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ration of about 75 mV at a scan rate of S0 mV/s. The voltam-
mogram has been attributed to the Fe(CN)¢*~/Fe(CN)¢* couple.
The formal potential of the couple, calculated from the voltam-
mogram, is more positive than the potential for chlorine evolution
from the tetrachloroaluminate ion in the melt. Thus, ferricyanide
is thermodynamically unstable, but the homogeneous reaction is
too slow to produce any observable catalytic anodic current under
our experimental conditions. The couple undergoes a quasi-re-
versible faradaic reaction that is diffusion controlled. No elec-

troactivity of the couple was observed in neutral or basic melt,
as the couple is insoluble.
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The structures of all six important conformers of the first-row transition-metal hexaamine cage complexes M(sar)** (sar =
3,6,10,13,16,19-hexaazabicyclo{6.6.6]eicosane) have been computed by strain energy minimization calculations with fixed M~N
distances between 1.90 and 2.36 A. The excellent agreement between calculated and experimental structural parameters supports
the force field used, which involves replacing metal-donor atom angle deformation terms by nonbonded interactions between the
donor atoms. From the analysis of the total strain energy in dependence of M—-N for all conformers considered, the following
points emerge: (i) For small M—N distances (M-N < 2.0 A) five conformers have similar strain energies; viz., their relative stability
is dependent on environmental factors (crystal lattice, solution media, etc.), and this is in agreement with experimental data. (ii)
With increasing number of oblique en-type chelate five rings (ob conformations) the stability decreases with increasing size of
the metal centers, lel,0b, ob,lel, and ob; conformations are unstable vs the le/; conformations for M—-N > 2.0, 2.10, and 2.2 A,
respectively. Qualitatively, this was already assumed from experimental data; however, it has not been quantified yet. (iii) Above
~2.2 A there exists only one conformation with Dslel; geometry. This conformation is different from the Dslel; conformation
observed for smaller M~N distances (e.g. cobalt(III) cages), and it has not been identified before. (iv) The analysis of the structural
parameters of M(sar)™ in dependence on, M—N indicates that the unsteady course of the twist angle ¢ vs M—N is the result of

conformational changes, Metal-centered electronic effects in relation to these structural factors are also briefly discussed.

Introduction

Molecular-mechanics calculations are now relatively well es-
tablished in coordination chemistry.! A large part of the studies
deals with cobalt(III) hexaamines, and it is often tedious and
difficult to get accurate force field parameters for other systems.
With the recent improvement? of the widely used force field for
cobalt(III) hexaamines,? the only metal-dependent force field
parameters are the two parameters (k and r;) that describe the
metal center-ligand atom (M~N) breathing mode. One aim of
the present study was to test the quality of these changes based
on a large amount of experimental data. Furthermore, for a
recently started project, which involves the design by molecular
mechanics calculations of ligands used for stereoselective ligand
exchange on chiral matrices,*® it was also important to test these
recently proposed changes.

A large number of transition-metal hexaamine cage complexes
with sar-type ligand systems are known (sar = 3,6,10,13,16,19-
hexaazabicyclo[6.6.6]eicosane; for atom labeling, see Figure 1).
The most prominent structural variation in the whole series is the
trigonal twist angle ¢, which varies from about 25 to roughly 60°
(for definitions of structural parameters, see also Figure 1). In
a recent publication we have analyzed the variation of the twist
angle ¢ based on a ligand field model.” 1am now presenting metal
center independent strain energy minimization calculations of all
six important conformers of M(sar)**. Minimized strain energies
and structural parameters are analyzed as a function of the M—N
bond length (“blowing up” of the cages), and the calculated pa-
rameters are compared with experimental data. This analysis is
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discussed in relation to the quality of the presently used force field,
to the possible evaluation of force field parameters for metal
centers other than cobalt(IIT), and to the question of the influence
of metal-centered electronic effects toward the structure of the
cage complexes.

