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A Continuous Chirality Analysis of Homoleptic Hexacoordinated Complexes
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Hexacoordinated complexes are generally considered to be
potentially chiral if they have either at least two bidentate
ligands or at least three different monodentate ligands. Here
we draw attention to a neglected general possibility, namely
that homoleptic hexacoordinated complexes with molecular
structures in between octahedral and trigonal prismatic, fol-
lowing the Bailar twisting route, are chiral. A quantitative
evaluation of the degree of chirality of such hexakis(mon-

dentate) complexes shows that they reach maximum chirality
when the trigonal rotation angle of the prism reaches 23°.
Model calculations and analysis of experimental X-ray struc-
tures are in good agreement. The most chiral of the com-
plexes with monodentate ligands that have been analyzed is
[Zr(SCeH,4-4-OMe)g]?~. The validity of the theoretical predic-
tion is also corroborated by an analysis of the chirality of the
coordination sphere in twisted tris(chelate) complexes.

Introduction

The chirality of transition metal complexes is of much
current interest mainly because of their potential applica-
tions as catalysts for asymmetric synthesis.['l Following von
Zelewsky (and somewhat modifying his list),[?! we note that
chirality can be induced in coordination compounds by: (i)
the existence of different ligands (as in [Mabcdef]); (ii) a
special spatial arrangement of ligands (as in one of the ste-
reoisomers of [Ma,b,c,]); (iii) the removal of an improper
symmetry element of a bidentate ligand through formation
of chelate rings (including the mutual breaking of an im-
proper rotation present in such ligands); (iv) coordination
of chiral ligands, of ligands which assume chiral conforma-
tions or of prochiral ligands (i.e., ligands which become
chiral upon coordination because an improper symmetry is
broken); or (v) rotational symmetry wrapping of the ligands
around the metal. Within the rotational wrapping option,
we distinguish several sub-types, namely helical wrapping,!
the propeller-type arrangement in bis- and tris(chelate)
complexes and, of relevance to this report, the Bailar-type
twist,[* which links octahedricity and trigonal prismacity in
hexacoordinated complexes, as shown in 1.

Perhaps the most elementary option for obtaining chiral-
ity is the Bailar twist, which reduces the achiral point
groups Oy, and Dsyy, to the chiral D; symmetry point group.
The simplicity of this option originates from the fact that it
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allows homoleptic [MLg] complexes to be chiral, with no
special requirement for chirality or pro-chirality of the six
ligands. Yet, to the best of our knowledge, no enantiomeric
crystals of the two D; enantiomers have been reported. It
is interesting to note that of all the options for obtaining
chirality, the one that was highlighted since the dawn of
coordination chemistry was option (iii), i.e. the use of bi-
dentate ligands. Starting with the pioneering work of Alfred
Werner, who resolved the two enantiomers of the cationic
complexes [CoX(NHj3)(en),]** (X = Cl, Br),’] many other
octahedral metal complexes with two or three bidentate li-
gands have been shown to be chiral.>6~121 In fact, option
(iii) has overshadowed over the years all the other options
for obtaining chirality in hexacoordinated complexes. Thus,
it is common to find in textbooks statements such as: “Im-
portant examples [of chiral molecules] are bischelate and
trischelate octahedral complexes” (ref.l'!l); “Chiral com-
plexes occur mainly when chelate rings are formed” (ref.['!]
p. 683) “In practice, optical activity is largely confined to
octahedral complexes of chelating ligands™;® “The abso-
lute configuration of a chiral complex is described by ima-
gining a view along a threefold rotation axis of a regular
octahedron and noting the handedness of the helix formed
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by the ligands™, but again, the figure that accompanies the
text shows a complex with bidentate ligands.[-13]

