).  To an aqueous
solution of cis-[CoClz([14]aneN4)]CI® (0.73 g, 2.0 mmol),
glycine (0.18 g, 2.4 mmol) was added and the pH of the
solution was adjusted to 8.0. The mixture was stirred at
50 °C for 2 h, then poured onto an SP-Sephadex C-25 col-
umn (Na‘t form, 700 mmx40 mm o.d.). Elution with 0.1
M NaClOg4 produced a red band (5) and a violet band (6).
Concentration of each eluate gave microcrystals, which were
collected by filtration. Found for 5: C, 34.83; H, 6.88; N,
17.16%. Calcd fOI‘ CO(CzH4NOz)(CloH24N4)Clz°0.5HQO:
C, 34.88; H, 7.07; N, 16.95%. Electronic absorption spec-
trum: »/10° cm™! (H20) 19.6 (log(¢/mol~!dm®cm™?)
1.22), 27.8 (1.22), and 42.0 (4.37).

6 is a trans-type complex (trans-[Co(glyH)2([14]aneNy)]
(Cl04)3'®) in which two glycinato ligands coordinate
with carboxyl oxygens in the apical positions. Elec-
tronic absorption spectrum: »/10® cm™! (H.0) 18.0
(log (¢/mol~! dm® cm™?!) 1.67), 22.7 (1.64), 27.2 (1.97), and
42.7 (4.38).

The complex [Co(S-ala) ([14]aneN4)](ClO4)2 7% was pre-
pared by similar procedures as above by using S-alanine
instead of glycine.

Measurements. Electronic absorption (AB) spec-
tra were recorded on a Shimadzu UV-160 spectrophotome-
ter. Circular dichroism (CD) spectra were obtained on a
JASCO J-500A spectropolarimeter. These measurements
were made on aqueous solutions at concentrations near
2x107% moldm 3.
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'HNMR (400 MHz) spectra were obtained on a JEOL
GX-400 in D20. Sodium 3-(trimethylsilyl)propanesulfonate
was used as an internal standard. '*CNMR (67.9 MHz)
spectra were obtained on a JEOL EX-270 in D2O. 1,4-
Dioxane was used as an internal standard (67.4 ppm). *°Co
NMR (95 MHz) spectra were obtained on a JEOL GX-400
at a concentration of 0.2 moldm™ in D20 at 22 °C. The
observations were performed using 10 mm o.d. sample tubes.
A saturated D20 solution of K3[Co(CN)e¢] was used as an
external standard.

The reactions of the alaninato complexes (2a, 2b, or 7) in
0.1 moldm ™2 Na;CO3 (pH 11.0) aqueous solutions were fol-
lowed by measuring the absorbance at the absorption max-
ima about 550 nm, which showed pseudo first-order kinetics.

Results and Discussion

Preparations and Structural Assignments.
Cobalt(IIT) complexes involving an optically active 14-
membered cyclic tetraamine, R, R-Meg[14]aneN,, and a
bidentate ligand could be prepared by procedures sim-
ilar to those for analogous complexes involving a lin-
ear tetraamine’!”'®) rather than R,R-Meg[14]aneNy.
The complexes involving glycinato or S-alaninato as a
bidentate ligand ([Co(gly)(R,R-Meg[14]aneN4)]?* 1 or
[Co(S-ala)(R,R-Meg[14]aneN,))*+ 2) were prepared by
treating trans-[CoCly(R,R-Meg[14]aneNy)]* with ami-
no acids in aqueous solutions at pH 6.5. For the
preparation of [Co(C204)(R,R-Meg[14]aneNy)]* 3 or
[Co(CO3)(Meg[14]aneNy)]t 4, [Co(C204)3]3~ or [Co-
(CO3)3]3~ was used as a starting material, respectively,
and the cyclic tetraamine was introduced to the com-
plex by treatment in aqueous—methanol solutions.

