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The crystal structure of [(+)sg9-AA-[Co(tame);] Cl][(+)ss9-R, R-tart]-xH,O (tame is CH;C(CH,NH,);) has been determined
from 2692 reflections collected by counter methods. The crystals are monoclinic, space group P2,, with a ='14.631 (3)
A, b=16890 (3) A, c=8.720 (2) A, and 8 = 143.9 (1)°. The measured density is 1.50 (1) g cm™3 which agrees with
the calculated value of 1.505 for Z = 2. Refinement by blocked full-matrix least-squares gave a conventional R value
of 0.025. In solution the [Co(tame),]** cation can have interconvertible meso and racemic conformations. Strain energy
minimization calculations show the racemic modification to be 1.6 kcal mol™ more stable than the meso form. The racemic
conformer is resolved in the solid state by crystallization as the chloro (+)sgs-tartrate salt, but it rapidly isomerizes on
redissolution. The optically active complex cation in the crystal has approximate D; symmetry. The conformation of the
six-membered chelate rings formed by both of the tridentate chelate caps is A and the absolute configuration of the complex
is designated (+)sgo-AMN. The chelate rings have an asymmetric skew-boat conformation.. The CoNg coordination sphere
deviates significantly from 0, symmetry and shows a trigonal-twist distortion of 4.2° from 60° with a small polar elongation
along the pseudo-threefold axis of the complex. The hydrogen atoms of the methyl groups were found to adopt staggered
positions with respect to the opposing C—~C bonds of the quaternary carbon atoms. The cation, two water molecules, and
the tartrate ion form an intricate planar network in which the molecular subunits are connected by apparent hydrogen
bonds. Other close contacts involving the chloride ion and the remaining water molecules are indicative of weak hydrogen
bonding between molecular planes. The geometry of this conformation obtained by strain energy minimization agrees well
with the x-ray results. In the solid state the complex has a substantial positive circular dichroism in the region of the 'A,,
— !T), transition and in solution it exhibits a Pfeiffer effect with (+)sg-tartrate ion. These results have been used to evaluate
two theories of optical activity. They provide a verification of the crystal field static coupling model of Piper and Karipides
for the Co''Nj core and qualitatively confirm the more elaborate model of Richardson which applies to the whole complex.

Introduction

Cobalt(III)-amine complexes with D; symmetry have been
very important model systems for both theoretical and ex-
perimental investigations of optical activity.!"! More recent
theories of the origin of the circular dichroism (CD) of these
complexes have explicitly stated the relationship between
stereochemistry and the net rotatory strength of the long-
wavelength 'A;, — T, transition.>5!¢"" The known D;
cobalt(III) complexes of saturated ligands, whose structure
and absolute configuration are known, are all tris(bidentate).
It was desirable to further evaluate these theories by studying
complexes of the same theoretically amenable symmetry but
with a widely different disposition of the nonligating ligand
atoms. The [bis(tame)Co'"}** complex (tame is 1,1,1-tris-
(aminomethyl)ethane) has its nonligating atoms above and
below the trigonal planes of the donor nitrogens, whereas the
tris(bidentate) complexes such as [Co(en);]* (en is ethyl-
enediamine) have theirs between the opposed trigonal planes.
The three possible conformational isomers of the [Co-
(tame),]** ion can be designated A), 88, and A8 or &)\ where
5 and A refer®® to the conformations of the skew-boat rings
of the Co—tame moiety. The first two conformers are optical
isomers and the second two are identical meso isomers. The
minimum stain energy form of the 68 (or A\) isomer has
symmetry D; and the dA (or A8) form, C;;. The isomers are
shown in Figure 1. The isomers may interconvert by a trigonal
twist of one ligand, whereby the CH, groups move from one
side of the Co-N-quaternary C plane to the other. It was
anticipated that the process would be rapid in solution and that
the chiroptical data would have to be obtained in the solid state
from a pure 88 (or AX) [Co(tame),]** salt, The demonstration
of a Pfeiffer effect on addition of (+)-tartrate ion suggested
that a resolution of the complex in the solid state could be
achieved. This and the knowledge that the racemic-isomer
was more stable by 1.6 kcal mol! than the meso isomer from
stain energy calculations made the prospect of a solid-state
resolution feasible.

Experimental Section

The ligand 1,1,1-tris(aminomethyl)ethane (tame) was prepared
by a modification of the method of Stetter and Bockmann.?! Instead
of attempting to collect the volatile free amine, the 1,1,1-tris-
(phthaliminodiethyl)ethane crystals (69 g, 0.14 mol) were shaken with
potassium hydroxide (94 g, 1.68 mol) in water (250 ml) over a period
of 24 h. The mixture was distilled to dryness (temperature <150 °C)
and the tame distillate collected and neutralized with hydrochloric
acid to yield tame-HCl. Water (50 ml) was then added to the residue
in the distilling flask and the procedure repeated. The tame-HCIl
solutions were combined and evaporated to dryness over a steam bath.
The white crystals were rubbed with methanol (50 ml), filtered off,
and washed with methanol. The resulting leaflike crystals (6 g, 20%)
decomposed above about 270 °C.

[Co(tame),]C1;-H,0. tame-HCI (4.5 g, 0.02 mol) was dissolved
in water (10 ml) and triturated with silver oxide (9.3 g, 0.04 mol)
to release the amine and precipitate silver chloride. The mixture was
filtered and the water solution of tame.collected. Cobalt chloride (1.66
g, 0.007 mol) was dissolved in water (5 ml), to which hydrochloric
acid (0.6 mi of 35%, 0.007 mol) and active charcoal (0.2 g) were added.
The tame solution was added to this mixture and air was slowly drawn
through the resulting solution (2 h) which turned orange-brown. It
was then filtered into dilute hydrochloric acid (5 ml, 1 M) to prevent
subsequent decomposition of the complex which occurred at room
temperature for pH greater than 7. The solution was then concentrated
on a rotary evaporator (60 °C and reduced pressure) and cooled in
an ice bath to deposit bright orange hexagonal platelets. The crystals
of [Co(tame),]Cl;-H,0 (1.45 g, 55%) were washed with ethanol and
acetone and dried in an oven (70-80 °C). No chemical analysis was
done, but the salt was characterized by UV—visible spectroscopy, by
NMR, and by x-ray cell data. For C;qH3,Cl;CoN¢O, mol wt 417.7,
the space group is P622,and a = 7.48 (1) A, ¢ =19.50 (3) A, dpeasa
=148 (1) gem™,Z =2,and d = 1.485 g cm™. The ligand has 'H
NMR resonances at 1.41 (CH,) and 3.38 ppm (CH,) and the chloride
complex has corresponding resonances at 1.02 and 2.63 ppm with
respect to TMS in D,0. v

[Co(tame),]Cl{(+)sz5-R,R-tart]-5.4H,0. The chloride salt (0.22
8, 0.55 mmol) was dissolved in water (10 ml) and triturated with fresh
silver (+)-tartrate (0.2 g, 0.55 mmol) for 15 min. The mixture was
filtered and the filtrate was reduced to 3 ml at the water pump and
treated with a similar volume of ethanol. The solution was placed
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Figure 1. The 86 and Ad isomers of [Co(tame),]3*.

in a desiccator in vacuo over calcium chloride and large well-formed
orange crystals were deposited over several days. Semimicro tests
for both chloride and tartrate were positive and the crystals were
further characterized by x-ray analysis.

Spectroscopy. UV and visible spectra were recorded on a Per-
kin-Elmer 402 spectrophotometer, "H NMR spectra were measured
with a Varian T60 instrument. ORD measurements were obtained
from a Perkin-Elmer 141MC spectropolarimeter with a quartz—iodine
cycle tungsten lamp. CD spectra were recorded using a Roussel-Jouan
Dichrograph IT at the University of Queensland. Polystyrene disks
for this technique were prepared by folding the finely ground crystals
into polystyrene dissolved in benzene. The mixture was homogenized
to a gum in air and solvent was removed in vacuo. This material was
pressed at 50 ton/in.? in a die heated at 60 °C and polished with rouge.