The main purpose of this paper is to draw attention to
the largely neglected possibility of obtaining chiral homo-
leptic [MLg] complexes through the Bailar twist. We do so
by reporting the results of a quantitative analysis of the
chirality of homoleptic hexacoordinated complexes and its
variation along the D; route, comparing in detail experi-
ment with theory. It was found that chirality in crystalline
hexacoordinated complexes is much more common than previ-
ously appreciated. While it is true that crystalline chirality
may not show up in solution if the racemization process has
a low energy barrier, one should recall that chiral crystals
have been used successfully for product enantiocontrol in
many chiral catalytic reactions?®! and that growing interest
in crystals as useful materials for optical purposes renders
crystal-packing-induced chirality an important issue. Fur-
thermore, even if the handedness flips between the two en-
antiomers in solution it may be of importance in catalytic
processes with chiral substrates since diastereomeric inter-
actions will prefer one of the two enantiomers. We also
mention here, computational analysis in progress in our
laboratories shows that the energy barriers for racemization
of Dj-chiral homoleptic [MLg] complexes may be surpris-
ingly high (e.g. of the order of 20 kcal/mol for the Zr'V
thiolato complex analyzed below).

Results and Discussion

Chirality Changes Along the Bailar-Twist Route

The MLy structures can be characterized by the Bailar
twist angle 0 (1) that indicates their deviations from the
trigonal prism (6 = 0°) or from the octahedron (8 = 60°).
While classically one labels all the intermediate D5 geomet-
ries as simply “chiral”, the intuitive need arises to express
that, for example, a 0 value of 0.1° represents much lower
chirality than a 0 value of 10°. A quantitative evaluation of
the degree of chirality is therefore needed here, and such a
structural measurement tool will allow one to follow, in a
continuous way, how chirality changes with 0. The meth-
odology we use for this purpose is the Continuous Chirality
Measures approach,['* which has already proved useful in
numerous applications.'> In short (readers interested in
more details are referred to ref.['¥), the method seeks the
minimal distances that the vertices of an object have to un-
dergo to attain achirality. On the scale, which is a function
of these distances, an achiral molecule has a chirality value
of S = 0 and as the structure is more chiral S increases (up
to a maximum value of 100). In most cases — and in all
cases reported here — the nearest achiral structure has at
least one reflection plane.['¢]

The results of computing the S values along a hypothet-
ical Bailar route are shown in Figure 1 (full line) beginning
with the ideal, all-equal-edges trigonal prism (TP) at 6 =
0° and ending at & = 60° with the ideal octahedron.!'”! Since
the end points are achiral while those at intermediate 0
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values are Ds-chiral, one expects that (at least one) max-
imum chirality value will appear in between the two achiral
ends. This is indeed found for the model at 6 = 23° (Fig-
ure 1). In a way, this result resembles the chirality analysis
of rotating ethanel'¥] for which an angle of 30° was found
to give the maximal chiral rotamer. We proposed therefore
to term conformers of maximal chirality chiramers, and this
term can be used here as well, i.e., the 23° conformer of the
hexacoordinated MLg group is its chiramer.

Chirality Measure

0 15 30 45 60

0%

Figure 1. Chirality measure for a model MX¢ molecule (continuous
line) along the trigonal twist (see 1); the experimental chirality
measures of heptaatomic MX, cores of homoleptic organometallic
and thiolato complexes are shown as circles (more information can
be found in Table 1)

The fact that the chiramer of the hexacoordinated com-
plexes does not appear halfway (i.e., at 30°) between the
two ideal shapes may seem at first sight surprising, but is
explained as follows: One of the main features of the CCM
approach is that it not only computes the chirality content,
but also provides the actual shape of the nearest achiral
object. When these objects are observed for the full line in
Figure 1, it is seen that from the maximum and to the right
(0 = 60°), the nearest achiral structure is a distorted octa-
hedron of C,, symmetry, namely an octahedron that is bent
along the z-axis, as shown by 2. Between the ideal TP on
the left of Figure 1 (0 = 0°) and the maximum at 6 = 23°,
the nearest achiral structure is always a Ds,-TP varying in
height from point to point (although not very much. Thus,
for 6 = 0°, 10° and 20°, the edge-to-height ratios are 1.000,
1.028 and 1.049, respectively). The reason why it is that the
two branches do not cross at the halfway angle but closer
to the achiral distorted octahedron branch is now clear:
Unlike the right branch of Figure 1, the left branch repre-
sents a more demanding nearest achiral structure in the
sense that it does not have two reflection planes but four;
therefore, departure from that branch to the less-demanding
two-planes branch occurs earlier than 30°. Finally, it should
be noted that at the peak (6 = 23°), the chirality measure
represents an equal minimum distance to ¢wo achiral struc-
tures: a TP and a bent z-axis octahedron.
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Chirality of Homoleptic Complexes