Two stereoisomers were obtained for each complex
system, which could be separated by using cation ex-
change column chromatography. The AB and CD spec-
tra of 1a, 1b, 2a, 2b, 3a, and 3b are shown in Fig. 1.
The two isomers of each complex system show nearly
inverted CD patterns, and can be classified into two
groups. The first isomers eluting faster from the cation
exchange column (group a; la, 2a, and 3a) show neg-
ative and positive Cotton effects from lower energy in
the first d—d absorption region. The second isomers
(group b; 1b, 2b, and 3b), however, show positive and
negative Cotton effects from lower energy in the same
region.

I3CNMR chemical shifts, which are listed in Table 1,
also show similarities for the members in each group.
The 13C chemical shifts of the tetraamine part in the
group a complexes are very close to each other; the max-
imum deviation of the signals for corresponding carbons
is 1.7 ppm. Similarly, the 3C chemical shifts of the
tetraamine part in the group b complexes are very sim-
ilar to each other. However, the shifts between the two
groups are apparently different from each other. Simple
13CNMR spectra for 3a, 3b, 4a, and 4b indicate that
the tetraamine ligands coordinate with Cy symmetries
in these complexes. In contrast, the corresponding sig-
nals for the cyclic tetraamine moiety split slightly into
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Fig. 1. Electronic absorption (AB) and circular dichroism (CD) spectra of (i) 1a (—) and 1b (---), (ii) 2a (—) and

2b (---), (iii) 3a (—) and 3b (---).

Table 1. *C NMR Spectral Data

Tetraamine Bidentate ligand

No. >c{  JCH- ~CHa- -CHjs >C=0 >CH- -CH,- ~CHj3
la 59.8 58.8 48.8 48.2 47.8 47.7 44.2 42.8 42.8 42.5 30.0 29.2 24.0 22.9 19.7 19.5 185.3 45.6

2a 59.9 58.7 48.548.3 47.5 474 44.1 43.0 42.8 42.6 30.229.0 24.1 22.5 19.819.4 185.2 53.6 18.5
3a 58.2 48.7 47.3 43.8 43.1 29.1 22.6 19.4 169.1

4a 58.8 48.0 47.6 43.4 43.1 29.2 23.5 19.2 169.1

1b 57.156.5 53.4 52.7 52.0 51.5 49.1 47.4 42.8 42.0 29.8 29.7 26.2 25.5 20.4 20.1 185.1 46.0

2b 57.156.9 53.4 52.6 52.1 51.6 49.4 47.3 43.0 42.2 30.0 29.4 26.0 26.0 20.6 20.3 186.0 54.7 18.6
3b 56.4 53.4 51.6 48.0 43.3 29.1 25.6 19.9 167.6

4b 56.7 52.5 51.5 48.2 42.9 29.3 26.3 19.9 169.5

Chemical shifts (ppm) are given in reference to internal 1,4-dioxane (67.4 ppm).

two signals in 1a, 1b, 2a, and 2b, because of the loss
of the Cy symmetries due to the chelation of the amino
acidato ligands.

Table 2 lists the 'H NMR spectral data for the meth-
ylene protons of the glycinato ligand in la and 1b,
along with the data for the glycinato-[14]aneN,—cobalt-
(III) complex system, cis-[Co(gly)([14]aneNy)]*+ (5)
and trans-[Co(glyH)2([14]aneN4)]3* (6). The methyl-
ene protons of the unidentate glycinato in 6 are ob-
served as a singlet and those of the bidentate one in
5 give the AB pattern. The methylene protons of
the glycinato in 1a and 1b are observed as AB pat-
terns. Therefore, the glycinato ligand undoubtedly co-
ordinates bidentedly both in 1a and 1b. The larger Aé

Table 2. 'HNMR (400 MHz) Spectral Data for
the CH> Signals of the Glycinato Ligand in cis-
[Co(glycinato)(tetraamine)]**

Tetraamine Pattern §/ppm® AS§/Hz® J/Hz

R,R-Meg[14]aneN, (1a) AB 3.48 52.3 17.9
R,R-Meg[14]aneN, (1b) AB 3.63 61.4 18.1
[14]aneNy (5) AB 3.59 172 175
[14]aneN,® (6) Singlet 3.55

a) The mean value of 6y, and 6y, for the AB pattern
signals. b) Aé=|6y, —bugl|. c) trans[Co(glyH)2([14]-
aneN,)]3+.16)

values (A§=|6u, —0uy|) for 1a and 1b than that for
5 represent the effect of C-methyl substitutions in the
tetraamine part, which provide different environments
around two sides of the glycinato chelate plane. On the
basis of these observations, it can be concluded that
all complexes (1a—4a and 1b—4b) involve chelated
bidentate ligands, and thus the tetraamine takes two
cis-type configurations.

