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Synthesis and Spectroscopic Properties of the Encapsulated Cobalt(III) Complexes Derived from
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5-Methyl-5-(4-amino-2-azabutyl)-3,7-dithianonane-1,9-diamine (N,S;)
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The cobalt(III) complex of the unsymmetrically substituted ligand 5-methyl-5-(4-amino-2-azabutyl)-3,7-dithianonane-
1,9-diamine (N,S;) has been prepared. The complex reacts with formaldehyde and ammonia, and formaldehyde
and nitromethane, to form the encapsulated complexes [(8-methyl-6,10-dithia-1,3,13,16,19-pentaaza-
bicyclo[6.6.6]icosane)cobalt(III)] perchlorate ([Co(AZAN,S;sar)](ClO,);) and [(1-methyl-8-nitro-3,13-dithia-
6,10,16,19-tetraazabicyclo[6.6.6]icosane)cobalt(III)] perchlorate ([Co(NON,S;sar)](ClO,);), respectively. The
nitro-substituted encapsulated metal complex is readily reduced to the NH;*-substituted compound; this substituent
is replaced to form, successively, chloro- and proteo-capped complexes. The uncapped and the nitro-capped complexes
have been characterized by single-crystal X-ray study: crystals of the former complex are orthorhombic, space
group, P2,2;2,,a=8.963 (2) A, b =13.293 (2) A, c = 18.229 (6) A, Z = 4, R = 0.030 (1756 F); crystals of the
latter are monoclinic, space group, P2;/n, a = 15.669 (6) A, b = 9.620 (2) A, ¢ = 17.772 (2) A, 8 = 105.26 (2)°,
Z =4, R =0.040 (3317 F). The octahedral ligand-field parameters 10Dq and B are progressively reduced as the
number of thioether donors increases, a result of the increased covalency associated with the thioether coordination.
Comparison of the solution circular dichroism for Co(N¢_.S,) complexes reveals that the net positive rotational
strength for the A absolute configuration increases with the number of thioether groups coordinated to the metal.

Introduction

The syntheses and characterization of the hexaazamacrobi-
cyclic encapsulated complexes of cobalt(III) have been described
previously.-5 The synthesis of ligands with mixed thioether—
nitrogen donors resulted in macrobicyclic encapsulated complexes
in which the chemical and spectroscopic properties displayed
reflect the presence of the sulfur donors.® Inanattemptto explore
further aspects of the chemistry of encapsulated complexes, we
have been concerned with the synthesis of a new type of
encapsulating ligand in which the ratio of sulfur /nitrogen donors
falls between 6 N and 3 N 3 S.7 This paper reports the synthesis
and characterization, by single-crystal X-ray analysis, of the
cobalt(III) complex prepared from the ligand 5-methyl-5-(4-
amino-2-azabutyl)-3,7-dithianonane-1,9-diamine, a ligand con-
taining the NS, donor set. Encapsulated complexesof cobalt(III)
with this ligand as precursor have been prepared and investigated.
(For a description of the complexes detailed in this work, see
Chart I).

Experimental Section

'H NMR spectra were recorded with a Varian EM360 60-MHz
spectrometer, sodium 3-(trimethylsilyl)propanesulfonate (NaTPS) (D,0)
or tetramethylsilane (MesSi) (CDCIl3) being the internal reference.
Fourier-transform 3C['H] NMR spectra were recorded with a JEOL
GX400 FT spectrometer on external lock (D;0), 1,4-dioxane and NaTPS
(D;0) or Me,Si (CDCl;) being the internal reference. Chemical shifts
for the 13C NMR spectra recorded in D;O are reported in parts per
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million (&) as positive downfield and negative upfield from the internal
reference; chemical shifts for the 13C NMR spectra recorded in CDCl,
arereported in parts per million (6) as positivedownfield from the internal
reference Me,Si. A complete assignment of the proton-decoupled 3C
spectra was possible by using the pulse sequence INEPT.® In the !3C
NMR assignments, the symbol (C,) indicates a quaternary carbon atom.
Visible spectra were recorded with a Hewlett Packard 8450 UV/vis
spectrophotometer attached to a Hewlett Packard 7225B plotter and
8290/M flexible disk drive, (e in M~! cm').

Syntheses. 1,1,1-tris(((tolylsulfonyl)oxy)methyl)ethane was prepared
as described previously.?

5-Methyl-5-(((tolylsulfonyl)oxy)methyl)-3,7-dithianonane-1,9-di-
amine. Sodium metal (18.2 g) was dissolved in absolute ethanol (750
mL) in a flask protected with a CaCl; drying tube. 2-Aminoethanethiol
hydrochloride (45.4 g) was added, and the resulting mixture was heated
to reflux for 0.5 h. To the cooled reaction mixture was added 1,1,1-
tris(((tolylsulfonyl)oxy)methyl)ethane (108 g) and the mixture heated
under reflux for 2 h. The reaction mixture was cooled and filtered to
remove the mixed precipitate of NaCl, sodium p-toluenesulfonate, and
1,1,1-tris(((tolylsulfonyl)oxy)methyl)ethane. The filtrate was freed of
solvent on a rotary evaporator, the resulting oil was dissolved in water

(8) INEPT (insensitive nuclei enhanced by polarization transfer): Doddrell,
D. M.; Pegg, D. T. J. Am. Chem. Soc. 1980, 102, 6388.

(9) Fleischer, E. B.; Gebala, A. E.; Levey, A.; Tasker, P. A. J. Org. Chem.
1971, 36, 3042.
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Co'lIN,S; Complexes