Experimental Section

In the molecular-mechanics formalism the structure of a complex is
calculated by strain energy minimization. The total strain energy (con-
formational energy) is parametrized into bond length (E,), valence angle
(£5), torsion angle deformation (£,), and nonbonded interaction energies
(Enb):

Ut = 2Z(Ey+ Eg+ Ey + Ey) (1)
Ey = hAy(r - ro)? (2)

Eg = hA4y(8 - 6)? (3)

E, = 1/2A¢(l + cos 3¢) (4)

Eny, = Aylexp(-Bd)] - C/d° (5

All strain energy minimization calculations have been performed with
the Fortran program MOMECss.® It involves a modified Newton—Raph-
son technique that allows for simultaneous variations in all coordinates.
All calculations are based on a recently developed force field parame-
trization,? which is widely used for cobalt(III) hexaamines. As usual,
the-strain energy minimized structures and all strain energies are the
result of the optimized structures of the “naked” complex ion; viz., en-
vironmental effects such as solvation, ion pairing, and crystal lattice
effects are not included.

The force field used involves representing valence angle bending terms
between the metal center and two ligating atoms (N-M~-N) by non-
bonded interactions between the ligating atoms N. Therefore, the only
metal center dependent parameters are related to the M—N breathing
mode (M~N-X angle functions are assumed to be metal center M in-
dependent). The M-N dependent structural parameters and strain en-

(8) Hambley, T. W. “MOMECss, a Fortran program for strain energy
minimization”; Department of Chemistry, The University of Sydney,
Australia.
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Hexaamine Cage Complexes

Figure 1. Structure and atom labeling of the cage ligands (Y = H, sar;
Y = NH,, diamsar; Y = NH;*, di(famH)sar®™, ¥ = NH,0H*, di-
(NH,OH)sar?**; C10, C14 = N, sep).

Table I. Minimized Strain Energies of the Co(sar)** Conformers (kJ
mol™)

energies
conformer Ey Eq E, £ Uotal
Dhlely 16.88 74.66 26.45 37.16 15516
Cilely 17.92 7597 23.15 35.22 152.27
Cylelyob 18.10 77.05 2075 35.10 150.99
Ciobylel 16.43 79.15 17.48 38.61 151.66
Dyob,y 14.00 79.57 17.90 4381 155.28

ergies have been calculated by using the cobalt(I1[) hexaamine force field
with fixed M-N distances between 1.90 and 2.36 A with 0.02-A steps
{bond length deformation energies involving the metal center M are not
included in the interaction list; viz., they are constant and set to zero).
The atomic coordinates of the five identified conformers of Co(sar)**,
calculated by strain energy minimization, have been used as the first set
of input coordinates. The (fixed) M—N distances have then be varied for
all conformers between 1.90 and 2.36 A (“blowing up” of the cages). In
the region 2.04-2.16 A a reduced step of 0.01 A was used. For the sixth
conformer (se¢ Results) a series of calculations with decreasing bond
lengths between 2.18 and 2.00 A (step of 0.01 A) was performed. No
symmetry restrictions have been impoesed during the minimization pro-
cedures. In all cases the total strain energies minimized to true potential
energy minima. A series of additional parameters (twist angles ¢, dis-
tance of the two trigonal planes 4, bite angles «, etc.) have been calcu-
lated from the output coordinates at the end of each energy minimization
procedure.

The plots of the structures of the calculated molecules have been
performed with the graphics package ORCHIDEE.?

Results

Conformations. The six possible conformations for sar-type M™
cage complexes (Dylels, Dylel’y, Cylels, Cylelob, Chobsylel, Dyob,)
are shown in Figure 2. The nomenclature is based on the ori-
entation of the en-type chelate five rings (parallel (lef) or oblique
(0b) with respect to the (pseudo) C, axis) and on the orientation
of the caps (catoptric or same chirality of both caps), which defines
together with the orientation of the en-type chelate rings the overall
(pseudo) symmetry {(D;, Cs, (). The Djlel’y conformation has
not been identified before. The two conformers with Dalely
symmetry are different with respect to a set of torsion angles (see
Figure 2 and Table 111, and see below), i.e., the Dilel, structure
has caps that are more eclipsed than the ones of the Dilel}
conformer. Theoretically, the same possibilities (D4, D4, and C,
symmetries) would exist for the oby conformation. However, this
does not lead to additional stable conformers (see below), and these
possibilities are therefore not included in our calculations. In
principle, there exists an additional set of conformers with the N-H
protons at opposit trigonal faces syn (and not anti as in Figure
2)."% However, such conformers have not yet been isolated, and
they are not included in the present analysis. Although no sym-
metry restrictions have been imposed during the strain energy