For the cis-type coordination of R,R-Meg[14]aneNy,
two stereoisomers have been predicted (Fig. 2).” How-
ever, only one of these geometries ((i) in Fig. 2) have
been found for Ni(II),”'? Co(II),®) and Cr(III)® com-
plexes. The two stereoisomers obtained in the present
study can be assigned to (i) and (ii) in Fig. 2. This is
strongly supported by the CD spectra, which indicate
that the two isomers are nearly mirror images of each
other. The absolute configurations are tentatively as-
signed in analogy to the analogous complexes involv-
ing the unsubstituted cyclic tetraamine.¥ The com-
plexes in group a are expected to take As configura-
tions, whereas those in group b are expected to take As
configurations. As and As represent absolute configu-
rations around the cobalt center defined by the two five-
membered chelate rings of the cyclic tetraamine part.
These assignments should be confirmed by the X-ray
crystallographic study. The proposed structures for the
complexes are shown in Fig. 3.
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Table 3. Absorption and °Co NMR (95 MHz) Spectral Data of the [Co(alaninato)(tetra-
amine)]>* Complexes and Pseudo First-Order Rate Constants for the Dissociation of the
Chelated Alaninato Ligand from the Complex at pH 11.0, 30 °C

59Co chemical 59Co line Rate constant

maxima A/nm  shift §/ppm  width Av/Hz  k/107* s}

Tetraamine Absorption
R,R-Meg[14]aneNy (2a) 543 373
R,R-Meg[14]aneNy (2b) 556 388
[14]aneNy (7 512 360
1,5R,7R,11-Me4-2,3,2-tet 8)Y 514 367

9337 4300 90
9666 4800 90
8337 2300 1.6
8615 3000 2
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Fig. 2. Two possible stereoisomers of the R,R-Mes
[14]aneNy ligand with the cis-type configuration.”
As and As represent absolute configurations around
the cobalt center defined by the two five-membered
chelate rings of the cyclic tetraamine part. R and
S in parentheses represent absolute configurations of
the coordinated nitrogen atoms. X2 is one bidentate
or two unidentate ligands.
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Fig. 3. Proposed stereochemistries of the complexes.

It is worth noting that the electronic absorption spec-
tra of 3a and 4a have a very characteristic shape. Nu-
merous studies indicate that cobalt(III) complexes with
trans-N4O4 geometry show splitting of the first d—d ab-
sorption peak, whereas those with cis-N4Oy type ge-
ometry show no splitting. Such a difference in the
shape of the absorption peak has been regarded as em-
pirical evidence for the assignment of the coordination
geometry.!”19—21) Although the above results indicate
that 3a and 4a have cis-N4O,-type geometries, a shoul-
der appears in the lower energy region of the first d-d
absorption peak in both spectra. However, the shoul-
ders are clearly different from those for complexes with
trans-N4O2 geometry, whose absorption spectra show
a shoulder in the higher energy region of the first d—
d absorption peak. The shoulders in the AB spectra
of 3a and 4a indicate that the two components in the
first d—d transition have a larger separation than usual,
presumably due to the unusual electronic property of
the complexes.

Effect of C-Methyl Substitutions on the Li-
gand Field Strength of the Complex.  Table 3
lists the electronic absorption and %9Co NMR spectro-
scopic data for [Co(S-ala)(tetraamine)]?*. The absorp-
tion maxima of 2a and 2b are remarkably shifted to
lower energy compared with those of 7 due to C-methyl
substitutions on the cyclic tetraamine ligand. The first
absorption maximum is shifted from 512 nm for 7 to
543 and 556 nm for 2a and 2b, respectively. The effect
of stereochemical modification of the tetraamine ligand
is larger than that observed for the analogous complex
system involving a linear tetraamine, for which the ab-
sorption maximum is shifted from 492 nm to 514 nm."