Crystal Data. The crystals were large chunky blocks elongated
slightly along the ¢ axis. Many were twins and the morphotogy showed
the forms {110}, {010}, and {101}. The space group was obtained from
precession photographs using Cu K« radiation. The cell constants
were refined?? from the  and u values (Y and u are the detector and
equiinclination angles) of 52 high-angle reflections measured on a
Stoe automatic Weissenberg diffractometer fitted with a graphite
monochromator and using Mo Ka radiation. The space group is P2,
with @ = 14.631 (3) A, b =16.890 (3) &, ¢ = 8.720 (2) A, and
= 143.9 (1)°. The measured density (by flotation) is 1.50 (1) g cm™;
for C;4H444CICoN4O ;4 the formula weight is 574.7, and for Z =
2 the calculated density is 1.505 g cm™. The wavelength used was
0.7107 A. The crystal used for data collection measured 0.30, 0.30,
and 0.50 mm along the a, b, and ¢ axis, respectively. It was mounted
along the pseudo-c axis of a nonconventional body-centered cell defined
for convenience. Data were collected by the w-scan technique as
described previously.”> The constants in the variable-scan expression
Aw = A + B(sin u/tan (¥/2)) were 1.5-2.0 for 4 and 0.8 for B. Step
increments of 0.01° were used with step times of 0.5 s for layers
hkQ-hk4 reducing to 0.2 s for layers hk5—hk12. Background counting
time was 25 s. A total of 2692 unique reflections were recorded about
the pseudo-c axis out to at least 50° in 28. A standard reflection,
chosen on each layer, was measured every 30 reflections and showed
no systematic change. Lorentz and polarization corrections were
applied but no absorption corrections were made in view of the small
regular nature of the crystal and low absorption coefficient (8.4 cm™).
The transmission factors varied from 0.84 to 0.86 about the pseudo-c
axis of rotation.

Structure Solution and Refinement

The cobalt and chlorine atom positions were found from a Patterson
synthesis. These were then refined by a least-squares minimization
of Y (|F,| - {F.])%* Besides the positional parameters and isotropic
thermal parameters for the Co and Cl atoms, ten scale factors were
refined for correct relative scaling of the single axis layers of data.
A Fourier difference synthesis phased on the refined cobalt and chlorine
positions revealed the presence of two superimposed mirror-image
structures in the cell, a consequence of the pseudocenter introduced
by the Co and Cl atoms having similar y coordinates. The correct
image was determined unambiguously from stereochemical con-
siderations and the relative weights of the mirror image peaks. The
sites of all other nonhydrogen atoms in the [Co(tame),]** and
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(+)sgo-tartrate ions, as well as the oxygen positions of four ordered
water molecules, were then located from this map. At this stage the
tartrate ion was observed to be in the S,S configuration. The correct
configuration for the structure was then obtained by inversion of all
y coordinates to give the known?* R R configuration for the
(+)sso-tartrate ion, A least-squares refinement of the scale factors,
the atomic coordinates, and the individual isotropic thermal parameters
converged with an R, index of 0.074. Anisotropic thermal parameters
were then included in the refinement for all atoms, and the imaginary
components of the scattering factors for Co and Cl were also in-
troduced. Subsequent refinement involving these modifications was
continued in alternate cycles of coordinate and anisotropic thermal
parameter blocks and gave an R value of 0.053. A second Fourier
difference map then revealed the oxygen positions of three disordered
water sites and the positions of all hydrogen atoms in the [Co(tame),]**
and tartraté ions. The three disordered oxygens were initially given
atom multipliers based on the rough integration of electron density
over 1-A radius spheres surrounding the observed peak height positions.
At this point the hydrogen atoms were included in the refinement with
coordinates fixed in their observed positions and with fixed isotropic
thermal parameters of 5.0 A2 for the methyl and hydroxyl hydrogens
and 4.0 A2 for all others. The multipliers of the disordered oxygens
and the hydrogen positions were included in the refinement which
continued in cycles of three blocks to convergence with R, = 0.029.
Finally, the hydrogen atom positions in all of the water molecules
were determined from a third Fourier difference synthesis phased on
the refined positions of all other atoms. The extensive hydrogen
bonding in the structure proved a considerable aid in the search for
their locations. The three water sites with reduced site occupancy
factors showed no obvious positional or rotational disorder about the
oxygen positions, although the hydrogen positions for two of these
sites did. Two final sequences of least-squares refinement cycles were
computed. Each sequence consisted of five blocks composed of (1)
coordinates and anisotropic thermal parameters of all nonhydrogen
atoms in [Co(tame),]**, (2) scale factors and coordinates of all atoms
in [Co(tame),]**, (3) coordinates and anisotropic thermal parameters
of all nonhydrogen atoms in the tartrate and chloride ions and the
water molecules, (4) scale factors and coordinates of all atoms in the
tartrate, chloride, and water entities, and (5) scale factors and co-
ordinates of all nonhydrogen atoms in the structure. These blocks
were necessary to obtain the appropriate final covariance data for
the calculation of errors in the computed functions of structural
coordinates and thermal parameters. This final refinement sequence
reduced R, to 0.025 at convergence. The value of R, was 0.027. Unit
weights were used in all refinements and the estimated error in an
observation of unit weight was 0.77 from all refinement blocks in the
final sequence. The average value of (|F;| - |F,|)?, determined in ranges
of |F|, was plotted vs. |[F,| and (sin §)/A. The curves indicate a relative
overweighting of the very strong and very weak reflections. The former
curve varied randomly from 0.21 to 0.35 in the center ranges and had
average values of 0.46 and 0.70 for the two terminal ranges. The
latter curve showed a relatively flattened distribution over the (sin
6)/X ranges, with a variation from 0.20 to 0.56 over the complete curve
and from 0,20 to 0.25 over the central angular ranges. These results
indicated a satisfactory relative weighting scheme for the majority
of reflections. A final difference map showed no peak height values
larger than 0.2 e/ A% except for the region in the immediate vicinity
of the cobalt atom, which showed severa] peaks from 0.2 to 0.35 e/A?
in height in the directions of the Co-N bonds. Typical water hydrogens
appeared in earlier maps with peak heights of 0.25-0.35 e/A’, whereas
hydrogens in the more rigid [Co(tame),]** ion had peak heights
varying from 0.30 to 0.55 e/A3,

In view of the observed charge delocalization over the whole complex
ion in metal complexes,*?® the Co™ scattering factors were used.’
The factors for O, N, and C were taken from the same source, and
for Cl™ the values of Doyle and Turner® were used. For hydrogen
the values of Stewart®! et al. were taken. Values of the anomalous
components Af”and Af”in the scattering factors of Co (0.299, 0.973)
and Cl (0.132, 0.159) were acquired from Cromer and Liberman.?
The structure factors (electrons X.10, P2, indexed) and the root-
mean-square amplitudes of vibration of the nonhydrogen atoms along
the major axes of the thermal ellipsoids are available.® Table I
contains the final atomic parameters.

Results and Discussion
Description of the Structure. Figures 2 and 3 show the
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Figure 2. Unit cell of [AA-[Co(tame)2]Cl}(R,R-tart)-5.4H,0 projected down c*. Thermal ellipsoids contain 50% probability for nonhydrogen
atoms. Symmetry transformations given as superscripts are defined in Table III.

{3
O

Figure 3. Unit cell of [AN-[Co(tame);]Cl](R,R-tart)-5.4H20 projected down b.

structure projected down the ¢* and b directions, respectively. It is apparent from these that the threefold axis of [Co-
Tables IT and III contain the molecular and crystal geometries. (tame),]** is aligned approximately along the b axis, and the
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Table I. Positional and Thermal Parameters® for [AA-[Co(tame),|CII(R,R-tart)-5.4H,0