(9) Christen, H.; Eminger, R. “ORCHIDEE, an interactive graphics
program”; Universitats Rechenzentrum, Universitdt Basel, Switzerland.
(10) Comba, P.; Sargeson, A. M. Aust. J. Chem, 1986, 39, 1029.
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Table II. Structural Parameters of the Strain Energy Minimized
Structures of the Co(sar)™ Conformers

twist angle,” bile angle,” torsion angle torsion angle

confarmer deg deg {en).? deg (cap),’ deg
Dylely - 534 86.7 172.8 116.8
172.8 119.8
534 86.7 172.8 119.8
172.8 119.8
53.4 86.7 172.8 119.8
172.8 119.8
Cylel, 48.2 84.7 162.0 150.5
162.0 150.5
48.2 84.7 162.0 150.5
178.2 108.3
48.2 84.7 178.2 108.3
178.2 108.3
Cylelob 59.0 84.9 88.4 159.7
165.1 144.7
42.1 34.4 175.8 137.2
. 884 159.7
42.1 84.4 175.8 137.2
165.1 144.7
Cyobylel 51.2 833 95.5 161.4
818 160.3
51.2 85.3 167.3 143.0
81.8 160.3
42.9 84.8 95.5 161.4
167.3 143.0
Dyobs 57.4 86.1 94.6 15.8
94.6 1598
57.4 85.1 94.6 159.8
94.6 159.8
57.4 86.1 946 159.8
94.6 159.8

 For atom labeling, see Figure 1. *E.g. C2-C1-N1-C7; for atom labei-
ing, see Figure 1. “E.g. C10-C7-NI1-Cl: for atem labeling, see Figure 1.

minimization, the resulting structures have, in contrast to the
experimental data, pure Dy, (3, or C; symmetry. The deviation
from this high symmetry in the experimental structures is clearly
the result of environmental effects.

Energy Minimization of Co(sar)** Confermers, The five
conformations of Co(sar)>* (see Figure 2 and also ref 11; the sixth
conformation, Dlel’, does not exist for Co(sar)’* (see below))
have been calculated. Minimized strain energies and structural
parameters for all conformers of Co(sar)®* are presented in Tables
I and I, respectively. The torsional angle data (Table IT) indicate
that the N-C,, torsion angle is a valuable indicator for lef vs ob
conformation, while the N-C_,, torsion angle is very sensitive in
terms of the conformation of the cap. The conformational analysis
of the data of M(sar)™ cages is largely based on these torsion
angles.

Energy Minimization of M{sar)"* Conformers. The minimized
strain energies and structures of the six conformers of M{sar)™
have been calculated by variation of the (fixed) M—N bond lengths
between 1.90 and 2.36 A with 0.02- or 0.01-A steps./? A selection

(11) Bond, A. M.; Hambley, T. W.; Snow, M. R, Inorg. Chem. 1985, 24,
1920.

(12) A similar approach based on strain energy minimizatien of coordination
compounds {Co(sep)*/** and Co(en),2*/3*) with variable whole size
was recently used to evaluate the contribution of the Franck—Condon
term in electron-transfer rates.!* As in the present study metal donor
bending terms have been assumed to be metal center independent (but
not zero as in this work). Although the approach ard the ligand systems
investigated are very similar (but not identical in the latter case; see
Results) a quantitative comparison is restricted: (i) The force fields used
are different, and a comparison of strain energy terms is therefore not
warranted.! This is supported by a comparison of the cited study with
recently published strain energy minimizations of the same system
(Co(sep)**/3*) produced by using the same force feld that 1 am using."
Not only the strain energies but also the relative stabilities are different.
(ii) Only about one-third of the possible interactions have been taken
into account in ref 13. (iii) Only one of the three possible fe! confor-
mations has been included in the earlier work. (iv) Due to the possible
comparison with 14 X-ray structures of M(sar}™ (only 2 in the case
of Co(sep)™) the M—N range has now been extended to 1.90-2.36 A.
The main message of ref 13 in relation to the present results is that upon
“blowing up” of the cages there are substantial (coupled) changes of
angle, nonbonded, and torsional strain. Although quantitatively there
are some differences, this is in full agreement with my results.
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Figure 2. Conformations of M(sar)™. The structures shown are energy minimized with M-N = 2.06 A_
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Figure 3. Minimized strain energies of M(sar)** as a function of the

M-N bong length: {—-) Difely; (—-—) Cylely; (—) Dilel’; (--) Colel,ob;

(=== Y Crobylel; (—--=) Dyob;.