(100 mL), and the solution was made alkaline by addition of solid KOH
and then extracted with CHCl; (3 X 100 mL). Removal of the CHCI,
under reduced pressure resulted in a heavy yellow oil (60.6 g), which
from 'H NMR was a mixture of the desired product and the expected
statistical products. The oil was used without further purification.
5-Methyl-5-(4-amino-2-azabutyl)-3,7-dithianonane-1,9-diamine (N4S;).
The product from the above reaction was reacted with 1,2-diaminoethane,
and the mixture of products isolated essentially as described for the
preparation of the analogous ligand 1,1,1-tris(4-amino-2-azabutyl)ethane
(sen).!® The 'H NMR spectrum (CDCl;) of the product, a yellow oil,
indicated it to be a mixture of N4S,, 1,1,1-tris(4-amino-2-thiabutyl)-
cthane,® and one further product, in the approximate ratio 2:1.5:1,
respectively. The oil was used without further purification.
Caution! Perchlorate salts of metal complexes can be explosive and
should be handled with care. They should not be heated as solids.
[(5-Methyl-5-(4-amino-2-azabutyl)-3,7-dithianonane-1,9-diamine)co-
balt(III)] Chloride Diperchlorate, [Co(N4S2)IC1(CIO,)2. A methanol
solution (150 mL) of cobaltous acetate (34.8 g) was added slowly to the
crude ligand mixture (40 g) dissolved in methanol (600 mL). A stream
of air was bubbled through the reaction during the course of the addition
and subsequently for a further 4 h. The methanol was removed and the
residue dissolved in water and filtered. After dilution to large volume
(2 L), the red solution was loaded onto Dowex cation-exchange resin
S0W-X2 (200400 mesh), H* form, and the column washed with water
and 1 M HClI to remove minor products. Elution with 2 M HCl removed
a purple product which was discarded. The major red band which was
removed after washing with 3 M HCI was collected and freed of solvent
to give a red solid which was dissolved in a large volume of water (2 L)
and rechromatographed on Sephadex C-25 cation-exchange resin (Na*
form). After washing with 0.2 M NaCl solution to remove a minor
purple band, the major red band which eluted with 0.3 M NaCl was
collected on Dowex S0W-X2 cation-exchange resin, washed with 0.5 M
HC], and eluted with 3 M HCI. The red solid obtained upon evaporation
of the solvent was crystallized from water with NaClOq4. This product
(13.35 g) was determined from 1*C NMR to be 2 mixture of [Co(N,S2)]**
and [Co(N;S;)]*+.6 Chromatographic separation of the mixture on a
small scale was achieved on Sephadex C-25 cation-exchange resin (Na*
form) with 0.067 M sodium citrate solution. The first band eluted from
the column, after collection on Dowex cation-exchange resin, was washed
with dilute HCI, and eluted with 3 M HCl. Removal of the solvent and
crystallization from water with NaClO, resulted in the isolation of a
product subsequently identified as [Co(N,S;)]CI(ClO4);. Anal. Caled
for [(C11H2sN4S2)Co]CI(Cl04)2: C, 23.0; H,4.92; N, 9.8; S, 11.2; CI-
(ionic), 6.2. Found: C, 22.5; H, 4.82; N, 9.2; S, 11.0; Cl(ionic), 6.9.
Visible spectrum [Amex, 1M (€max) in HOJ: 482 (352), 358 (414). 'H
NMR: & 1.26 s (CHy), 2.61-3.45 m (CH,). *C NMR (in D;0O): &
-10.5,-11.6,-21.6,-22.3,-24.0,-25.2,-26.5,~-26.8 (CH,); -24.3 (C,);
—40.8 (CH3). It was, however, found to be convenient to use the crude
mixture of complexes in the reaction to prepare encapsulated complexes.
[(1-Methyl-8-nitro-3,13-dithia-6,10,16,19-tetraazabicyclo[6.6.6Jicosane)-
cobalt(IIT)) Perchlorate Monohydrate, [ Co(NON,Sysar)}(Cl04)»H;0. The
mixture of [Co(N4S;)]3* and {Co(N;S;)]** (12 g) was dissolved in water
(500 mL), and to the stirred solution was added in quick succession
Na,CO, (6.65 g), CH;NO; (19.1 g), and HCHO (147 g, 37% solution).
The purple mixture was stirred for 4 h, after which time the reaction was
quenched with acetic acid. The mixture was filtered, diluted to large
volume, loaded on a column of Dowex 50W-X2 cation-exchange resin
(200400 mesh, H* form), and washed with water and 1 M HCI to
remove minor pink and green bands. The major red band was eluted with
3 M HClL. After removal of the solvent under reduced pressure the red
solid obtained was dissolved in a large volume of water and loaded on a
column of C-25 Sephadex cation-exchange resin (Na* form), which was
subsequently washed with water. Elution of the column with 0.1 M
Na,SO; resulted in the immediate separation of two bands which were
collected separately on Dowex SOW-X2 cation-exchange resin, washed
with 0.5 M HC], and eluted with 3 M HCI. The product obtained from
the band eluted first from the Sephadex was crystallized from water with
NaClO, and subsequently identified as [Co(NON4S3sar)}(Cl0,)3-H,0
(6.2 8)- Anal. Caled for [(C]5H31N50252)C0](C104)3.H202 C, 24.0;
H,4.42;N,9.3; S,8.5. Found: C, 24.3; H, 4.60; N, 9.4, S, 8.9. Visible
spectrum [Amex, NM (€mgx) in H20): 489 (504), 361 (504). 'H NMR (in
D,0 (DSS)): 61.275s (CH3), 2.47-4.06 m (CH;). '*C NMR (in D;0):
8 +20.5 (Cy); -10.1, -10.8, ~-11.0, -11.3, -13.3, -13.5, -14.1, -15.2,
-27.1,-27.3,-27.9,-28.2 (CH;); -23.8 (C,); —41.2 (CH3). The product

(10) Geue, R. 1.; Searle, G. H. Aust. J. Chem. 1983, 36, 927.
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from the second band eluted from the Sephadex was identified from the
13C NMR spectrum as [Co(NON;S;sar)]3+.6

[Co(AMN,SsarH)¥*. The nitro-capped complex [Co(NON,S;sar)]-
(ClO4)»H,0 (5 8) was reduced to the amine capderivative [Co(AMN,S2-
sarH)]4* in aqueous solution under a stream of N, using granulated zinc
and concentrated HCl essentially as described previously for similar
complexes. 'H NMR (in D2O (DSS)): & 1.28 s (CH3), 2.50-3.89 m
(CH;). C NMR (in D;0): §-10.3 (Cy); -10.9, -11.0, -12.8, -13.1,
-14.2,-15.1,-27.1,-27.3,-28.2,-28.5 (CH,); -23.7 (C,); —41.2 (CHa).

[Co(CLN,S1sar)](C104)3*H20. The NH;*- group was replaced by a
halogen, after nitrosation, essentially as described previously.!! The
complex was isolated after chromatography on Dowex 50W-X2 cation-
exchange resin and crystallized from an aqueous solution of NaClOs,.
Anal. Calcd for [(CisH3 CINGS;)Co](Cl04)3:H,0: C,24.3; H,4.5; N,
1.5; S, 8.6. Found: C, 23.9; H, 4.6; N, 6.9; S, 8.6. Visible spectrum
[Amax, DM (€max) in H20): 489 (570), 361 (588). 'H NMR (in D,O
(DSS)): 8§ 1.25 s (CH3), 2.44-3.77 m (CH;). *C NMR (in D;0): &
-5.7 (Cy); 9.8, -9.9, -10.1, -10.5, -10.6, -10.8, —11.4, -13.4, -27.2,
-27.8, -28.0 (CHy); -23.9 (Cy), —41.3 (CHy).

[Co(HN,S;sar)P+. [Co(CLN,S;sar)]®* (1 g) was dissolved in water
(100 mL) and the solution purged under a stream of nitrogen. Addition
of nickel-aluminum alloy (0.6 g) and NaOH (0.6 g) caused an immediate
purple color to develop in the solution. The mixture was stirred for 12
h, after which time concentrated HC1 (15 mL) was added, and the solution
filtered. The filtrate was diluted to large volume, absorbed on a column
of Dowex 50W-X2 cation-exchange resin and washed with water and 1
M HCIl to remove minor green bands. The single major red band which
eluted with 3 M HCI1 was collected and the solvent removed. The red
solid obtained was dissolved in a large volume of water and loaded onto
a long Sephadex cation-exchange column (C-25, Na* form). Elution
with a solution of 14.7 g/L Naj citrate resulted in the separation of four
bands. The first, second, and fourth bands were orange, pink, and yellow
in color, respectively, and represented minor products and were thus
discarded. The third band was red in color and represented the major
product and was collected. The band was collected on a short column
of Dowex cation-exchange resin, washed with dilute HCI, and eluted
with 3 M HCl. Removal of the solvent resulted in the isolation of a red
solid which was crystallized from aqueous NaClO4 solution. Anal. Caled
for [(C1sH32N4S;)]Co(Cl04)3: C, 26.1; H, 4.7; N, 8.1; S, 9.3. Found:
C,26.1;H,4.4;N,7.8;S,9.0. Visible spectrum [Amax, N (€mgx) in H,O):
488 (541), 363 (527). 'HNMR (in D,O (DSS)): 6 1.26 s (CH;), 2.47-
3.73m (CH;). BCNMR (inD;0): 6-10.2,-10.9,-11.1,-11.4,-14.1,
-15.2,-15.5,-17.6,-27.5,-27.8,-28.0,-28.2 (CH;); -29.9 (Cy); -24.4
(Cq); —41.1 (CH3).