Does the theoretical line of Figure 1 represent a reality
for [ML¢] complexes? We have selected for the present study

the families of organometallic and thiolato homoleptic
compounds,!'?! and the chirality measures of their M X, co-
res (Table 1) are superimposed in Figure 1 on the Bailar

Table 1. Chirality measures, twist angle (0), space group, and refer-
ences for the hexacoordinate homoleptic metal complexes pre-
sented in Figure 1

Compd.[# Refcodel® 0 S(chir) Group  ref.
[Ta(CCSirBus)g]~ HEQDIQ 188 1.67 PI [
[Z(CCSitBus)s]? HEQDOW 60.0 0.00 R3 [
[H(CCSirBus) > HEQDUC  60.0 0.00  R3 [
[TaPhg]™ REZBAZ 15.1 1.08 Pl [d]
[Ta(p-Tol)e] REZBED 159 1.18 P2/n
[ZrMeg)? JAMWOJ 11.2 0.63 Aba?2 fe]
[RhMeg]>~ KAWVAF 440 070 R3¢ 1
[IrMeg]*~ KAWVE] 423 082 R3¢ I
*[TaMeg] POZHUH 32 0.04 P2,22, ©
*[NbMeg] POZJAP 3.0 003 P22.2, ©
[WMeq] ZOSXEKO1 2.2 0.01 Pbc2,
0.6 0.01
[ReMeg] ZOSXEL 1.1 0.01 P2,/n le]
[Co(oxazolidyl)g]*™ CUXRUI  57.0 0.16  P2yn M
[MnMeg]*~ GINZEI 60.0 0.00 Pbca (0]
[CrMeg)? MCRLDX 47.1 0.42 R3c (k]
[MoMeg] 17 002 Ce m
1.4 0.01
[Tir(u-SMe)s(SMe) 2~ POJFOJ 311 1.01  P2j/a ™
333 134
[Zr(SCH,-4-Me)g]~ 92 035 Pl [l
*[Zt(SCgH,-4-OMe) >~ 304 216 R3, M

[al Compounds marked with an asterisk crystallize in enantio-
morphic space groups. — [P Cambridge Structural Database
refcodes. — [/ T. P. Vaid, A. S. Veige, E. B. Lobkovsky, W. V. Glas-
sey, P. T. Wolczanski, L. M. Liable-Sands, A. L. Rheingold, T. R.
Cundari, J Am. Chem. Soc. 1998, 120, 10067—10079. — 41 S. Kle-
inhenz, M. Schubert, K. Seppelt, Chem. Ber. 1997, 130, 903—905.
— [P M. Morse, G. S. Girolami, J. Am. Chem. Soc. 1989, 111,
4114—4116. — R, S. Hay-Motherwell, G. Wilkinson, B. Hussain,
M. B. Hursthouse, J Chem. Soc., Chem. Commun. 1989,
1436—1437. — [e1 S_ Kleinhenz, V. Pfennig, K. Seppelt, Chem. Eur.
J 1998, 4, 1687—1691. — M U. Plaia, H. Stolzenberg, W. P.
Fehlhammer, J Am. Chem. Soc. 1985, 107, 2171—2172. — LI R. J.
Morris, G. S. Girolami, J. Am. Chem. Soc. 1988, 110, 6245—6246.
— [0 R. J. Morris, G. S. Girolami, Organometallics 1991, 10,
792—799. — I J. Krausse, G. Marx, J Organomet. Chem. 1974, 65,
215—-222. — W B, Roessler, K. Seppelt, Angew Chem. Int. Ed. 2000,
39, 1259—1261. — ™' W. Stuer, K. Kirschbaum, D. M. Giolando,
Angew Chem. Int. Ed. Engl. 1994, 33, 1981—1983. — "1 J. C. Friese,
A. Krol, C. Puke, K. Kirschbaum, D. M. Giolando, Inorg. Chem.
2000, 39, 1496—1500.
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model line. It is seen that all structures fall along that line,
suggesting that they indeed represent the Bailar pathway
from Oy, to TP. It can also be seen that the octahedricity
and the trigonal prismacity of such complexes correspond
to the Bailar route, as discussed in more detail elsewhere.[*"!
Analysis of the bonding parameters of the actual structures
confirms that these are of Ds-type, as illustrated in Figure 2
for three representative compounds. This observation indi-
cates that chiral hexacoordinated homoleptic complexes have
already been synthesized and structurally characterized but
their chirality not recognized and not reported. Thus, despite
the clear chirality of molecules with intermediate rotation
angles, the experimental reports of the compounds pre-
sented in Figure 1 do not mention such a property and their
optical activity has not been investigated. Most of these
complexes, however, crystallize in space groups having im-
proper symmetry operations, namely as racemic mix-
tures.?!l We note that these anionic complexes have been
crystallized with achiral cations and propose that obtaining
enantiomerically pure compounds may be possible through
crystallization with optically pure chiral counter ions. Two
complexes, [NbMeg]~ and [TaMeg] ™, that crystallize*? in
the enantiomorphic space group P2,2,2; are only slightly-
distorted from the octahedron (0 = 3°) and have small chiral-
ity measures. To the best of our knowledge, only a Zr"v
thiolato complex reported recently?? is expected to be op-
tically active, since it crystallizes in the enantiomorphic R32
group and has a ZrSg core with a high chirality measure
(S =216 at 6 = 30.4°).