of minimized total strain energies and structural parameters as
a function of the M—N bond length are presented in Table 111
(the complete data are presented as supplementary material). For
all conformers the dependence of the minimized total strain en-
ergies U, and of the twist angles ¢ on the M=N distance are
presented in Figures 3 and 4, respectively. Experimental structural
parameters, which are presented in Table 1V, are also included
in Figure 4. For the comparison of experimental structural pa-
rameters with the calculated data I have to recall two important
facts:™'* (i) The doubly deprotonated cage ligand in V'Vdi-
(amH)sar-2H'"* and the sepulchrates (sep) are virtually different
from sar-type ligand systems.” For that reason the vanadium(IV)
complex is omitted from our discussion, and all sepulchrates are
specifically labeled in Table 1V and Figure 4. (ii) It has been
demanstrated that the influence of the substituents on the caps
of the cage ligands (Y in Figure 1) on the electronic and structural
properties of the cage complexes is negligible.™'4

The relative importance of the various contributions to the total
strain energy of each struciure depends on the conformer and on

(13) Endicont, J. F.; Brubaker, G. R.; Ramasami, T.; Kumar, K.; Dwara-
kanath, K.; Cassel, J.; Johnson, D. Inorg. Chem. 1983, 22, 3754,

(14} Comba, P; Sargeson, A. M. Phosphorus Suifur 1986, 28, 137.

(15) Comba, P.; Engelhardt, L. M.; Harrowfield, J. MacB.; Lawrance, G.
A Martin, L. L.; Sargeson, A. M.; White, A. H. J. Chem. Soc., Chem.
Comntun. 1985, 174,
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Figure 4. Calculated twist angle ¢ of M(sar)™ and experimental data
(see Table 1V) as a function of the M—N bond length: (—-, &) Djlel;;
(—-—, &) Gylely; (—, @) Dylel’y; {--, ¥) Cylelob: (—-—-=) Cyobjiel,
(—--—, ®) Dy0by; open symbols are for sepulchrate structures. For the
two conformers with €, symmetry, where the twist angle is not well
defined, the average of the three trigonal angles has been considered.

the M—N bond length. The bonding interactions are generally
not decisive in terms of conformer stability, Their contribution
to the total strain energy is quite small, and it increases in the
arder Dylely < Dylely < Cilely < Cylel,ob < Cyobylel < Dyoby
over the whole M-N bond length region. The nonbonded in-
teraction terms are for all conformers very large for small ions
and become unimportant for large M-N bonds. They are again
rather unimportant in terms of conformer stability. The torsion
angle deformation energy is roughly independent on the M-N
bond length. [t is generally larger for ob than for lef conformations
and it is increasing in the order Dylel’y < Dylely < Cilely < Cylelyob
< Cyobylel < Dyob,. Also the angle deformation energy is decisive
in terms of the most stable conformer. For small metal ions ob
conformations are preferred, and for large ones /el conformations
result in minimum angle deformations. Bond length (excluding
M-N bonds), nonbonded, valence angle and torsional terms are
increasing with increasing M-N (all conformers), are decreasing
with increasing M—N (all conformers), bave a energy minimum
at 2.15, 2.15, 2.02, 2.04, 2.00, and 1.96 A for Dylel;, Dylel’, Cylely,
Cylelob, Cyobylel, and Dy0b; conformations, respectively, and have
an energy minjmum at 2.18, 2.18, 2.02, 2.08, 2.00, and 1.90 A
for D]i&l;, D31€1’3, C3!€l!3, Clielzob, Czobzl’e!, and D]Ob] Confor'
matjons, respectively.
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Table III. Selected Minimized Total Strain and Torsion Angle Deformation Energies and Structural Parameters of all Conformers of M(sar)™ ¢

M-N dist, A Usorass kJ mol™ E,, kJ mol™! twist angle,? deg torsion angle (en),” deg  torsion angle (cap),? deg