Rodney J. Geue and Michael R. Snow

Atom” x y z 8., B2 B3s Bis B1s Bs
Co 1810 (®) 0 38 (D) 524 (3) 152 (1) 1551 (10) -4 (3) 721 (6) 12 (4)
Cl 7368 (1) —-813 (1) 5363 (3) 1204 (14) 356 (5) 5475 (59) -91(7) 2132 27) —282 (13)
N(1) 1687 (3) -569 (2) 1841 (5) 698 (34) 206 (12) 2130(103) 35(16) 1022 (56) 61 (25)
N(2) 3600 (3) ~659 (2) 1859 (6) 707 (34) 175 12) 2577 (113) 6(16) 1105(9) 36 (26)
N(@3) 3125 (3) 809 (2) 2817 (5) 617 (33) 195 (12) 1714 (97 -4 (15) 755 (53) —14 (24)
N4) 423 (3) —808 (2) -2714 (5) 642 (32) 195 (11) 1952 (100) —56 (16) 874 (54) -52(24)
N(@5) 2034 4) 590 (2) 1597 (6) 983 (40) 168 (11) 2545 (111) —-60 (17) 1360 (63) —49 (26)
N(6) —-41(3) 644 (2) ~2001 (%) 678 (34) 198 (12) 2225 (106) 38 (16) 967 (56) 90 (26)
cQ) 2258 (6) -2710 (3) 1302 (9) 1611 (71) 201 (17) 4652 (212) 35(28) 2295 (116) 164 (45)
CQ) 2102 4) —1806 (2) 884 (7) 891 (46) 167 (14) 2790 (151) —-22(20) 1312 (78) 17 (33)
C(3) 1464 (4) —1446 (2) 1493 (7) 1006 (48) 216 (15) 2795 (138) —45(21) 1411 (77 63 (33)
C4) 3705 (4) —1469 (2) 2682 (8) 863 (47) 203 (15) 2784 (147) 97 (22) 1231 (79) 195 (34)
C(5) 969 (5) -1647 (2) —1965 (8) 970 (50) 171 (14) 2654 (143) —-70 (20) 1288 (80) -115 (32)
C(6) 3085(5) 1627 (2) 2120 (8) 1001 (53) 189 (15) 2420 (142) -98 (22) 1202 (82) —-171 (32)
c(m 1507 (5) 1810 (2) -756 (8) 1106 (55) 139 (14) 2597 (153) 50(21) 1339 (8%) 58 (33)
C(8) 1356 (6) 2715 (3) -1140(10) 1975 (84) 152 (16) 4603 (216) 38 (29) 2434 (126) 86 (44)
[e(¢)] 195 @) 1516 2) -1516 (D) 877 (45) 199 (15) 2492 (135) 111 (20) 1096 (73) 104 (32)
C(10) 1431 4) 1425 (2) 2442 (D) 1138 (1) 175 (13) 2663 (136) -4 (21) 1455(79) 64 (31)
o) 4568 (3) —586 (2) —2679 (5) 812 (34) 412 (14) 3651 (113) 179 (18) 1156 (59) —237 (30)
0(2) 4 844 (3) 605 (2) —1237(6) 944 (39) 472 (17) 3737 (145) 113 (21) 1354 (70) -85 (38)
0@3) 6 401 (3) 360 (2) -2672(5) 704 (30) 319 (11) 2109 (91) 111 (15) 963 (49) 298 (24)
(01C))] 7 863 (3) 648 (2) 2422 (5) 811 (33) 326 (12) 2398 (100) -73(16) 1051 (54) —-257(26)
0(5) 9379 (3) 378 (2) 696 (5) 788 (32) 317 (12) 2706 (104) —45 (16) 1190 (54) 8 (26)
0(6) 10 041 (3) —405 (2) 3541 (5) 754 (32) 286 (12) 2285 (96) 123 (15) 983 (52) 200 (25)
C(11) 5345 (3) 1(4) -1206(5) 596 (33) 379 (15) 1804 (99) 20 (31) 810 (54) 81 (50)
c(12) 7091 (4) -333) 833 (6) 646 (33) 259 (13) 1741 (92) ~63(26) 821 (53) —46 (42)
C(13) 7 355 (3) -160 (2) —506 (6) 584 (34) 202 (18) 1937 (110) 4 (16) 827 (59 40 (25)
C(14) 9068 (3) -50(3) 1402 (5) 589 (30) 176 (12) 2010 (97) 15 22) 847 (S1) -15(3%)
Water Oxygens
o 2059 (3) 1212 (2) 4513 (6) 980 (38) 379 (14) 2966 (119) —-80(19) 1231 (63) —-67(31)
0(8) 2 865 (3) —-1127 (2) —-2502 (6) 1037 (39) 408 (15) 4173 (139) 157 (19) 1746 (70) 459 (35)
(01¢)] 5600 (5) 835 (3) 3050 (8) 2255 (68) 594 (21) 6754 (206) 133 (32) 3538 (113) 338 (54)
O(10) 3407 (6) ~2839 (3) 1806 (11) 2575 (100) 343 (19) 7062 (294) -6 (35) 1878 (146) 17 (57)
o(1® 5275 (21) -2244(9) -1559(36) 564 (44) 70 (D 1702 (139) S3(1%) 872 (73) 60 (26)
0(12) 3352(8) 2605 (4) —-2632(13) 2581 (154) 391 (31) 6101 (350) —210(55) 2959 (208) 61 (76)
0(13) 3835 (15) 2534 (8) -—3086(29) 1586(192) 314 (55) 6600 (812) —67 (82) 2059 (328) 107 (166)
Positional Parameters for the Hydrogen Atoms®
Atom x y z Atom X y z B, A*?
Cation Hydrogens
H(1) 258 (6) =50 (3) 355 (10) H(2) 92 (5) -34 (3) 139 (9) 4.0
H(3) 436 (6) —-43(3) 315 (10) H(4) 349 (5) =72 (3) 73 (10) 4.0
H(5) 406 (6) 65 (3) 414 (10) H(6) 280 (5) 84 (3) 3399 4.0
H(7) —38 (6) -81 (3) -323 (10) H(8) 13 (5) -76 (3) —420 (10) 4.0
H(©9) 310 (6) 58 (3) -49 (10) H(10) 157 (6) 353) —293 (10) 4.0
H(11) =57 (5) 48 (3) —-187 (10) H®12) —88 (6) 54 (3) —-400 (10) 4.0
H(13) 306 (6) —284 (3) 317 (11) H(14) 263 (6) -300 (3) 91 (10) 5.0
H(15) 125 (6) -290(3) 36 (10) H(24) 127 (6) 298 (3) -19 (1D 5.0
H(25) 215 (6) 289 (3) -73 (10) H(26) 29 (6) 281 (3) —-302 (10) 5.0
H(16) 187 (5) —166 (3) 288 (10) H(17) 44 (6) -156 (3) 22(10) 4.0
H(18) 429 (5) —144 (3) 457 (9) H(19) 436 (5) —183 (3) 279 (10) 4.0
H(20) 143 (6) -174 (3) —245(9) H(21) 5(5) -199 (3) —-315(9) 4.0
H(22) 330 (5) 196 (3) 336 (9) H@23) 394 (6) 171 (3) 245 (10) 4.0
H27) 37 (6) 159 (3) -21(10) H(28) =73 (5) 174 (3) -297 (10) 4.0
H(29) 203 (5) 174 (3) -23809) H(30) 35 (6) 145 (3) ~421 (10) 4.0
Tartrate and Water Hydrogens
H(31) 687 (6) 45 (3) -275(10) H(32) 722 (6) 93(3) 187 (10) 5.0
H(33) 745 (5) —48 (3) 174 (10) H(34) 699 (5) -69 (3) =125 4.0
H(35) 269 (1) 94 (4) 577 (11) H(36) 127 (D 99 (4) 352 (1) 6.0
H(37) 366 (7) -93 (4 -208 (11) H(38) 208 (6) -90 (4) —365 (11) 6.0
H(39) 590 (8) 105 (4) 315 (13) H(40) 578 (7) 37(4) 278 (12) 7.0
H(41) 387 (9) -279 (5) -33(15) H(42) 296 (9) —254 (5) —236 (16) 9.0
H(43) 580 (21) -211(12) 69 (42) H(44) 496 (21) ~180 (11) =219 (37 10.0
H(45) 347 (13) 300 (7) -337(22) H(46) 299 (13) 229 (7) -363 (22) 8.0
H47) 273 (29) 304 (18) ~367 (53) H(48) 310 (24) 189 (42) —458 (42) 8.0

@ Positional parameters (X10*). Anisotropic thermal parameters (x10%) except for O(11) (x10%). 5 0(11), 0(12), O(13) are partially

occupied water sites.

They, as well as their hydrogens (43-48), were refined with site occupancg'

¢ Positional parameters (x10%). Hydrogens were assigned fixed isotropic thermal parameters.
factor is exp[—(B,,A* + B,,k* + B13l7 + 28,,hk + 28,5kl + 23,,kD)].

plane of the four carbons in the (+)sg,-tartrate ion is ap-
proximately parallel to the ac plane. These ions interact
through an intricate planar hydrogen-bond network which also

factors of 0.433, 0.686, 0.314, respectively.