[Co(AZAN,S2sar)J(Cl04)3. The complex was prepared as described
previously for similar complexes.? Anal. Calcd for
[(C14H31N552)Co](C104)3-NaC104-H20: C, 20.2; H, 4.00; N, 8.4; S,
7.7. Found: C, 20.6; H, 4.21; N, 8.6; S, 8.1. Visible spectrum [Amax,
nm (emax) in H20]: 489 (483), 364 (545). 'H NMR: § 1.25 s (CH;),
2.42-4.53 m (CH;). '*C NMR (in D,0): & +1.6, +1.0, +0.2, -9.6,
-10.1,~12.8,-13.0,-15.0,-23.3 (Cy),-26.3,-27.7,-28.2,-28.5 (CH>);
—41.3 (CHjy).

AMN,Szsar. [Co(AMN.SssarH)]4* (1 g) was dissolved in H,0O (50
mL) and the reaction vessel maintained under an inert atmosphere of N.
Zinc dust (2 g) and, after !/, h, solid NaCN were added to the purple
solution, which was maintained under a stream of nitrogen as the color
changed from purple to green over a period of !/4 h. The solution was
maintained under a nitrogen stream for 2 h to ensure complete reaction.
The resulting green solution was made strongly alkaline with solid KOH
and extracted with CHCl; (3 X 50 mL). After the CHCI; extract was
dried with anhydrous Na,SO,, the solution was filtered. Removal of the
solvent yielded a colorless solid (0.62 g, 98%). (MS (EI): found for M+,
m/e347; caled for CysH33NsS2 (M), m/e 347.58.) 13C NMR (in CDCly
(MeSi)): 6 +61.9; +61.1; +59.5 (CHy); +53.2 (Cy); +50.9, +50.0,
+49.1, +43.6 (CHy); +40.3 (C,); +35.2 (CH;); +25.7 (CH3y).

Resolution of [Co(N,S2)P*. The complex (0.10 g) was resolved into
its enantiomeric forms through chromatography on Sephadex cation-
exchange resin (Na* form) employing an aqueous solution of sodium
(+)ssg-tartrate as an ion-pairing reagent. The enantiomers were crys-
tallized to constant rotation from aqueous solutions containing sodium
perchlorate. The first fraction eluted from the column gave Aesys =
+6.36 M-! cm~! and Aeyss = ~1.95 M-! cm™!. Anal. Caled for
[(C11H28N4S2)Co]CI(C104)2: C,23.0; H,4.92; N, 9.8; S, 11.2. Found:

(11) Achilleos, A. A.; Gahan, L. R.; Nicolaidis, K. A. Aust. J. Chem. 1989,
42, 649.
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Table I. Crystal Data

Donlevy et al.

Table II. Positional Parameters (X10*%) for [Co(N4S;)]CI(CIOy)2

[Co(NON,Szsar)(ZnClL)Cl-
H,0

[Co(N4S,)]CI(C10,)2

space group P2,2,2, P2, /n
a, 8.963 (2) 15.669 (6)
5 A 13.293 (2) 9.620 (2)
oA 18.299 (4) 17.772 (2)
B8, deg 105.26 (2)
v, A3 2180.3 2584.5
fw 573.79 697.15
Degied, g cm3 1.748 1.791
empirical C)1H23C13CON40gSz C15H33C15C0N503522n

ormula
z 4 4
absorp coeff, 13.26 22.35

cm-!
transm coeff 0.935-0.829 0.793-0.620
temp, °C 21 21
MA 0.710 69
R(F,) 0.030 0.040

W 0.031 0.045

C,23.1;H,5.0;N,9.9;S, 11.1. The second fraction gave Aesys = —6.27
M-! cm-! and Aeyss = +2.01 M-! cm-!. Anal. Calcd for
[(C11H2sN.S;)Co]CI(ClO4)2: C,23.0; H,4.92; N, 9.8; S, 11.2. Found:
C,23.2; H, 5.0; N, 10.0; S, 11.1.

X-ray Crystallography. Cell constants were determined by least-
squares fits to the setting parameters of 25 independent reflections,
measured and refined on an Enraf-Nonius CAD4-F diffractometer with
a graphite monochromator. The crystallographic data are summarized
in Table1. Data were reduced and Lorentz, polarization, and absorption
corrections were applied using the Enraf-Nonius structure determination
package (SDP).!2 The structures were solved by direct methods using
SHELXS-86'? and were refined by full-matrix ([Co(N4S2)]CI(Cl04)2)
or blocked-matrix ([Co(NON,S;sar)}(ZnCly)CI-H,0) least-squares
analysis with SHELX-76.!14 In [Co(NON,S,sar)](ZnCl,)CI-H,O, the
water molecule and the chloride anion were found to be cooperatively
disordered; minor sites for these atoms refined with occupancies of 0.13
(2). Hydrogenatomsin [Co(N4S2)]CI(Cl04); were included at calculated
sites (C-H = 0.97 A) with individual isotropic thermal parameters, and
those in [Co(NON,S;sar)](ZnCly)CI-H,O were refined, also with
individual isotropic thermal parameters. All other atoms except minor
contributors to disordered groups were refined anisotropically. The
alternative absolute configuration of [Co(N4S;)ICI(ClO,); refined with
an Ry, of 0.039. Scattering factors and anomalous dispersion corrections
for Co and Zn were taken from ref 15, and for all others the values
supplied in SHELX-76 were used. Non-hydrogen atom coordinates are
listed in Tables II and III. The atomic nomenclatures are defined in
Figures | and 2.!¢

Results and Discussion

Nomenclature, It is appropriate at this point to comment on
the nomenclature employed for these ligands and their metal
complexes. The designation N,S; corresponds to the ligand
structure 5-methyl-5-(4-amino-2-azabutyl)-3,7-dithianonane-1,9-
diamine. An elegant and systematic nomenclature has been
developed and generally accepted for the hexaaza encapsulated
complexes.!” However, the nomenclature requires modification
in order to cater to the new encapsulating ligands with various
chromophores. In keeping with the nomenclature reported for
the encapsulating ligand 1,8-dimethyl-3,6,10,13,16,19-hexa-

(12) Enraf-Nonius Structure Determination Package, Enraf-Nonius, Delft,
Holland, 1985.

(13) Sheldrick, G. M. SHELXS-86. Crystallographic Computing 3, Sheld-
rick, G. M., Kruger, C., Goddard, R., Eds.; Oxford University Press:
Oxford, UK., 1985; pp 175-189.