D;Iel;v

1.90 181.27 37,61 54.6 174.9 119.1

2.00 130.22 37.03 52.7 172.1 120.4

2.05° 116.74 36.60 50.3 171.2 123.5
Dylel’y

2,10/ 104.85 27.58 317 172.5 151.4

2.20 93.15 28.73 29.0 169.6 153.0

2.30 100.84 32,37 28.0 166.0 152.0

2.35 110.71 34,85 27.8 164.2 151.1
C31813

1.90 179.83 36.21 49.1 163.9, 179.6 150.6, 108.9

2.00 126.85 3498 479 161.4, 177.7 150.4, 108.2

2.108 104.94 34.65 455 159.5, 176.1 150.5, 109.9
C;lel;ob

1.90 178.40 60.1, 44.3, 44.3 90.7, 166.1, 177.5 158.9, 143.9, 135.7

2.00 125.57 58.3,41.3,41.3 87.5, 164.7, 175.2 160.0, 145.0, 137.8

2.10 10292 55.7, 38.2, 38.2 846, 163.5, 172.6 161.5, 145.7, 140.4

2.20 102.64 53.1, 35.5, 35,5 81.6, 162.2, 169.2 162.3, 144.9, 142.7

2.30 119.74 50.8, 33.5, 33.5 78.4, 160.6, 164.5 162.1, 142.1, 144.6

2,35 13371 498, 32.5, 32.5 76.9, 159.6, 161.7 161.7, 140.0, 145.6
Cyob,lel

1.90 175.31 57.3, 57.3, 44.0 98.5, 90.3, 168.2 162.7, 161.5, 144.0

2.00 127.88 57.0, 57.0, 42.1 94.4, 86.4, 166.9 161.1, 159.5, 142.8

2.10 111.47 56.2, 56.2, 40.2 89.8, 82.5, 165.1 160.0, 137.6, 141.4

0220 118.33 54.9, 54.9, 38.3 84.9, 78.8, 162.7 159.4, 155.6, 139.8

2.30 142,95 53.3, 53.3, 36.6 79.5, 75.3, 159.6 159.0, 153.4, 137.7

2.35 160.93 52.4, 52.4, 35.8 76.5, 73.5, 1579 158.7, 152.3, 136.5
D30b3

1.90 173.69 57.3 97.3 161.5

2.00 134,12 57.4 92,6 158.7

2.10 125.47 57.3 87.3 155.9

2.20 140.14 56.7 81.6 153.2

2.30 172.64 55.5 76.0 150.9

2.35 194,12 54.6 73.1 149.9

@ Complete list of parameters is given as supplementary material. ®For atom labeling see Figure 1. “E.g. C2-C1-N1-C7; for atom labeling see
Figure 1. ?E.g. C10-C7-N1-Cl; for atom labeling, see Figure 1. *For M—-N = 2.07 A, change to Cslel; conformation. /For M-N < 2.05 A,
change to Cilel; conformation. #For M—N 2 2.14 A, change to Dslel’; conformation.

Table IV, Experimental Structural Parameters of Transition-Metal
Hexaamine Cage Complexes®

Table V. Minimized Total Strain Energies and Structural
Parameters of the Metal Free Cage Ligand sar

M-N,,, twist angle,,,

compd? conformation deg
[Collsep(NO;), Dilel, 1.974 56.7]
Collldi(NH,OH)sarCl;.4H,0  Dsob, 1.974 58.3
Felllsar(NO,), Dilel, 2.007 52.8
CrdiamsarClyH,0 Cilel, 2.073 49.0
Nilldi(amH)sar(NO3)¢H,0  Dilels 2.110 47.1
Nilldi(amH)sarCl,-H,0 Clelob 2111 457
[Niflsep(CIO,), 2111 48.0]
[CollsepS,04-H,0 Dylely 2.164 42.4]
Cu'di(amH)sar(NO;),-H,0 Dilel’ 2.169 29.8
Co'ldi(amH)sar(NO,)+H,0 Dylel’y 2.170 29.0
Mgldi(amH)sar(NO;)¢H,0  Dylel’; 2.188 27.8
Zn'di(amH)sar(NO,)+H,0 Dylel’s 2.190 28.6
Felldi(amH)sar(NO3),H,0 Dilel’, 2,202 28.6
Mn!ldi(amH)sar(NO;),-H,0 Dylel’; 2.238 27.6
Aglldi(amH)sar(NO,)H,0 Djlel’, 2,286 28.8
Cdlldi(amH)sar(NO)oH,0  Dslel’; 2.30 27.4
Hglldi(amH)sar(NO;)H,0 Dilel’s 235 25.8

“ For atom labeling, see Figure 1. #The experimental data are from ref 7;
sepulcharate structures are in brackets.