The form of the anisotropic temperature

entails the water molecules whose oxygens are O(7), O(8), and
O(9). This molecular plane is parallel to the ac plane and is
shown in projection in Figure 3. The two O(7)-H--O and two
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Table 11

Co-N(1)
Co-N(2)
Co-N@4)
N(1)-C(3)
N(2)-C(4)

Co-N(3)
Co-N(6)
Co-N(5)
N(3)-C(6)
N(6)-C(9)

N(1)-Co-N(2)
N(1)-Co-N(4)
N(2)-Co-N(4)
Co-N(1)-C(3)
Co-N(2)-C(4)
Co-N(4)-C(5)
N(1)-C(3)-C(2)
N(2)-C(4)-C(2)

N(3)-Co-N(6)
N(3)-Co-N(5)
N(6)-Co-N(5)
Co-N(3)-C(6)
Co-N(6)-C(9)
Co-N(5)-C(10)
N(3)-C(6)-C(7)
N(6)-C(9)-C(T)

N(1)-Co-N(6)
N(1)-Co-N(5)
N(2)-Co-N(5)
N(1)-Co-N(3)
N(2)-Co-N(6)

C(11)-0(1)
C(11)-0(2)
C(14)~-0(5)
C(14)-0(6)
C(11-C(12)

O(1)-C(11)-0(2)
0(5)-C(14)-0(6)

T O(1)-C(11)-C(12)
0O(2)-C(11)-C(12)
0(5)-C(14)-C(13)
0(6)-C(14)-C(13)

Co-N(1)-C(3)-C(2)
Co-N(2)-C(4)-C(2)
Co-N(4)-C(5)-C(2)
N(1)-C(3)-C(2)-C(1)
N(2)-C(4)-C(2)-C(1)
N(#)-C(5)-C(2)-C(1)
C(3)-C(2)-C(1)-H(13)
C(4)-C(2)-C(1)-H(14)
C(5)-C(2)-C(1)-H(15)
C(3)-C(2)-C(1)-H(25)
C(4)-C(2)-C(1)-H(13)
C(5)-C(2)-C(1)-H(14)

O(1)-C(11)-C(12)-C(13)
0(2)-C(11)-C(12)-0(4)
C(11)-C(12)-C(13)-C(14)

% The torsion angle about the bond J-K is the angle the bond K-L is rotated from the 1JK plane. 1t is positive when, on looking from IJ to

KL, the rotation is clockwise.
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Bond Lengths, A

Ligand 1
1.970 (3) N(4)-C(5)
1.974 (3) C(3)-C(2)
1.966 (3) C(4)-C(2)
1.495 (5) C(5)-C(2)
1.495 (5) C(2)-C(1)
Ligand 2
1.975 (3) N(5)-C(10)
1.973 (3) C(6)-C(7)
1972 (3) C(9)-C(7)
1.492 (5) C(10)-C(7)
1.493 (5) C(7)-C(8)
Bond Angles, Deg
Ligand 1
90.07 (14) N(4)-C(5)-C(2)
88.03 (13) C(3)-C(2)-C4)
88.81 (14) C(3)-C(2)-C(5)
117.82 (24) C(4)-C(2)-C(5)
117.17 (24) C(3)-C(2)-C(1)
117.77 (22) C(4)-C(2)-C(1)
111.82 (31) C(5)-C(2)-C(1)
111.78 (30) Ligand 2
89.44 (13) N(5)-C(10)-C(7)
88.34 (13) C(6)-C(7)-C(9)
88.80 (14) C(6)-C(1)-C(10)
117.51 (22) C(9)-C(7)-C(10)
116.96 (23) C(6)-C(7)-C(8)
117.01 (25) C(9)-C(7)-C(8)
111.35 (31) C(10)-C(7)-C(8)
111.53 (32)
Interligand Angles at Co, Deg
92.53(13) N(3)-Co-N(2)
177.15 (14) N(3)-Co-N(4)
88.73 (14) N(6)-Co-N(4)
89.16 (13) N(4)-Co-N(5)
176.14 (14)
Tartrate lon
Bond Lengths, A
1.250 (6) C(13)-C(14)
1.244 (6) C(12)-C(13)
1.249 (4) C(12)-0(4)
1.254 (4) C(13)-0(3)
1.531(4)

Bond Angles, Deg

126.69 (30) C(11)-C(12)-C(13)
125.65 (27) C(12)-C(13)-C(14)
116.15 (42) C(11)-C(12)-0(4)
117.15 (41) C(13)-C(12)-0(4)
117.60 (28) C(12)-C(13)-0(3)
116.75 (30) C(14)C(13)-0(3)

Torsion Angles,? Deg

Complex Cation

+26.7 (4) Co-N(3)-C(6)-C(N
+29.0 (4) Co-N(6)-C(9)-C(7)
+27.6 (4) Co-N(5)-C(10)-C(7)
+164.4 (3) N(3)-C(6)~-C(7)-C(8)
+162.5 (4) N(6)-C(9)-C(7)-C(8)
+164.7 (4) N(5)-C(10)-C(7)-C(8)
-66 (3) C(6)-C(7)-C(8)-H(24)
—61 (4) C(9)-C(7)-C(8)-H(26)
—-69 (3) C(10)-C(7)-C(8)-H(25)
+50 (3) C(6)-C(7)-C(8)-H(25)
+55 (3) C(9)-C(N-C(8)-H(24)
+59 (4) C(10)-C(7)-C(8)-H(26)
Tartrate Ion
+56.6 (5) 0(6)-C(14)-C(13)-C(12)
+1.3(5) 0(6)-C(14)-C(13)-0(3)
+169.9 (4)

1.493 (5)
1.524 (6)
1.529 (5)
1.528 (5)
1.544 (6)

1.504 (5)
1.535 (5)
1.521 (6)
1.526 (6)
1.542 (6)

111.78 (31)
111.00 (33)
109.34 (32)
110.54 (32)
109.12 (36)
108.33 (35)
108.46 (35)

111.70 (30)
110.32 (34)
109.28 (34)
111.03 (34)
108.43 (37)
108.67 (39)
109.06 (37)

93.46 (14)
176.39 (14)
88.42 (13)
94.53 (13)

1.531 (4)
1.513 (5)
1411 (5)
1423 (4)

109.66 (26)
111.10 (25)
111.67 (37)
111.86 (31)
110.41 (29)
110.78 (28)

+29.3 (4)
+31.4 4)
+29.0 (4)
+162.6 (4)
+162.1 (3)
+163.1 (4)
—~68 (3)
=57 (3)
-57(3)
+62 (3)
+52 (3)
+64 (3)

+48.5 (5)°
+171.6 (3)
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Table 11I. Apparent Hydrogen Bonds with the Complex Cation®

N_H. . .B’
N--B,A H -BA deg
N(1)-H(1)- - -0 2.835(4) 196(5) 168 (4)
N(1)-H(2)- - -O(5) 3.083(4)  2.17(5) 170 (4)
N(2)-H(3)- - -0(3)} 3.301(4) 253(5) 165(4)
N(2)-H4)- - -0(8), 3.103 (5)  2.25(5) 166 (4)
N(3)-H(5) - -0(3)! 2922(4) 2073 175(4)
N(3)-H(6)' - -O(7) 2.967(4) 2.06(5) 165 (4)
N(4)-H(7)- - -Ctii 3.267(3) 2.42(5) 1794
N(4)-H(8)- - -O(6)1i 2913(4)  195(5) 162 (4)
NG5)-HO) --09) . 3.103(5) 2.20(5) 155 (4)
N(5)-H(10) --0(6)!  3.052(4) 2.23(5) 167 (4)
N(6)-H(11) - -0(5)HE 31114 231(5) 147(4)
N(6)-H(11)---CEl 3409 (3) 281(5) 124(4)
N(6)-H(12)- - -0 29904 197(5) 163 @)
O-H: - B,
O--B,A H-BA deg
0(3)-H(31) - -0(5). 2,630 (4) 216 (5) 120(5)
0(3)-H(31) - 09V 2978 (5) 250(5) 122(5)
0(4)-H(32) - -0(2) 2628 (4) 2.12(5) 123(5)
O(4)-H(32)- - -0(10)¥  2.942(6) 2.26 (5) 147 (5)
O(7)-H(35) - -0(2)} 2.641 (4) 94 (6) 146 (6)

0(7)-H(36)- - -0(5)iil
0(8)-H(37)- - -0(1) .