(14) Sheidrick, G. M. SHELXS-76, A Program for X-Ray Crystal Structure
Determination. University of Cambridge, England, 1976.

(15) Cromer, D. T.; Waber, J. T, International Tables for X-Ray Crystal-
lography; Kynoch Press: Birmingham, England, 1974; Vol. 1V,

(16) Figures were drawn with ORTEP (Johnson, C. K. ORTEP, A Thermal
f{!{!psoid Plotting Program; Oak Ridge National Labs.: Oak Ridge,

, 1965.

(17) Bond, A. M.; Lawrance, G. A.; Lay, P. A.; Sargeson, A. M. Inorg.

Chem. 1983, 22, 2010.

X y z
Co(1) -70(1) 431 (1) 8651 (1)
S(1) 1903 (2) -204 (1) 9201 (1)
S(2) -891 (2) 1040 (1) 9705 (1)
N(1) -1373 (5) -753 (3) 8818 (2)
NQ) -1783 (6) 962 (4) 8088 (3)
N(@3) 1057 (6) 1696 (4) 8525 (3)
N(4) 789 (5) ~105 (4) 7725 (3)
c(1) —498 (10) -1665 (5) 10776 (4)
cR) -278 (8) —973 (4) 10103 (3)
c@3) 1237 (7) -1213 (5) 9715 (4)
C(4) -359 (8) 124 (4) 10404 (3)
c(5) ~1530 (7) -1194 (5) 9568 (3)
C(6) 2792 (7) -822 (6) 8439 (4)
c( 439 (9) 2057 (5) 9799 (3)
C(8) -2883 (7) -563 (5) 8495 (4)
C(9) 2432 (7) -249 (5) 7155 (4)
c(10) 578 (8) 2495 (4) 9031 (3)
c(11) ~2697 (7) 104 (5) 7845 (3)
cl(1) 113 (2) 210 (1) 5642 (1)
o(l) 177 () 1167 (3) 5299 (3)
0(2) -207 (9) -510 (4) 5090 (3)
o(3) -1025 (6) 178 (5) 6184 (3)
0(4) 1489 (6) 0 (6) 5985 (3)
CI(2) 4947 (2) 2584 (1) 8160 (1)
o(5) 1358 (5) 2135 (5) 1519 (3)
0(6) —481 (6) 3337 (4) 1502 (3)
o(7) ~1124 (7) 1688 (5) 1678 (4)
0(8) 102 (12) 2566 (5) 2581 (3)
CI(3) 9(3) 2465 (1) 7025 (1)

Table III.  Positional Parameters (X104) for
[Co(NON,Ssar)](ZnCls)Cl-H,04

X y z
Co(l) 2374 (1) 2441 (1) 9965 (1)
S(1) 3753 (1) 2931 (1) 10619 (1)
S(2) 2306 (1) 571 (1) 10669 (1)
N(1) 1825 (2) 3595 (3) 10681 (2)
NQ) 2462 (3) 4063 (4) 9286 (3)
N@3) 2859 (2) 1187 (4) 9282 (2)
N(4) 1128 (3) 2134 (5) 9350 (3)
c() 3223 (4) 2643 (6) 12780 (3)
) 3005 (3) 2527 (5) 11888 (3)
c(3) 3853 (3) 2787 (5) 11649 (3)
C(4) 2642 (3) 1058 (5) 11682 (3)
c(5) 2297 (3) 3625 (5) 11552 (3)
C(6) 3689 (4) 4773 (5) 10406 (3)
c(n 3235 (3) -310 (6) 10469 (3)
C(8) 897 (3) 3067 (7) 10538 (3)
C(9) 3309 (3) 4853 (5) 9530 (3)
C(10) 3037 (4) -275(5) 9590 (3)
(1) 531 (3) 3005 (7) 9679 (3)
c(12) 2231 (4) 3780 (6) 8425 (3)
c(13) 2358 (3) 1138 (5) 8441 (3)
C(14) 927 (3) 2284 (6) 8499 (3)
c(15) 1755 (3) 2415 (5) 8211 (3)
N(5) 1407 (3) 2376 (5) 7323 (3)
o(1) 1283 (3) 3451 (5) 6964 (2)
0(2) 1218 (3) 1234 (5) 7024 (2)
Zn(1) 4754 (1) 2237 (1) 7727 (1)
cl(1) 4771 (1) 2137 (2) 9015 (1)
Cl(2) 3356 (1) 2519 (1) 6996 (1)
CI(3) 5299 (1) 306 (1) 7295 (1)
Cl(4) 5655 (1) 3949 (2) 7489 (1)
Cl(5) 3305 (1) 1634 (2) 4846 (1)
CI(5) 1067 (24) 5860 (40) 9374 (22)
0(3) 4342 (5) 4289 (7) 5709 (4)
0o(3) 3998 (13) 3856 (21) 4912 (13)

% Primes indicate minor contributors to disordered species. Occu-
pancies: CI(5) and O(3), 0.87 (2); CI(5’) and O(3’), 0.13 (2).

thiabicyclo[6.6.6]icosane (Me;Sesar),'® we describe the ligand
1-methyl-8-nitro-3,13-dithia-6,10,16,19-tetraazabicyclo[6.6.6]-

(18) Osvath, P.; Sargeson, A. M.; Skelton, B. W.; White, A. M. J. Chem.
Soc., Chem. Commun, 1991, 1036,
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Table VII. Bond Angles (deg) for [Co(NON,S;sar)](ZnCL)CI-H,0