From Figures 3 and 4 and Table III, it emerges that the Dslel;
conformation exists in the M—N region of 1.90-2.07 A, D,lel’;
exists from 2.06 to 2.36 A, and C;lel; exists between 1.90 and
2.13 A; viz., Dylel; and C;lel; conformations are coexisting over
a large M-N range, whereas the region of coexistance of D,lel’
and C,lel; is considerably smaller and that of Dylely and D;lel’,
is rather narrow. It follows that there is a conformational lability
of the three structures with /el symmetry in the M—N region of
roughly 2.07 A. The scattered strain energy and structural data
in that bond length region are the result of very flat energy minima,

Ulgiats torsion angle torsion angle
conformer kJ mol™! (en),? deg (cap),’ deg
Dslel; 5829 178.1 151.2
Gylely0b 72.68 88.9,169.1,179.7 162.0, 147.6, 148.4
C,ob,lel 88.73  91.9,88.9,169.8  160.5, 159.5, 145.8
Djo0b, 104.68 937 158.6

9E.g. C2-C1-N1-C7; for atom labeling, see Figure 1. *E.g. C10-
C7-N1-Cl; for atom labeling, see Figure 1.

and it indicates that conformational isomerization does not nec-
essarily and does not immediately lead to a global energy mini-
mum. The data also imply that the jump of the trigonal angle
¢ in the region of 2:14 A is due to a relaxation of torsion angle
deformation (see Discussion). :
Energy Minimization of Some Conformers of the Free Ligand
sar. Energy-minimized structures and strain energies of the
metal-free ligand sar have been calculated on the basis of the
conformations of M(sar)"* (see Figure 2). The calculations have
been performed with $tarting coordinates from M(sar)** con-
formers with M—N of 1.97 and 2.34 A. The refined structural
and energy parameters are identical for both sets of input coor-
dinates, and the resulting conformers represent true minima. The
data are given in Table V. Clearly, these are not all possible
conformers, and structures such as the additional ones mentioned
in the Discussion and above, the intermediates of transition-metal
complexes of sar where the metal is on the way out of the cage,'¢

(16) Sargeson, A. M. Pure Appl. Ckem. 1984, 56, 1603.
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and others would also have to be considered in a comprehensive
analysis of the free cage ligands.

Discussion

Co(sar)**. Dslel, conformation has been observed in the co-
balt(I1T) and cobalt(IT) complexes of sepulchrate,'”!® whereas both
the cobalt(III)~di(NH,OH)sar'® (di(NH,OH)sar = 1,8-di-
hydroxyaminosar) and the monodeprotonated cobalt(IIT) dinosar
complexes!’ (dinosar = 1,8-dinitrosar) adopt D;0b, geometry (the
influence of the substituents on caps of the sar-type cage ligands
is negligible; the sepulchrates are structurally a slightly different
ligand system; see Results). This indicates that the total strain
of the various conformers of Co(sar)3* is quite similar; viz., it is
a function of structural subtleties within the sar and sepulchrate
framework and of environmental effects. The latter argument
is further supported by the two structures of the nickel(II) di-
(amH)sar cage complex (see Table IV).

It is important to remember the above facts with respect to the
limits of molecular mechanics calculations in general. Specifically,
I note that a comparison of the results for the sar-type cage
complexes presented herein with those for other hexaamine com-
plexes is only warranted with great care. Furthermore, a direct
comparison of strain energies is only warranted for isomers (same
number and type of interactions) that have the same chromophore
(same electronic effects).

With these limitations in mind it might be illustrative to com-
pare the present data with a recent conformational analysis of
cobalt(III) sepulchrates'! based on the same force field (see also
footnote 12). Under certain conditions and with a number of
restrictions, it is possible within a set of isomers or conformers
to calculate the distribution of the species (relative AG) from total
strain energies.* The calculated free energies at 298 K (AG,,;,
kJ mol™!) for the five conformers of cobalt(III) sepulchrate (3.8,
5.0, 0.0, 1], and 10.3 for D31€l3, C31€13, Cz[é’/zob, C20b21e1, and
Dsob,, respectively) are of the same order of magnitude as the
ones of the cobalt(IIl)—sar cages (6.9, 4.0, 0.0, 0.7, and 7.0 for
Dslels, Cylels, Cylely,ob, Cyob,lel, and Dyob, respectively). As for
the sepulchrates, the sar-type cages with asymmetrical (mixed
lel/ob conformations) seem to accommodate the cobalt(I1I) ion
best. Again, the Dy0b, conformation seems to have (relative to
the other conformers) a too small cavity for cobalt(III) (com-
pression in the direction of the C; axis; see also below). However,
the energy differences are smaller than in the case of sepulchrates,
and this might be explained by the relatively flat cap of the
sepulchrates. The inversion of the order of stability of the two
conformers with /e/; geometry might be a result of the same effect
(the cavity of the Cylel, conformer is slightly compressed compared
with the cavity of the Dslel; confomer). However, in view of the
error limits of molecular mechanics calculations in general (see
above) a discussion of such small effects does not necessarily seem
to be warranted.