0(8)-H(38)" - -0(6)li

0(9)-H(39)" - -O(10)
0(9-H40)- - -Cl
0(10)-H(41)- - -0(13)" 2,654 (14)
0(10)-H(42)- - -0(8) _ 2.930 (6)

O(11)-H@3)- - -0(13)¥  3.117 (24)
O(11)-H(44)---0(1)  2.870 (16)
0(12)-H@7)---ClV 3.141(6) 2.37(25) 141 (14)
0(12)-H@6) - -O(MY 2774 (7)  2.05 (12) 158 (10)
O(13)-H(45)- - -Cl'  3.031(13) 2.25(11) 149 (10)
0(13)-H@48)- - -0 2.705 (13) 1.52(23) 143 (14)

@ Symmetry operations: () x, v,z + 1; () x — 1, y, z — 1; (iii),
x—1Lyz;(xy,z-10M1-xy+Y:,-2;(vD)1-xy~
a, —2.

2.709 4)
2.772 (4)

1
1.94 (6) 168 (6)
1.87(6) 157 (5)
2723 (4)  194(6) 174 (6)
3.293(8) 2.80(6) 160 (D
3.174 (6) 245 (6) 136 (5)
2.07 (7) 126 (6)
240@8) 144 (9)
1.79 (21) 151 (14)
2.08 (18) 163 (19)

~O(8)-H-+O hydrogen bonds between the water molecules and
the carboxylate oxygens of the tartrate ions engender chains
of end-to-end connected tartrate ions. These chains are bonded
through the [Co(tame),]** ion which forms numerous N-H«Q
hydrogen bonds with the water oxygens O(7), O(8), and O(9)
and the carboxylate and hydroxyl oxygens of the tartrate ions.
The [Co(tame),]** ion also forms two N-H--Cl hydrogen
bonds with the chloride ion. In fact every.N-H hydrogen is
involved in some close interaction with an oxygen atom or
chloride ion. Only one bifurcated N~H hydrogen interaction
is evident, and this is the N(6)-H(11) interaction with CI" and
O(5). The hydrogen bonding in the molecular plane parallel
to ac is clearly indicated in Figure 3 and the dotted lines
represent relatively weak hydrogen-bond interactions. Table
I1I shows that the N--O distances range from 2.835 (4) to
3.301 (4) &, a slightly larger range than that of the neutron
diffraction distances listed by Hamilton and Ibers,* 2.87-3.07
A, for unbranched bonds. Some of the N-H:O bonds ob-
served here may be weakened by the multiple hydrogen-
bonding interactions of the tartrate and water oxygens or the
optimum packing hydrogen-bond arrangements which may not
favor strong hydrogen bonds in all N-H---O encounters. The
N-H-O angles for unbranched bonds range from 155 (4) to
175 (4)° and lie well within the range 119-175° determined
from the neutron diffraction studies.>** The N-H--O and
N-H---Cl angles of the bifurcated interaction are 147 (4) and
124 (4)°. For the N-H~Cl interactions, the N-.Cl distances
of 3.267 (3) and 3.409 (3) A lie within the range 3.15-3.48
A established by the neutron diffraction. The N-H-~Cl angles
of 124 (4) and 179 (4)° lie on the outskirts of the literature
range (122-171°). .
The unforked hydrogen bonds involving the tartrate ions and
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Figure 4. The A-[Co(tame);]?* ion with 50% probability thermal
ellipsoids for the nonhydrogen atoms,

the water oxygens O(7) and O(8) (Figure 3) have O--O
distances and O—H--O angles ranging from 2.641 (4) to 2.772
(4) A and from 146 (6) to 174 (6)°, respectively. The cor-
responding neutron diffraction ranges are 2.49-3.00 A and
132~-180° for unsymmetric unbranched O—H---O bonds. The
tartrate hydroxyl groups appear to form bifurcated O-H--O
bonds with an internal carboxylate oxygen and a water oxygen,
0(9) and O(10) (see Figures 2 and 3). The internal O-.O
distances of 2.630 (4) and 2.628 (4) A and the O--O(water)
distances of 2.978 (5) and 2.94 (2) A lie within the established
range. The O-H---O angles of 120 (5)-147 (5)° are similar
to those observed by neutron diffraction in other bifurcated
systems. The other O-H-+O hydrogen bonds involve the O-H
bonds of the water whose oxygen is O(10) and the disordered
waters with oxygens O(11), O(12), and O(13). These oxygens -
are O-H---O bonded bétween themselves to a carboxylate
oxygen of the tartrate ion and to the water oxygens O(7) and
O(8). Together with the O—H---Cl bonds formed by O(12)
and O(13), each of the water oxygens O(10)-O(13) provides
a direct or indirect hydrogen-bonded link between the mo-
lecular planes discussed above. The O—H..Cl interactions
listed in Table 111 also have O--Cl distances and O—H---Cl
angles not significantly different from the literature values
of 3.09-3.18 A and 153-166°,

If the chloride ion has an ionic radius of 1.81 A and the C,
N, and O atoms have van der Waals (VDW) radii*® of 1.7,
1.5, and 1.4 A, there are no intermolecular nonbonded dis-
tances between the nonhydrogen atoms less than the sum of
the VDW or VDW and ionic radii. For a hydrogen VDW
radius of 1.2 A there are only two intermolecular nonbonded
contacts involving H atoms which are significantly less than

"the VDW radii sum. One of these is a C--H contact of 2.47

(6) A (VDW radii sum is 2.9 A) imposed on the carboxylate
carbon, C(11), of the tartrate ion by the O(8)-H.-O(1)
(carboxylate oxygen) hydrogen bond. The other contact
involves the same water oxygen O(8) and a methylene hy-
drogen on [Co(tame),]** and is probaby imposed by N-
H--O(8) hydrogen bonding (see Figure 3). The contact
O(8)-+H(20) of 2.37 (5) A is not however inordinately less
than the VDW sum of 2.6 A.

The atoms of [Co(tame),]** show the expected variations
of their root-mean-square components of thermal vibration,*
with the methyl carbons having the largest components ap-
proximately perpendicular to the pseudo-C; axis of the cation
(see Figures 4 and 5). In the (+)sso-tartrate ion the largest
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Figure 5. The A\-[Co(tame);]3* ion viewed down the molecular
threefold axis and showing a right-handed (A) screw sense.

components are approximately normal to the CO-CQO, planes
as expected (Figures 2 and 3). The water oxygens O(9)-0O(13)
have the largest vibration amplitudes and the weakly hy-
drogen-bonded oxygens O(10) and O(11) show exceptionally
large values.

The Cation Geometry. The cation is shown in Figure 4 and
in projection down the pseudo-threefold axis in Figure 5. The
bond length and angles averaged over D, symmetry are given
in Table IV. They are all normal for structures of this type*s3’
with the exception of the terminal C-C distances. Their mean
length of 1.543 (4) A increases to 1.560 (4) A when corrected
for thermal motion by the riding mode] which is significantly
longer than the methylene to quaternary carbon bond dis-
tances. The mean N-H distance of 0.91 (2) A observed here
is slightly longer than the “optimal” value of 0.87 A deter-
mined by Churchill®® for x-ray N-H distances. The mean
C-H length (excluding the methyl values which were not
corrected for thermal motion) is found to be 0.99 (2) A, again
slightly longer than Churchill’s “optimal” value of 0.95 A.

The angular geometries of the two tame ligands are almost
identical for angles related by the pseudo-twofold axis bisecting
the N(1)-Co-N(3), N(4)-Co-N(5), and N(2)-Co-N(6)
angles. These twofold related angles are tabulated in jux-
taposition (Table II) for the nonhydrogen angles of the two
ligands and all, except the N(1)-Co-N(2) and N(3)-Co-N(6)
angles, are similar to within three standard deviations.
Similarly, with the possible exception of the N-Co~N angles,
the pseudo-threefold related angles of each ligand are
equivalent, and the total nonhydrogen angular geometry of
the complex conforms closely with Dy symmetry. The mean
angles N-Co-N, Co-N-C, N-C-C, and C-C-C of the
chelate rings are 88.92 (6), 117.37 (10), 111.66 (13), and
110.25 (14)°, respectively. The equivalent angles in the
quasi-D; complex (=)ss—{Co(R,R-ptn);]** (pta is 2,4-di-
aminopentane), which has six-membered chelate rings similar
to those of [Co(tame),]**, have the mean values 89.0 (3), 118.0
(4), 112.0 (6), and 117.2 (7)°.7 Only the C-C—C angles differ
significantly from those observed in {Co(tame),]** and the
closely tetrahedral value of 110.25 (14)° found here is probably

- imposed by the quaternary carbons. All angles in the [Co-
(tame),]** complex involving hydrogen atoms are tetrahedral
to within three standard deviations.