CollIN,S, Complexes
Table IV. Bond Lengths (&) for [Co(N4S;)]CI(CIOy);
S(1)-Co(1) 2.205(2) S(2)-Co(1) 2.218(2)
N(1)-Co(1) 1.985 (5) N(2)-Co(1) 1.979 (5)
N(3)-Co(1) 1.975 (5) N(4)-Co(1) 1.993 (5)
C(3)-8(1) 1.805 (7) C(6)-S(1) 1.805 (7)
C(4)-S(2) 1.829 (6) C(1)-S(2) 1.811(7)
C(5)-N(1) 1.499 (8) C(8)-N(1) 1.498 (7)
C(11)-N(Q) 1.472 (8) C(10)-N(3) 1.472 (8)
C(9)-N(4) 1.486 (8) C(2)-C(1) 1.549 (9)
C(3)-C(2) 1.519 (9) C(4)-C(2) 1.563 (8)
C(5)-C(2) 1.518 (9) C(9)-C(6) 1.500 (10)
C(0)-C(N 1.528 (9) C(11)-C(8) 1.493 (9)
Oo(1)-CI(1) 1.419 (5) 0(2)-C1(1) 1.421 (5)
0(3)-C1(1) 1.425 (6) 0O(4)-CI(1) 1.411 (6)
Table V. Bond Angles (deg) for [Co(N4S2)]CI(C10,)2
S(2)-Co(1)-8(1) 90.5 (1) N(1)-Co(1)-S(1) 95.6 (1)
N(1)-Co(1)-S(2) 87.7(1) N(2)-Co(1)-S(1) 175.8 (2)
N(2)-Co(1)-S(2) 93.7(2) N(2)-Co(1)-N(1) 84.6 (2)
N(3)-Co(1)-S(1) 88.2(1) N(3)-Co(1)-S(2) 87.8 (1)
N(3)-Co(1)-N(1) 174.1(2) N(3)-Co(1)-N(2) 91.9 (2)
N(4)-Co(1)-S(1) 86.6 (1) N(4)-Co(1)-S(2) 176.6 (1)
N(4)-Co(1)-N(1) 94.3(2) N(4)-Co(1)-N(2) 89.2 (2)
N(4)-Co(1)-N(3) 90.5(2) C(3)-S(1)-Co(1) 106.6 (2)
C(6)-S(1)-Co(1) 100.1 (2) C(6)-S(1)-C(3) 104.9 (3)
C(4)-S(2)-Co(1) 106.2(2) C(7)-S(2)-Co(1) 97.8 (2)
C(7)-S(2)-C(4) 105.0 (3) C(5)-N(1)-Co(1) 120.4 (4)
C(8)-N(1)-Co(1) 109.7 (4) C(8)-N(1)-C(5) 110.0 (4)
C(11)-N(2)-Co(1) 108.2(4) C(10)-N(3)-Co(1) 113.1(4)
C(9)-N(4)-Co(1) 113.5(4) C(3)-C(2)-C(1) 107.6 (5)
C(4)-C(2)-C(1) 105.5(5) C(4)-C(2)-C(3) 112.1 (5)
C(5)-C(2)-C(1) 107.7(5) C(5)-C(2)-C(3) 111.5(5)
C(5)-C(2)-C(4) 1120 (5) C()-C(3)-S(1) 111.7 (4)
C(2)-C(4)-S(2) 1128 (4) C(2)-C(5)~-N(1) 116.5 (5)
C(9)-C(6)-S(1) 108.6 (5) C(10)-C(7)-S(2) 104.5 (4)
C(11)-C(8)-N(1) 108.3(5) C(6)-C(9)-N(4) 108.0 (5)
C(N-C(10)-N(3) 109.1 (5) C(8)-C(11)-N(2) 106.4 (5)
0(2)-CI(1)-0(1) 107.3(3) O(3)-Cl(1)-0(1) 111.4 (4)
0(3)-CI(1)-0(2) 109.2 (4) O4)-Cl(1)-0(1) 109.8 (4)
0(4)-CI(1)-0(2) 111.0(4) O(4)-CI(1)-0(3) 108.1 (3)
Table VI. Bond Lengths (&) for [Co(NON,S;sar)](ZnCly)CI-H,0
S(1)-Co(1) 2.219(1) S(2)-Co(1) 2.209 (1)
N(1)-Co(1) 2.042 (4) N(2)-Co(1) 1.999 (4)
N(3)-Co(1) 1.998 (4) N(4)-Co(1) 1.992 (4)
C(3)-S(1) 1.800 (6) C(6)-S(1) 1.810 (5)
C(4)-S(2) 1.800 (5) C(7)-S(Q2) 1.800 (6)
C(5)-N(1) 1.530 (6) C(8)-N(1) 1.497 (6)
C(9)-N(2) 1.492 (7) C(12)-N(2) 1.502 (7)
C(10)-N(3) 1.509 (6) C(13)-N(3) 1.496 (6)
C(11)-N@4) 1.486 (8) C(14)-N(4) 1.469 (7)
C(2)-C(1) 1.537(7) C(3)-C(2) 1.518 (8)
C(4)-C(2) 1.531 (6) C(5)-C(2) 1.534 (7)
C(9)-C(6) 1.516 (7) C(10)-C(7) 1.512(7)
C(11)-C(8) 1.484 (8) C(15)-C(12) 1.509 (7)
C(15)-C(13) 1.538 (7) C(15)-C(14) 1.519 (8)
N(5)-C(15) 1.529 (6) O(1)-N(5) 1.204 (6)
O(2)-N(5) 1.222 (6) Cli(1)-Zn(1) 2.281 (2)
CI(2)-Zn(1) 2.250(1) CI(3)-Zn(1) 2.261 (1)
Cl(4)-Zn(1) 2.280(2) 0(3)-0(3) 1.438 (23)

icosane as NON,S;sar, it being understood that the second trigonal
cap contains a methyl group as dictated by the synthetic
procedures. The presence of different capping groupsis reflected
bythe prefix X,i.e., XN S;sar (X = NO, AM, CL, H); the prefixes
are those described in a previous publication concerning the
nomenclature employed for similar hexaaza-encapsulated com-
plexes.!” The amine-capped ligand therefore becomes AMN,S,-
sar; protonation of the NH,— cap is described by the suffix H,
e.g., [Co(AMN,S;sarH)]4*.17 With this nomenclaturetheligand
1-methyl-8-nitro-3,13,16-trithia-6,10,19-triazabicyclo[6.6.6]-
icosane becomes NON;S;sar, in contrast to the previous abbre-
viation;S the previously reported hexadentate ligand tené becomes
NS,

Syntheses and Complexes. The potentially hexadentate ligand
5-methyl-5-(4-amino-2-azabutyl)-3,7-dithianonane-1,9-di-
amine, N,S,, was synthesized from reaction between 2-amino-

S(2)-Co(1)-S(1) 93.5(0) N(1)-Co(1)-S(1) 94.0 (1)
N(1)-Co(1)-S(2) 89.9 (1) N(2)-Co(1)-S(1) 86.4 (1)
N@Q2)-Co(1)-S(2)  176.7(1) N(2)-Co(1)-N(1) 93.4 (2)
N(3)-Co(1)-S(1) 88.4 (1) N(3)-Co(1)-S(2) 86.3 (1)
N(G3)-Co(1)-N(1)  175.6(2) N(3)-Co(1)-N(2) 90.4 (2)
N(4)-Co(1)-S(1)  176.1(1) N(4)-Co(1)-S(2) 90.2 (1)
N(4)-Co(1)-N(1) 84.8(2) N(4)-Co(1)-N(2) 89.9 (2)
N(4)-Co(1)-N(3) 93.0(2) C(3)-S(1)-Co(1) 109.2 (2)
C(6)-S(1)-Co(1) 96.1 (2) C(6)-S(1)-C(3) 105.9 (2)
C(4)-S(2)-Co(1) 108.0(2) C(7)-S(2)~Co(1) 96.3 (2)
C(7)-S(2)-C(4) 1063 (2) C(5)-N(1)-Co(1)  118.1 (3)
C(8)-N(1)-Co(1)  105.0(3) C(8)-N(1)-C(5) 111.6 (4)
C(9)-N(2)-Co(1) 1149 (3) C(12)-N(2)-Co(1) 1159 (3)
C(12)-N(2)-C(9)  1102(5) C(10)-N(3)-Co(1)  114.0 (3)
C(13)-N(3)-Co(1)  116.3(3) C(13)-N(3)-C(10)  109.3 (3)
C(11)-N(4)-Co(1)  109.2(3) C(14)-N(4)-Co(1) ~  117.6 (3)
C(14)-N(4)-C(11)  111.3(4) C(3)=C(2)—C(1) 107.6 (4)
C(4)-C(2)—C(1) 106.3 (4) C(4)-C(2)-C(3) 112.5 (4)
C(5)-C(2)-C(1) 107.0 (4) C(5)-C(2)-C(3) 112.0 (4)
C(5)-C(2)-C(4) 111.0 (4)  C(2)-C(3)-S(1) 116.6 (3)
C(2)-C(4)-S(2) 118.1(3) C(2)-C(5)-N(1) 119.2 (4)
C(9)-C(6)-S(1) 104.5(3) C(10)-C(7)-S(2) 103.7 (3)
C(I1)-C(8)-N(1)  106.5(5) C(6)—C(9)-N(2) 110.5 (5)
C(1)-C(10)-N(3)  111.3(4) C(8)-C(11)-N(4)  108.3 (4)
C(15)-C(12)-N(2) 1126 (4) C(15-C(13)-N(3)  111.4(4)
C(15)-C(14)-N(4) 1126 (4) C(13)-C(15)-C(12) 113.6 (4)
C(14)-C(15)-C(12) 113.4(5) C(14)-C(15)-C(13) 111.3 (4)
N(5)-C(15)-C(12)  107.4 (4) N(5)-C(15)-C(13)  106.3 (4)
N(5)-C(15)-C(14)  104.0(3) O(1)-N(5)-C(15)  119.4 (4)
O(2)-N(5)-C(15)  116.8 (4) O(2)-N(5)-0(1) 123.7 (4)
CI(2)-Zn(1)-CI(1)  109.9(1) CI(3)-Zn(1)-CI(1)  113.5(1)
CI(3)-Zn(1)-CI2)  107.5(1) Cl(4)-Zn(1)-CI(1)  111.6(1)
Cl(4)-Zn(1)-CI(2)  111.2(1) Cl(4)-Zn(1)-CI(3)  102.9 (1)