M(sar)™*. In the six conformations considered (see Figure 2)
all coordinated N atoms adopt either R or S configuration (the
configurations shown in Figures 1 and 2 are all R). Clearly, cages
with different configurations are also possible (e.g. RRRSSS,
etc.!9), but they have not been observed yet and are not further
discussed in this paper. Of the six conformations considered, all
but one (C,ob,lel) have been found experimentally. Most of the
M(sar)™ cages have experimentally Diylel’s conformation, and
(pseudo) symmetry lower than D, seems not to be usual (see Table
1V). In the strain energy minimizations the fixed M—N bond
lengths have been wvaried for each calculation in the range
1.90-2.36 A for all six conformers (see Experimental Section and
Results).!? Clearly, the assumption of a fixed M—N bond length
(six identical M=N bonds) is only strictly correct for structures

(17) Hambley, T. W.; Geue, R. J.; Harrowfield, J. MacB.; Sargeson, A. M.;
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with Dy symmetry. However, apart from Jahn-Teller-active
species, the experimentally observed deviation from a mean M—-N
bond length is very small.” Therefore, the error resulting from
imposing a fixed M—N bond length on Cilely, Gylel,0b and Cyobylel
conformers is negligible.

Cage complexes with one or more en-type chelate five rings
in ob conformation are only observed for metal centers with small
M-N bonds (see Table IV). It was argued that this is the result
of a compressed cavity imposed by ob conformations.'* This
interpretation has now been quantified. From Figures 2 and 3
it emerges that up to about 2.05 A only five conformers are
existent. Up to M—N bond lengths of ~1.98 A, all these five
conformers have similar stabilities. Above ~2.0, ~2.1,and ~2.2
A Dsob,, Cyob,lel, and C,lel,0b conformations, respectively, be-
come unstable. Above ~2.20 A there exists only one stable
conformer, Djlel’;.

There is a dependence of the trigonal angle ¢ from the con-
formation of the sar-type cage complexes, and from Figure 4 and
Tables II and III it emerges that the preference for octahedral
coordination (¢ ~ 60°) is decreasing with an increasing number
of lel conformations and for /e/; conformers from Dslels to Cslel,
to Dylel’y. This is also apparent from Figure 2; viz., the horizontal
projection of the N-N distance within an en-type chelate five ring,
e.g. N1-N4 (which is related to the trigonal angle ¢), is for
structural reasons decreasing in the order ob-, Dylel-, C;lel-, and
Dslel”-type en ring. This together with the fact that the cavity
size of the cages is increasing (longer M—N bonds) with decreasing
trigonal angle’ is obviously the reason for the fact that Dyfel’;
conformation is not observed for small M~N bonds and that D;0b’
conformations are not observed at all (see Results).

In general, strain energy minimization calculations with
MOMECs5 do not directly lead to a global energy minimum; i.e.,
usually there is no conformational rearrangement. However, in
the present case in the M—N bond length region of ~2.07 A, the
three conformers with /e/; geometry have very flat minima and
this allows for conformational rearrangement. Relaxation of
torsional strain within the caps seems to be the major driving force
for these rearrangements. At 2.06 A, where all three cqnfor-
mations with Je/; geometry have been refined, the torsional strains
imposed by the 12 torsions about C-N bonds are 3.74, 3.00, and
2.61 kJ mol™ for Dslely, Cilels, and Dslel’y, respectively. Near
the transition state between two conformations the species seem
to rearrange to the structure with the least torsional strain (steepest
decent), even if the total strain energy does not become minimal.