The CoNg core of the complex is distorted significantly from
octahedral geometry, the main distortion being a relative
trigonal twist of the donor groups N(1), N(2), N(4), and N(3),
N(5), N(6) (see final section). This is probably caused by the
repulsive hydrogen contacts H(2)--H(11), H(8)--H(10), and
H(3)-~H(5) (see Figure 4 and Table IV) and is in the correct
sense to relieve such interactions. This twist increases the
N(1)-Co-N(6), N(2)-Co~N(3), and N(4)-Co—N(5) angles
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Table IV. Comparison of Geometry of [Co(tame),]** Isomers

Atoms AA(crystal)®  An Sh

Bond Lengths, A
Co-N(1) 1.972.(9) 1.963 1.969
N(1)-C(3) 1495 (11) 1.498 1.498
C(3)-C(2) 1.527(14) 1.516 1.516
C(2)-C(1) 1.543 (6) 1.517 1.517

Bond Angles, Deg
88.9 (20) 89.92 89.58
88.8 (7) 88.25 90.42
93.5 (20) 91.97 90.42

N(1)-Co-N(2)
N(1)-Co-N(3)
N(1)-Co-N(6)

N(1)-Co-N(5) 176.6 (7) 177.07  180.00
C(3)-N(1)~-H(1) 107 (5) 108 108
C(3)-N(1)-H(2) 106 (10) 109 108
Co-N(1)-H(1) 107 (6) 106 107
Co-N(1)-H(2) 111 (11) 112 112

Co-N(1)-C(3)
N(1)-C(3)-C(2)

117.4 (9) 115.2 115.2
111.7 4 111.6 111.5

N(D)-C(3)-H(17) 109 (7) 110 110
N(1)-C(3)-H(16) 107 (8) 108 108
C(2)-C(3)-H(16) 113 (4) 110 110
C(2)-C(3)-H1T) 110 (10) 110 110

C(3)-C(2)-C(1)
C(3)-C(2)-C(4)
C(2)-C(1)-H(13)

108.7 (8) 108.8 108.8
110.3 (18) 1102 110.1
110 (10) 110 110

Close Contacts, A

N(1)- - -C(4) 282(3 278 2.17
H(1)- - -H(18) 2.49 (13) 2.34 2.33
H(1) - ‘H(16) 2.12 (15) 222 221
H(2) - -H(17) 2.13(14) 2.27 2.26
H(2) - -H(11) 2.24 (14) 2.12 2.10
H(1)- - -H(6) 231314 2.28 2.10

Torsion Angles, Deg :
Co-N(1)-C(3)-C(2) +28.8 (47) +32.5 330
N(1)-C(3)-C(2)-C(1) +163.2 (26) +160.7 160.4
C(3)-C(2)-C(1)-H(13) -63 (12) -64 64
C(3)-C(2)-C(1)-H(15) +57(7) +56 56

@ Values in parentheses are the ranges of symmetry-related
geometries.

t0 92.53 (13), 93.46 (14), and 94.53 (13)°, respectively, from
the octahedral value of 90° and correspondingly decreasés the
N(2)-Co-N(5), N(1)-Co-N(3), and N(6)—-Co~N(4) angles.
The six-membered chelate rings all have the A conformation,
describing the left-handed helix defined by the C--C(meth-
ylene) and NN skew lines.” The conformation is inter-
mediate between that of the regular skew boat and a boat ring
and may be described as an asymmetric skew boat. Torsion
angles are given in Table IT and the skew-boat conformation
is clearly indicated by the fact that all Co-N-C—C torsion
angles have the same sign. The magnitudes of the C-C-C-H
torsion are all 60° to within 3¢ and indicate almost complete
staggering of the methyl groups with respect to the opposing
C-C bonds. The staggered conformation is also stabilized by
minimizing H--H repulsive contacts with the methylene
hydrogens and is illustrated in Figure 5.

The Tartrate Ion. The (+)sgq-tartrate ion is well illustrated
in Figures 2 and 3. The mean carboxylate: C-O bond length
is 1.249 (3) and 1.266 (3) A when corrected for thermal
motion effects. As observed in the structure of ammonium
tartrate®® the chemically equivalent bond lengths in the tartrate
ion are similar to within 3¢. The mean C—O(carboxylate)
distance found in that tartrate structure was 1.252 (7) A,
uncorrected for thermal motion. The average C-C(carbox-
ylate) distance of 1.531 (3) A seen here is slightly longer than
the central C(12)—C(13) value of 1.513 (5) A. A similar effect
was observed in the ammonium tartrate structure, the re-
spective lengths being 1.542 (9) and 1.528 (13) A, but the
difference there is not significant. The mean value of 1.417
(3) A for the C-O(hydroxyl) bond is similar to the value of
1.413 (9) A in ammonium tartrate. In other tartrate
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structures*®*! chemically equivalent bond lengths have
sometimes been found to differ. The chemically equivalent
bond angles found here in (+)sgs-tartrate are similar to within
4¢ and not significantly different from those in ammonium
tartrate. Angles involving hydrogen atoms do not differ
significantly from the tetrahedral value. The mean O-H bond
distance found in this structure is 0.79 (2) A (averaged over
O-H bonds in the tartrate and water molecules with oxygens
O(7), O(8), and O(9)) and shows the expected shortening with
respect to the N-H distance of 0.91 (2) A. The CO,-CO,
sections of the tartrate ion are closely planar and twisted with
respect to each other by 78.3 (2)°. The ammonium tartrate
structure showed a similar twist of 62°.

Conformational Analysis. The potential energy of the
isomers was computed by the strain energy formalism. 4244
The strain energy U, is represented by the summation
2 Ui = 2Up + Unp + 2U; + U, where the terms are
functions describing contributions from bond stretching,
nonbonded interactions, angle deformation, and bond torsion,
respectively. The form and parameterization of these con-
tributions were, except for bond torsion,* those used previ-
ously.*#7 Trial coordinates for each isomer were computed
by Hilderbrant’s procedure*® which determines Cartesian
coordinates from estimated internal geometry with the pro-
gram carT. The energy minimization procedure**¢ was
carried out both with and without symmetry constraints*® for
each isomer with program mor. Table IV contains the
minimized asymmetric unit internal geometry for the two
isomers and includes the D; averaged values for the AX isomer
in the crystal. The converged internal geometries resulting
from the independent Cj-constrained and Dj-constrained
refinements were identical and only the independent results
are given here. The final coordinates of both conformers are
available.®® Table IV shows that the observed geometry of
the A\ isomer in the crystal is accurately reproduced by the
energy-minimized values despite the high accuracy of the
structural analysis and the extensive hydrogen bonding of the
N-H hydrogen atoms in the crystal.

The intra- and interligand close contacts are essentially
identical in the observed and computed molecules, allowing
for the slight reduction in the x-ray N-H (0.91 (2) A) and
C-H (0.99 (2) A) bond lengths from the minimized values
(0.99 and 1.06 A). The torsion angles about the N~C and
C—C bonds defining the chelate ring conformations are slightly
more eclipsed in the observed structure (28.8 (2) and 163.2
(2)°; cf. 32.5 and 160.7° calculated). The observed relative
staggering of the methyl groups about the C(1)-C(2) bonds
is predicted in the computed molecules. The observed trigonal
twist of the two tame ligands, exemplified here by the ex-
pansion of the N(1)-Co-IN(6) type angles (93.5 (1)° crystal,
92.0° minimized) and the compression of the N(1)-Co-N(3)
type angles (88.8 (1)° crystal, 88.3° computed), is similarly
predicted by the molecular energy minimization and is caused
by repulsive H(2)-+-H(11), H(1)-~H(6), and symmetry-related
contacts. These contact distances have the respective values
2.12 A (0.6 kcal mol™) and 2.28 A (0.3 keal moV™!). For the
Ad-[Co(tame),]** isomer, the minimized configuration has Cj;
symmetry and necessarily there is no relative twist of the two
ligands. The N-H--H-N interligand contacts in this case
merely serve to maintain the interligand angles near their
octahedral values.