The effect of C-methyl substitutions is also observed
in the ®®Co NMR chemical shift. It is known that the
59Co NMR chemical shift is related to the d—d tran-
sition energy of the complex.???® Our previous study
indicated that this kind of correlation stands for a se-
ries R-alaninato—cobalt(III) complexes involving a lin-
ear tetraamine, which spans a relatively small range.
The %°Co NMR chemical shifts of 2a and 2b are re-
markably larger than that of 7.

These results indicate that the ligand field of 2 is un-
usually weak, and the ligand field strength of a complex
is more effectively regulated by stereochemical modifi-
cation of a 14-membered cyclic ligand than a linear one.
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The line width of the %*Co resonance is also char-
acteristic. The widths at half-height of the **Co reso-
nance for 2a and 2b are 4300 and 4800 Hz, respectively,
which are considerably larger than that for 7 (2300 Hz).
It is generally accepted that the line width of the >*Co
signal mainly depends on quadrupolar relaxation, and
the dominant factor which affects the line width is the
symmetry of the configuration of the electrons around
Co.2329) The very large line widths observed for 2a and
2b suggest that stereochemical modification with C-
methyl substitutions causes distortion of the regular oc-
tahedral geometry around Co.

Dissociation of the Chelated Alaninato Ligand
from the Complex. The coordination of the
chelated amino acidato ligand on cobalt(III) is gener-
ally so stable that racemization of amino acidato occurs
without dissociation under basic conditions.?® In pre-
vious studies, we have reported that the dissociation of
the chelated alaninato ligand occurs readily for the ala-
ninato—cobalt(I1I) complex involving a methyl-substi-
tuted linear tetraamine under mild basic conditions.!®
In order to elucidate whether such a reaction is observed
for the complexes involving the cyclic tetraamine, the
following experiment was conducted.

2a was treated in a D5O solution of 0.1 M carbonate
buffer (pD=10) at 30 °C for 30 min. 'HNMR spec-
troscopy after separation of the reaction mixture us-
ing an SP-Sephadex C-25 column (Na*t form) indicated
that the reaction gives a carbonato complex (4) and
free alanine. The reaction is almost quantitative. No
deuterium replacement of the a-proton of alanine was
observed, suggesting that racemization does not occur
during the reaction.

The pseudo first-order rate constants at pH=11.0, 30
°C are listed in Table 3. The rate constants for 2a and
2b are fairly larger than that for 7, and larger than
that for the analogous complex containing a methyl-
substituted linear tetraamine, [Co(R-ala)(1,5R,7R,11-
Mey-2,3,2-tet?)]2* (8).1) It is apparent that the disso-
ciation of the alaninato ligand depends on the ligand
field strength of the complex. The dissociation occurs
more readily for the complex with the weaker ligand
field. This result indicates that the ligand exchange re-
action of the generally inert chelate can be controlled by
suitable design of the ligand field of the complex. This
information will be important in designing catalytic re-
actions using metal complexes.

Conclusion

Cobalt(III) complexes involving a methyl-substituted
14-membered cyclic tetraamine, R,R-Meg[14]aneNy,
and a bidentate ligand, in which the tetraamine takes
the cis-type configuration, were prepared and found to
form two stereoisomers. Their ligand field strengths are
unusually weak compared with analogous complexes in-
volving the unsubstituted cyclic tetraamine, [14]aneNy,
instead of R,R-Meg[14]aneN,. The very large 5°Co
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NMR line width for [Co(S-alaninato)(R,R,-Meg[14]-
aneNy)]?* indicates distortion of the electronic struc-
ture from the usual octahedral geometry. Thus, stereo-
chemical modification of the cyclic tetraamine ligand is
effective for the regulation of the ligand strength and of
the reactivities of the transition metal complexes.®®
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