Figure 1. ORTEDP plot of the complex cation of [Co(N,S;)]CI(ClO4),,
giving the crystallographic atom numbering. Probability ellipsoids of
30% are shown.

ethanethiol and 1,1,1-tris({(tolylsulfonyl)oxy)methyl)ethane and
subsequent reaction of the product with 1,2-diaminoethane. The
mixture of products which results reflects the statistical conse-
quences of this synthetic approach. After reaction with a cobalt-
(II) salt and oxygen in methanol, the red solid obtained after
preliminary chromatographic purification was determined to be
a mixture of two products (Scheme I). Separation of these
complexes, subsequently shown to be [Co(NS,)]3* and [Co-
(N3S;3)]3+,6 was accomplished on a small scale after elution on
Sephadex cation-exchange column with a dilute aqueous solution
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Figure 2. ORTEP plot of the complex cation of [Co(NON,Ssar)]-
(ZnCL)CI-H,0, giving the crystallographic atom numbering. Probability
ellipsoids of 30% are shown.

Scheme I ¢
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MeOH; (iv) CH3NO,;, HCHO, Na,COs.

of sodium citrate. Alternatively, reaction of the mixture of
complexes with nitromethane and formaldehyde in the presence
of base, chemistry which has been extensively investigated and
showntoresultin encapsulated complexes,2¢ resulted in the nitro-
capped species {Co(NON,S;sar)]** and the previously observed
{Co(NON;S3sar)]3+.6 The mixture of products was readily
separated chromatographically with Sephadex cation-exchange
resin. Reduction of the apical nitro group to a protonated amine,
and subsequent reactions to produce the chloro- and proteo-capped

Donlevy et al.

cages, as well as reactions resulting in the AZA-capped complex,
were achieved as described for many similar complexes,4:6:11.19
although in some cases more forcing conditions were required.
The free ligand 1-amino-8-methyl-6,10-dithia-3,13,16,19-
tetraazabicyclo[6.6.6]icosane (AMN,S;sar) was isolated after
reaction of the metal complex, as cobalt(I), with cyanide ion in
aqueous solution.!9-20

The cobalt(11I) complexes have been characterized by elemental
analysis and 'H and 13C NMR spectroscopy. The nature of two
of the complexes was further confirmed by single-crystal X-ray
structure analysis.

Discussion of the Structures. The structure of [Co(N,S,)]-
CI(C10,); (the complex isolated from the second band eluted in
the resolution) consists of the complex cation, two perchlorate
anions, and a Cl- anion. Weak hydrogen bonds connect all
H(amine) atoms with O(perchlorate) atoms or the chloride anion.
The conformation of the complex cation is described as lel/32!
since the C—C vectors of the N-C—C-S chelate rings are parallel
to the pseudo-C; axis of the complex. The cap atoms approx-
imately eclipse the sulfur atoms to which they are bonded. For
the Aeqrs = —6.27 enantiomer, the absolute configuration is A in
helical notation.2! The coordinated sulfur atoms are S, as is the
coordinated secondary amine nitrogen atom.2!

The structure of [Co(NON,S,sar)](ZnCl)CI-H,O consists
of the complex cation, a tetrachlorozincate anion, a chloride anion,
and a water molecule. There are hydrogen bonds between all
H(amine) and H(water) atoms and Cl(tetrachlorozincate), Cl-,
or O(water) atoms, some of which are quite strong. The
conformation of the complex cation is also Jels, and each of the
caps eclipses the adjacent atoms. Thus the caps are staggered
with respect to each other and the conformation is similar to that
observed for other macrobicyclic complexes with 3 N 3 S or 6
N coordination spheres.2%!? The presence of dissimilar bonds in
the caps of both [Co(N,S,)]CI(ClO,); and [Co(NON,S;sar)]-
(ZnCl,)CI-H,O results in a tilting of these caps with respect to
the pseudo-C; axis of these complexes.

Average Co-S bond lengths in the two structures are similar
(2.212 and 2.214 A) and are similar to those in a pendant arm
sulfur—nitrogen encapsulated complex of cobalt(IIT) (2.215 A)!?
and [Co(AZAN,S3sar)]3* (2.226 (1) A).6 They are at the short
end of the range for Co—S(thioether) bonds.222* There are
significant differences in the Co—-N bond lengths for the two
structures. Those in the half-capped species, [Co(N,S;)]Cl-
(ClOy),, average 1.983 A, slightly longer than those in the
relatively strain-free complex [Co(NH;)s]3* (1.973 (1) A).%¢ In
the fully encapsulated complex, [Co(NON,S;sar)](ZnCly)-
CI-H,0, the Co—N bond lengths are longer, averaging 2.008 A.
The bond adjacent to the two S atoms is one of the longest Co-N
bonds observed {2.042 (4) A].25 Evidently, the encapsulation
imposes stresses on the bond, tending to make it more similar to
the adjacent Co—S bonds.

13C NMR Spectra. The !3C NMR spectra of these complexes
display resonances typical of this type of sulfur—nitrogen ligand
and exhibit clearly the lack of symmetry in the molecules. Inthe
case of the half-capped species [Co(N,S2)]3*, the resonances at
~-22 ppm are typical of that for a methylene adjacent to a
primary amine bound to cobalt(III).46!19.2¢ For the encapsulated
complexes, the resonances assigned to methylene carbon atoms

(19) Gahan, L.R.; Donlevy, T. M.; Hambley, T. W. Inorg. Chem. 1990, 29,
1451.

(20) Hagen, K.; Sargeson, A. M. Unpublished material.

(21) Tentative Proposals for Nomenclature of Absolute Configurations
Concerned with Six Coordinate Complexes Based on the Octahedron.
Inorg. Chem. 1970, 9, 1.

(22) Hambley, T. W.; Gahan, L. R.; Searle, G. H. Acta Crystallogr., Sect.
C. 1989, C45, 864.