The final strain energies of the AA-[Co(tame),]** and
Ad-[Co(tame),]** isomers are 26.9 and 28.5 kcal mol™ (Table
V) for the complete molecules. From the subdivision in terms
of the net Up, Uyp, Uy, and Uy, energies given in Table V and
the above discussion, it is apparent that the major part of the
total energy difference of 1.6 kcal mol™ resides in the in-
terligand N-H--N-H nonbonded interaction terms. Thus in

Rodney J. Geue and Michael R. Snow

Table V. Final Strain Energies® of the [Co(tame),]** Isomers

Con-
former Refinement Up zUnp AUy =Up Ugota

58 Independentb 2.07 13.57 4.61 6.64 2690
56 Independent2¢ 1.76 11.83 443 6.64 24.66
86 C, constrained® 1.77 11.89 437 6.63 24.67
86 D, constrained® 1.77 11.89 437 6.64 24.67
§6 Independent3¢ 1.81 12.00 4.18 7.15 25.14
A$ Independent 1 237 1509 4.26 6.77 2849
A8 Independent 2°¢ 2.09 13.34 4.07 6.77 26.27
A8 Independent 3¢ 213 13.53 378 7.2 26.56

@ All energies in kcal mol™!. 2 Whole molecule. € Methyl
groups omitted. 4 In these refinements the intrinsic torsion ener-
gies about the bonds were defined as.functions of only one of the
nine torsion angles.
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Figure 6. (a) Visible absorption spectra of [Co(tame);]Cls (—) and
[Co(en)3]Cl3 (---) in water. (b) CD curves of [Co(tame);]Cl3 0.01
M in aqueous K,[(+)sso-tart] at concentrations of 0.01, 0.044, 0.22,
and 1.06 M. (c) CD spectra of [(+)sgo-[Co(en)3] CI[(+)sgs-tart]-xH,O
(---) and [A-[Co(tame),]Cl1][(+)s8g-tart]-5.4HO (—) in a polystyrene
disk, (+)sg9-[Co(en)3]Cl3 in aqueous solution (- - - +), and [Co-
(en)3]Cl3:3H,0 in a KBr disk (+).

Aé-[Co(tame),]** the H(1)-~H(6) type interactions contribute
six terms of 0.7 kcal mol™! (total 4.2 kcal mol!), whereas in
A\-[Co(tame),]*t the H(2)~H(11) and H(1)-H(6) type
contacts contribute three terms each of 0.6 and 0.3 kcal mol™
(total 2.7 kcal mol™!). It is also evident from Table V that
the isomeric energy differences are similar for the complete
and reduced molecules, although for comparative refinements
in which the torsion energies were defined as functions of only
one of the nine torsion angles the energy difference is only 1.4
kcal mol™. \

Optical Activity. The spectral properties of [Co(tame),]**
and [Co(en);]*" ions are compared in Figure 6. The ab-
sorption spectra are similar and for [Co(tame);]Cl; €y, for
the 472 nm 'A,, — 'T), transition is 81 cm? mol™. Because
the [Co(tame),]** conformers equilibrate in solution, we have
recorded the CD (circular dichroism) spectra as finely ground
and dispersed powders in polystyrene. The solid-state CD
spectrum of [Co(tame),] Cl[(+)sgo-tart]-5.4H,0 in a polished
polystyrene disk shows a single large positive peak under the
1A}, — 'Ty, absorption band envelope of the Co"!Nj chro-
mophore. Polystyrene disks were employed to avoid the
possibility of conformational isomerization on forming a solid
solution in a KBr disk. The similarity between the solid-state
visible CD spectra of (+)sge-[Co(en);]CI-3H,O and
[(+)s55-[Co(en);]Cl] [{+)sgq-tart]-xH,O indicates that the
contribution to the complex ion CD from the dissymetric
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influence of the tartrate ion is considerably lower in magnitude
than the intrinsic molecular effect. Hence the CD exhibited
by the [Co(tame),] Cl[(+)sgo-tart]-5.4H,O crystals in the A,
— IT,, absorption region should be largely representative oi
the A\ configuration of the complex [Co(tame),]** ion. Other
CD studies of symmetrical Co(I1I)-complex cations, in solid
and solution media containing optically active counteran-
ions,”®53 have shown that the optical activity induced in these
complexes by the dissymmetric environments is generally an
order of magnitude less than that observed here for [Co-
(tame),]** and (+)sg5-[Co(en);]**.

Relatively large changes induced in the visible solution CD
spectra of [Co(diamine);]** complexes by certain polarizable
oxy anions (e.g., PO,* and Se0;%)°* %2 have sometimes been
attributed5388? to specific ion-pair formation through hy-
drogen bonding between the oxy anion and preferred con-
formational isomers. In some cases (e.g., (+)sso-[Colen);]**
and (+)sg9-[Co((+)s30-pn)]**; pn is 1,2-diaminopropane), the
ion pairing has been considered to modify the d—d transition
rotatory strengths in the preferred complex conformer, either
by mixing with a new charge-transfer transition generated by
the ion-pair complex®*" or by the dissymmetry associated with
new asymmetric centers at the nitrogen donors.® In others
(e.g., (+)sgo-[Co(tn);]**; tn is 1,3-diaminopropane), it was
thought that the visible solution CD spectral changes reflected
a variation in conformer proportions resulting from the specific
ion pairing rather than electronic changes in the associated
conformers.’*%* In the crystalline [Co(tame);]CI(+)sgs-
tart]-5.4H,0 salt, the complex cation is elaborately hydrogen
bonded to surrounding (+)sgs-tartrate and water molecules.
However, as implied above from the studies of tartrate in-
fluence on symmetric Co(III) complexes®?** and from the
similarity. between the solid-state. visible CD spectra of
(+)ss-[Co(en)s]3* in various halide environments and that
in a preferred (+)sgg-tartrate environment, it is assumed here
that the outer-sphere (+)sgo-tartrate perturbations on the
visible CD of [Co(tame),]** are considerably less than the
observed visible CD of the [Co(tame),] Cl[(+)sgo-tart]+5.4H,0
compound. ~

The CD curve for [Co(tame),]** in aqueous (+)sgo-tartrate
solution indicates a substantial Pfeiffer effect®® in the visible
spectral region (Figure 6b). This has the same sign as observed
in the crystal spectrum and it is tempting but not necessary
to coriclude that in solution with (+)sgg-tartrate the A\ = 86
equilibrium is shifted to the left. Both the crystal and the
(+)sgq-tartrate solution of the complex ion give (+)sgo signs
in CD and ORD and phenomologically the complex in the
crystal can be described as (+)s35-AA. Inspection of the C;
view of the complex (Figure 5) shows it to form a right-handed
helix and the complex ion may be fully designated (+)sgs-
AX-[Co(tame),]**.

Correlation of Observed and Computed CD. The geometry
and absolute configuration of the CoNy core are relevant to
the evaluation of the optical activity models of Piper and
Karipides'? and of Richardson.’>1¢-18 The Co'!Ny chro-
mophore of A-[Co(tame),]>* observed in the crystal structure
is depicted in Figure 7 as a projection onto the plane per-
pendicular to the pseudo-C; axis of the complex ion. The
trigonal twist angles, w, were here defined by donor atom pairs
having the chiral sense of a A tris(bidentate) complex and are
shown with the polar angles, 8, subtended by the six Co—-N
bonds at the C; axis. The pseudo-C; axis was defined by the
perpendicular (through the Co atom) to the average of the
donor atom planes N(1), N(2), N(4) and N(3), N(5), N(6),
and the trigonal-twist angles were determined from the
projections of the appropriate Co—~N bonds on this mean plane.
The results for cobalt tame and en complexes are compared
with the octahedral values in Table VI. For AAX-[Co-
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5375°

54.10°

SL17°

Figure 7. The CollINg core of M-[Co(tame),]3* in projection down
the molecular threefold axis.

Table VI. CoMIN, Core Geometry

Complex w,% deg 6,% deg Ref
AMN-[Co(tame), ]** 55.8 (23) 54.0 (9) d
AA-[Co(tame), ]** 56.8 54.7 b
&A-[Co(tame),]** 60.0 54.4 b
AMA-[Co(en), ]** 54.9 (23) 55.9 (6) e
MA-[Co(en),]* 56.2 54.9 b, c
Octahedron 60 54.74

¢ See text for angle definitions, errors are the esd’s of three inde-
pendent values. ° From energy minimization calculations. ¢ K.
R. Butler, P. F. Crossing, and M. R. Snow unpublished calculations.
d This crystal study. € Reference 71; Cl;-H,0 salt.