One of the most prominent structural features of the sar type
cages with a variety of transition-metal centers (see Table IV)
is the trigonal twist angle ¢ (apart from the M—N bond lengths,
which, where data are available, are as expected from analogous
transition-metal hexaamines.” In an earlier analysis,”!* we have
noted that there is a series of largely high-spin weak ligand field
complexes with quite constant geometries, which are in between
the trigonal-prismatic and the octahedral limits (¢ ~ 28°). The
twist angles ¢ of the other complexes (largely low spin and stronger
ligand field) vary between this geometry and the octahedral limit.
It was assumed that all structures are the result of a compromise
between ligand preferences (largely steric effects) and metal center
preferences (electronic effects), and the more trigonal-prismatic
structures are the result of ligand preference while the almost
octahedral geometries reflect largely metal center preference. One
of the reasons to invoke metal-centered electronic effects in a
compromise with steric effects was the fact that the dependence
of the twist angle ¢ from the M—N bond length is not a smooth
function as could have been expected,?>2! but there is a jump in
the region of M=N ~ 2.14 A (see Figure 4). On the basis of a
relatively simple ligand field model, it was possible to calculate
the trigonal twist angles ¢ within ~5°.7!4

With the discussed molecular-mechanics calculations I am now
presenting a different analysis of the coordination geometries of

(20) Avdeef, A.; Costamagna, J. A.; Fackler, J. P., Jr. Inorg. Chem. 1974,
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transition-metal hexaamine cage complexes. On the basis of the
identification of a new conformer (it was observed but not iden-
tified before) and on the basis of the conformational lability of
the cage complexes (quantified by our calculations), the twist angle
jump at M=N ~ 2.14 A is no longer unexpected. The strain
energy minimized structures are in general and in specific in terms
of the trigonal twist angle ¢ in excellent agreement with the
experimental data.

Obviously, with both models, viz. with the earlier proposed
ligand field model”!* and with the strain energy minimizations
presented herein, the geometries of the cage complexes can be
calculated with high accuracy. Whereas in the ligand field model
metal-centered electronic effects are important in terms of the
structural result, in the strain energy minimization calculations
with the force field used the N-M-N angle is represented by pure
repulsion and the electronics of the metal center are reduced to
the M-N bonding interaction. Is that a contradiction, viz. does
one of the models accidentally lead to correct structural predictions,
or is the parametrization of one or both of the models used such
that, in terms of the coordination geometry, both models are
equivalent? There have been and still are arguments about the
force field parametrization for molecular-mechanics calculations
in relation to experimental physical parameters (e.g. arguments
on C-H and N-H bonds,>? consideration of torsional angle
deformation and 1,4-repulsion, inclusion of 1,3-interactions,? etc.),
and there have been proposals of force field parametrizations
replacing bond angle and torsion angle deformations by two body
central forces between atoms (pure central force field approach).?*
The fact that the only metal center M dependent parameters in
our calculations (which lead to good agreement between exper-
imental and calculated parameters) are related to the M—N bond
deformation implies that it is rather improbable that the electronic
influence extends to the geometry of the chromophore in terms
of N-M-N angles. If the similarity of the results based on ligand
field and molecular mechanics calculations is not accidental and
the applied force field does not include metal-centered electronic
effects, it emerges that the similar structural result with both
models implies that the electronic ground state of transition-metal
complexes is the result of the structural environment and not vice
versa. The ligand field model and parametrization used in our
earlier study clearly is based on that aspect.
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The remaining uncertainity clearly implies that, even with the
good agreement between experimental and calculated (molecular
mechanics) structural data, the results of strain energy mini-
mizations have to be considered with great care.?® The good
agreement between experimental and calculated structural data
confirms the applicability of the currently used force field, spe-
cifically for hexaamines and the transition-metal centers involved
in Table IV and with some caution in an even more general way.
This is clearly of great importance for some of our present
studies.*¢ The main advantage of the currently used force field,
in terms of its applicability in coordination chemistry, is the
representation of the valence angle bending modes involving the
metal center and two ligand atoms by nonbonded interactions.
Therefore, the only metal center dependent force field parameters
are the force constant k and the zero bond length r, describing
the M—N bond (M-N-X angle functions are assumed to be metal
center M independent). With the results of the energy mini-
mizations of the whole set of transition-metal hexaamine cages
in all possible conformations and with the large amount of ex-
perimental data for comparison, based on thz “metal ion
independent” force field, it might be possible to calculate (at least
approximately) otherwise inaccessible force field parameters for
a whole set of metal centers.
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