(23) Hambley, T. W. Acta Crystallogr., Sect. C 1988, B44, 601.

(24) Hambley, T. W. Unpublished material.

(25) Hambley, T. W. Inorg. Chem. 1988, 27, 2496 and references therein.

(26) Gahan, L. R.; Sargeson, A. M. Aust. J. Chem. 1981, 34, 2499.
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Table VIII. Ligand Field Spectra of Co(III) Encapsulated Complexes and Related Chromophores®

ligand donors E('Ajg— Tyt E('A1g— 1Ty)? 10Dg* Bt ref
sen 6N 21 400 29 400 22710 587 45
sep 6N 21200 29 400 22450 607 3
diAMNgsar 6N 21 050 29 100 22 300 594 4
AZAMENsar 6N 21 300 29 250 22 600 583 43
AMMENgsarH 6N 21200 29 000 22510 571 43
NH; 6N 21200 29 550 22410 620 44
en 6N 21 500 29 600 22 800 596 44
tacn 6N 21 850 30100 23170 607 ¢
N.S2 4N2S 20 800 27950 22 140 516 ¢
AZAN,Sjsar 4N28S 20 450 27 500 21770 509 ¢
AMN, S sarH 4N2S 20450 27 700 21750 526 ¢
NON,Szsar 4N2S 20 450 27 700 21750 526 ¢
CLN,S;sar 4N2S 20 450 27700 21750 526 ¢
HN,Szsar 4N2S 20 490 27 550 21810 510 ¢
N;S; 3IN3S 20 650 27 150 22000 462 6, ¢
AZAN;S;sar 3IN3S 20450 26 800 21790 451 43
AMN;S;sarH IN3S 20 500 27150 21 840 475 6, ¢
NON;S;sar 3IN3S 20450 27050 21790 471 6, ¢

4 Values of 10Dg and B were calculated from solution data (reported in the references) using expressions (2) given in the text of this work. ® All

units are in cm~!, ¢ This work.

adjacent to the coordinated thioether (~-27 ppm) and secondary
amines (~-12 ppm) are as observed previously.6.1926 As well,
the resonance positions of quaternary carbon atoms bound to
NO; (+20.5 ppm), NH;* (-10.3 ppm), Cl (-5.7 ppm), and H
(-29.9 ppm) capping groups are in accord with previous
observations. 46,1926

Visible Spectra. The visible absorption spectra of these
complexes are indicative of octahedrally coordinated low-spin
cobalt(III) ions, with two d—d absorption bands corresponding to
the spin-allowed 'A;; — !T;; and 'A;; — Ty transitions.
Alteration of the substituent on the cap has little effect on position
of the band maxima of the d—d absorption bands in the
encapsulated complexes, an observation made previously for the
hexaamine encapsulated complexes.?’” The band maxima of the
1A = 'T); and !A;; — Ty transitions for the complexes
examined in this study, along with those of related systems, are
given in Table VIII.

At this point, it is appropriate to make some comment on the
determination of octahedral ligand field parameters for low-spin
Co(III) complexes. In the absence of complete d¢ ligand field
calculations, it has been customary?-30 to approximate the
transition energies associated with the ! Ty, and ! T, excited states
with the following diagonal energy expressions in order to evaluate
the ligand field parameters B, C, and Dq:

E('A,,—'T,)=10Dg-C
E(A,,—'T,) =10Dg-C+16B 1)

From the above expressions, the value of the Racah B parameter
is easily determined from the difference of 16B between the two
transition energies. In order to evaluate Dg, the assumption C
= 4B is usually made.

A detailed low-temperature, single-crystal spectroscopy study
of [Co(NH3)6]* has been reported,’' where the spin-forbidden
1A;3 — 3Tyg and 'A;y — 3Ty, transitions were also observed.
Since the !Tyg, 'Ta, Ty, and *Ty, states all arise from the
(t25)°(eg)! configuration, it was possible to determine all three
octahedral ligand field parameters uniquely as B = 619, C =
3656, and Dg = 2400 cm-!. However, the value of B is

(27) Lawrance, G. A.; Lay, P. A.; Sargeson, A. M. Inorg. Chem. 1990, 29,
4808

(28) Johnson, D. A.; Sharpe, A. G. J. Chem. Soc. A 1966, 798.
(29) Dingle, R.; Ballhausen, C. J. Mat. Fys. Medd. Dan. Vid. Selsk. 1967,
35,1

(30) Le’vel", A. B. P. Inorganic Electronic Spectroscopy, 2nd ed.; Elsevier
Publ.: New York, 1984,
(31) Wilson, R. B.; Solomon, E. 1. J. Am. Chem. Soc. 1980, 102, 4085.

approximately 20% larger than the value of 516 cm-! calculated
using the diagonal energy expressions above. The difference is
significant and highlights the fact that the diagonal energy
expressions are inadequate when appreciable configuration
interaction occurs. As a further example to illustrate this point,
we have carried out complete d® ligand field calculations,
employing CAMMAG,32 for {Co(en);)** based on the reported
band positions for both singlet and triplet spin states observed in
the low-temperature single-crystal spectrum.? The best fit values
were found to be B = 605, C = 3595, and Dg = 2360 cm-.. Here
again the agreement is poor since B is approximately 20% larger
than the value of 503 cm-! calculated from the diagonal energy
expressionsabove. Furthermore, the C/Bratios for {Co(NH;)4]3+
and [Co(en);]3* are both 5.9, indicating that C =~ 6B is a far
better approximation for [CoN¢]3* type complexes than C ~ 4B,
The poor approximation of C = 4B for Co(III) complexes has
been previously pointed out inrelation to Co(NH3)¢_,(CN), -0+
complexes.33

In the absence of complete d¢ ligand field calculations, a better
approximation for the spin-allowed !A\; — T and 'A;; — 1Ty,
and spin-forbidden 'A;— 3T ;and !A;;— 3T, transition energies
are the following perturbation expressions which have been
corrected for configuration interaction:34

E(A,,—'T,) =10Dg~C+ (5BC + 1B’ + C?)/5Dq

E('A,;—'T,) =10Dg-C+ 16B +
(3BC-27B*+ C%)/5Dq

E('A,—’T,) = 10Dg-3C + (5BC~ 118’ + C*)/5Dq

E(A,—’T,) =10Dg-3C+8B +
(3BC-21B*+ C%/5Dq (2)

Without the observation of the spin-forbidden bands, a unique
determination of B, C, and Dgq is not possible. However, we have
found that the above energy expressions for the two spin-allowed
transitions give good agreement (within 5%) with those obtained
from complete ligand field calculations when C ~ 6B. For
example, using the band maxima of approximately 21 800 and
30050 cm! observed in the low-temperature single-crystal

(32) Cruse, D. A,; Davies, J. E.; Gerloch, M.; Harding, J. H.; Mackey, D.
J.; McMeeking, R. F. CAMMAG-a FORTRAN Computer Package.
University Chemical Laboratory, Cambridge, England, 1979.

(33) Wentworth, R. A. D.; Piper, T. S. Inorg. Chem. 1968, 4, 709.