(tame),]** the chromophore configuration is equivalent to that
of a A tris(bidentate) complex having an azimuthal contraction
(w > 60°) and an insignificant polar or trigonal elongation
(8 < 54.74°) of the Co''N; core.

The signs of the rotary strengths for the ‘A, — 'A; and 'A,
— IE transitions of a D; Co!"N chromophore are predicted
from the first-order crystal field model of Piper and Karipides'
to be determined by the equation

R' =zez(3/7)(35m)? sin® § sin 36

where +, — refer to the 'A; — 'E and 'A; — 'A, bands. The
term & is £(60 — w) where the positive and negative signs refer
to the A and A configurations, respectively. In the present
analysis the observed CD-% for the 'E band of A(+)sss-
[Co(en);]3* is used as a reference to define the absolute sign
for R’. This complex, which has w < 60° and 6 < 0° in
crystalline environments,”®’® exhibits a large positive rotatory
strength for the 'A; — 'E chromophore transition. The above
expression for R’ then gives the correct sign for the observed
CD bands of A(+)sze-[Co(en);]** if the donor atom charge
z is positive as will be assumed here. Evidence for charge
delocalization in complex ions?®? indicates that this situation
may be physically approached but is probably unrealistic
because of the relatively large negative charges on the nitrogen
atoms in uncomplexed amino groups. However, this is un-
important when predicting the rotatory strengths of complexes
with chromophores similar to that of the reference.

The distortion constant (8) for the AAA-[Co(tame),]**
chromophore is determined from the mean w value of 55.83°
to be +4.17°, and the configuration is essentially the mirror
image of that for the chromophore generally observed in crystal
structures of A-[Co(en);]** which has & < 0°. The expression
for R’then indicates a negative rotatory strength for the 'A,
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— 1E component of the !A;, — 'T,, absorption band of the
observed A\-[Co(tame),]** chromophore. Similarly a positive
rotatory strength is predicted for the 'A; — 'A, transition.
If the single positive band observed in the solid-state visible
CD spectrum of A\-[Co(tame),]** is indeed the composite of
a dominant®®® !E band and a recessive !A, band, Piper’s model
is refuted, and the nodal properties of the rotatory strengths
in D; complexes are not trivially determined on the basis of
a first-order crystal field model of the ML¢ chromophore.
However there is some evidence, both experimental and
theoretical, to suggest that the 'A, CD component of the ‘A,
— lTlg octahedral transition may possibly dominate in this
complex.

The effect of phosphate ion on the aqueous solution visible
CD spectra of the complex ions (4)sge-[Co(en);]3*,37°
(H)sso-[Co((+)pn)3]**,>*7 and A-(-)sge-[Co((+)chxn);]**
(chxn is 1,2-cyclohexaminediamine)® was described in terms
of an enhancement of the ‘A, — 'A, and a reduction of the
1A, — IE component rotatory strengths under the low-energy
IT,, absorption band envelope. This was attributed®6.8:60.63
to the [Co(diamine);]**—PO,>" ion-pair interaction, and as-
signment of the CD bands was inferred from the
identification®>3? of the 'A, and 'E bands observed in the
visible CD spectrum of aqueous (+)sgs-[Co(en);]3*. The
visible CD spectrum of (+)sg5-[Co(sen)]>*, where sen is the
sexadentate ligand CH;C(CH,NHCH,CH,NH,);, was
found® to be remarkably similar in form to the spectra of the
above tris(diamine) complexes in phosphate ion solution. Since
the [Co(sen)]** complex consists of a [Co(en);]** substrate
trigonally capped by CH;C(CH,-);, the assignment of the
low-energy trigonal CD components was again based on the
[Co(en);]°* results.®>3? The higher energy dominant negative
CD component under the 'A;, — T, envelope of (+)sg,-
[Co(sen)]** was consequently ascribed to the 'A — A
transition of this ideally C, symmetric complex, and the
[Co(sen)]** complex was regarded as a model for the [Co-
(diamine),]**,PO,*> ion pair in speculation on the origin of
the observed CD changes in phosphate ion solutions.5® If these
conjectures are correct and the 'A band is dominant in the
CD spectrum of the trigonally capped complex, then the single
positive CD peak observed for [Co(tame),]** under the 'A,,
— IT, envelope may well be composed of a dominant ‘A,
band and a recessive 'E band. Here the tame ligands simulate
the CH,;C(CH,NH-), trigonal cap of [Co(sen)]**, but the
asymmetric nitrogen centers, proposed® to be the major source
of differences between the visible CD spectra of (+)sgo-
[Co(sen)]?* and (+)sz0-[Co(en);]**, are absent in the [Co-
(tame),]>* complex. If the lower order environmental effects
are disregarded, the sole source of dissymmetry and optical
activity in the solid-state structure of [Co(tame),]3* is the
conformation of the six-membered Co-tame chelate rings. The
visible CD spectra of aqueous (+)sg-[Co(sen)]** and solid-
state A\-[Co(tame),) " are comparable in magnitude allowing
for the decrease in intensity of the disk spectrum due to
depolarization of the circularly polarized light.%> It then seems
apparent that the spectrum observed® for (+)sgs-[Co(sen)]**
and possibly those found>*° for the above [Co(diamine);]**
complexes in phosphate solution could be largely influenced
(if not dominated) by the contributions arising from preferred
conformations of the trigonal caps. These may be induced by
the minimization of steric interactions with the cobalt—diamine
chelate rings, although the relative energies of the possible
conformers have not been estimated.

In the CD spectrum of aqueous (-)sge-[Co((+)cptn);] Cl,2384
(cptn is 1,2-cyclopentanediamine), the higher energy dominant
negative component in the 'A;, — 'T , absorption band region
was also attributed® to the 'A; — ‘gAZ transition of the D,
complex chromophore. Similarly the dominant positive
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component in the same region of A-(+)s39=Co(tmd);Br; (tmd
is 1,4-diaminobutane) has been assigned to the 'A, — 'A,
transition.?* Although the CD of these complexes may not
be directly relevant to that of [Co(tame),]**, the assignments,
if correct, provide further evidence that the 'E CD band under
the !T, envelope is not always dominant in D5 cobalt(IIT)-
polyamine complexes.

The one-electron crystal field model of Richardson,? which
predicts the net rotatory strength for the 'A,; — T}, transition
of a D; symmetric Co(II1) complex to second order in per-
turbation theory, also offers some conjectural support for the
dominance of the !A; — A, trigonal component in the CD
spectrum of [Co(tame),]**. For ligand perturbing sites having
positively signed charges, the model implies a dominant 'A,
trigonal compnent in the net rotatory strength of the 'A,, —
IT,, transition when the polar coordinates of the perturbers
lie in the range # > 54.74° or § > 125.26°, as observed for
the majority of the ligand atoms in the [Co(tame),]** complex.
This inference is based on the observation that for (+)sg9-
[Co(en);]*, where the corresponding atom types lie on the
opposite side of the nodal polar angle (54.74°), the 'E band
is dominant®#2 (the a priori prediction of the model® when
the perturbers with 125.26° > 6 > 54.74° are assumed to have
positive charges). The result should not be affected if the donor
atom charges are negative, even when the nonligating atoms
are included (as in the Richardson model) in the expressions
for the net and component rotatory strengths. But this assumes
that the relative magnitudes of the contributions from the
nonligators and the donor atoms are similar for the two
complexes and that the polar dispositions of the atoms in each
of these groups are on opposing sides of the nodal polar angle
of 54.74° in [Co(tame),]** and (+)ss-[Co(en);]**. The model
then predicts qualitatively that the ‘A, component should be
dominant in the 'A;g — 'T}, transition rotatory strength for
[Co(tame),]** if the 'E band has the dominant CD in
(+)ss9-[Colen);]**.

If the above evidence for the dominance of the 'A, — A,
rotatory strength under the 'T,, band envelope in the CD
spectrum of [Co(tame),]3* is accepted, then the observed
positive CD band in this region supports the model of Piper
and Karipides which, as delineated above, predicts the CD for
the 'A, band to be positive from the observed structural
geometry. Nevertheless this first-order crystal field model
remains untested by the CD of the [Co(tame),]** complex
until the symmetry of the dominant CD band in the visible
spectral region is positively identified.
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