(34) Stranger, R. Unpublished data.
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Table IX. Rotational Strengths of the !A;; — !T,; Transition in
A-[Co(Ng_»Sp)]3* Complexes

ligand donors Amax® Aemax® ref
en 6N 490 +1.89 3
430 -0.17
sen 6N 502 +0.42 3
450 -1.05
sep 6N 461 -2.37 3
AZAMENgsar 6N 463 -3.10 3
(en);(aet) 5SNS 498 +3.22 36
NS, 4N2S 475 +6.36 ¢
aeaps 4N2S 520 +7.0 35
AZAN;S;sar 3IN3S 480 +10.9 6
atch IN3IS 480 +11.9 26
NS, 3IN3S 470 +12.4 6

2 Expressed in nm. » M-! cm-!. ¢ This work.

spectrum of [Co(NH;)]3*,3! expressions (2) give B =607 and Dg
= 2311 cm, in good agreement with B = 619 and Dg = 2400
cm-! obtained from the complete d¢ calculation. Similarly, from
the reported band maxima at 21 350 and 29 400 cm-! for
[Co(en);]3*,2 expressions (2) result in B = 592 and Dg = 2264
cm-!,again in good agreement with B = 605 and Dg = 2360 cm™!
obtained from the complete d¢ calculation.

As a consequence of the above findings, the values of B and
10Dq listed in Table VIII were determined using expressions (2)
with the Racah Cparameter setto 6B. Asthe number of thioether
donors increases through the series 6 N,4 N 28,and 3N 3§,
there is a corresponding reduction in the Racah B parameter,
approximately 100 cm-! between 6 N and 3 N 3 S end members,
the result of increased covalency as the nitrogen donors are
replaced by thioethers, There is some indication of a linear
dependence of B on the number of thioether ligands, since B is
reduced between 40 and 50 cm~! for every thioether donor. The
relationship between 10Dg and the number of thioether donors
is not so clear since although 10Dg decreases between 500 and
1000 cm-! from 6 N to 4 N 2 S coordination, there is negligible
change from 4 N 2 S to 3 N 3 S coordination.

Circular Dichroism. The racemic [Co(N,S;)]3* ion has been
resolved into its chiral forms through ion-exchange chromatog-
raphy and with an aqueous solution of sodium (+)sgo-tartrate as
an ion-pairing reagent. The enantiomer eluted first from the
column displayed a positive circular dichroism associated with
the Ty, band (Aess = +6.36) and a much smaller dichroism
associated with second ligand field band (Ae;ss =—1.95) consistent
with the magnetic dipole forbidden transition to the T, state.
The observed CD in terms of Aemay for the 1T, band is given for
A-[Co(N,S;)]3* and a number of related complexes of varying
N and S donor ratios in Table IX.

In the octahedral approximation, the first-order rotational
strengths for the orbital components of the T, state cancel and
hence no net rotational strength is predicted. The residual CD
observed in solution for these and other optically active Co(III)
complexes?3:6.263536 regy|ts from low-symmetry splitting, second-
and higher-order rotational strengths, and vibronically (Hertzberg—
Teller) induced rotational strength. In the case of trigonal tris-
chelate complexes, Shinada?’ showed that the net second-order
rotational strength was nonvanishing, the sign of which wasrelated
to the sign of the trigonal field splitting parameter K as well as
the odd parity ligand-field potential of T,,(z) symmetry.

Forsaturated trigonal tris-chelate complexes, Peacock?8:39 has
shown that the sign of the rotational strength R(E) of the T, (E)
component can be predicted from the smaller twist angle between
the upper and lower trigonally displaced sets of ligands. The

(35) Bjerrum, M. J,; Laier, T.; Larsen, E. Inorg. Chem. 1986, 25, 816.

(36) Yamanari, K.; Hidaka, J.; Shimura, Y. Bull. Chem. Soc. Jpn. 1977, 50,
2299.

(37) Shinada, M. J. Phys. Soc. Jpn. 1964, 19, 1607.

(38) Peacock, R. D.; Stewart, B. Coord. Chem. Rev. 1982, 46, 129.

(39) Peacock, R. D. J. Chem. Soc., Dalton Trans. 1983, 291.
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twist angle (w) is defined to be positive if the sense of rotation
from the upper to lower set of ligands is clockwise; otherwise it
is negative. A negative value of w correlates with a positive
rotational strength R(E) for the T,(E) component. Interestingly,
R(E) is positive for all trigonally compressed geometries and
negative for all elongated geometries.?®4 For trigonally com-
pressed geometries, the trigonal field splitting parameter X is
negative and the T,(E) component lies to lower energy.

On the basis of the crystal structure of (+)s;0-[Co-
(AZAN;S3sar)](ZnCL)Cl,¢ the A-Co(N3S;) chromophore has an
overall trigonally compressed geometry with a negative w value
of ~59°. Accordingly, this should give rise to a positive value
for R(E) with the T, (E) component lying to lower energy. Ligand
field calculations using the angular overlap model? confirm this
energy order and indicate that the trigonal splitting of the T,
state is less than 100 cm-!. The net positive CD (Aepqx = +10.9)
observed in solution for A-[Co(AZAN;S;sar)]3* can therefore
be attributed to the dominant rotational strength of the T,(E)
component. A positive CD (Aepax = +6.36) is also observed for
[Co(N,S;)]3* containing the A-Co(4 N 2 S) chromophore, but
for this complex the analysis is complicated by the presence of
additional low-symmetry distortions. The positive CD observed
for these complexes contrasts with the hexaaza cage analogues
such as A-[Co(AZAMEsar)]?** and A-[Co(sep)]3*, where the
net rotational strength in solution (Table IX) was negative and
attributed to the dominance of the rotational strength of the higher
lying T (A;) component, resulting from the step-wise capping of
A-[Co(en);]3*.3 The introduction of thioether groups in these
complexes apparently leads to an enhancement in positive
rotational strength for the A-configurations.

From an examination of the Aey,, values given in Table IX for
a number of A-Co(N,_,S,) complexes, there is a clear indication
that the net positive rotational strength increases with increasing
number of thioether donors. This is consistent with a static
coupling model as the rotational strength to second order of
perturbation involves terms of the following form:

(LW [Ty )Ty, [PITy)

Tyvu AE(P’P\I)

Here V, is the odd parity ligand field potential, P is the electric
dipole operator, I'y and Iy’ are the ground and excited even
parity ligand field states,and AE is the energy difference between
the odd parity charge-transfer state I, and the ground-state I".3?
As the number of thioether donors increases, the contribution of
the above terms to the rotational strength increases due to the
larger number of charge-transfer states I', associated with the
thioether donors, as well as a smaller energy difference AE due
to the lower energy of thioether—-Co(III) charge-transfer tran-
sitions. In addition, the increased CD with increasing number
of thioether donors is also consistent with the dynamic coupling
model4! as thioether donors are more polarizable than nitrogen
donors and hence will give rise to greater rotational strength.

Supplementary Material Available: Listingsof full crystaldata (Table
S1), thermal parameters (Tables S2 and S6), hydrogen positional and
thermal parameters (Tables S3 and S7), torsion angles (deg) (Tables S4
and S8), and close intermolecular contacts (Tables S5 and S9) and the
circular dichroism spectra of [Co(N4S5)] CI(ClO4), (Figure 3) (11 pages).
Ordering information is given on any current masthead page.
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