[Ta(CCSiBug)l [Zr(SCgH,-4-OMe)gl>  [Tia(u-SMe)g(SMe)s”

® 6 ®
5] 18.8° 30.4° 33.3°
S(chir) 1.67 216 1.34

Figure 2. Perspective view and projection about the trigonal axis
of the coordination spheres of three chiral homoleptic complexes
with monodentate ligands that fall along the Bailar twist pathway
1 (see Table 1 for references)

As a further test of these observations and of the validity
of the theoretical chirality line, we also analyzed the chiral-
ity of tris(chelate) complexes with twisted octahedra. Since
the above analysis focused only on the MXq core, a corol-
lary is that in the case of twisted tris(chelate) complexes the
chirality is not associated only with the backbone of the
bidentate ligands but also with the spatial arrangement of
the donor atoms. To check this conclusion we have chosen
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the tris(dithiolene), tris(diselenolene), tris(bipyridine) and
tris(B-diketonato) metal complexes (structural information,
references and symmetry measures are given as Supporting
Information),”* which are known to present structures
throughout the whole range of twist angles. The chirality
measures of the inner MX¢ core of such complexes, ob-
tained from their crystal structural data (Figure 3 and 4)
indeed corroborate the result of Figure 1. Note that the tris-
(bipyridine) and tris(B-diketonato) complexes appear at the
ends of the twist-angle scale: most cluster in the range 45°
< 6 = 68° but two structures are also found at 6 = 2°. It
has been found™% that the twist angle in nearly octahedral
structures of bipyridine and diketonato complexes is associ-
ated with the normalized bites (b = L--L/M-L) of these
ligands. Since bipyridine has a smaller bite than diketonates
[the averages for first row transition metals are b = 1.27(4)
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Figure 3. Chirality measures of the MX¢ cores of tris(dithiolene)
and tris(diselenolene) complexes (X = S and Se), calculated from
the experimental structural data as a function of the twist angle
along the trigonal prism to octahedron interconversion path (data
provided as Supporting Information); the solid line corresponds to
a geometrical model, as in Figure 1
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Figure 4. Chirality measures of the MXg cores of tris(bipyridine)
(X = N, triangles) and tris(B-diketonato) (X = O, circles) com-
plexes, calculated from the experimental structural data as a func-
tion of the twist angle along the trigonal prism to octahedron in-
terconversion path (data provided as Supporting Information); the
solid line corresponds to a geometrical model, as in Figure 1
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and 1.41(5), respectively], the twist angles of the former
family are smaller than in the latter. The existence of struc-
tures with twist angles larger than 60° corresponds to a ro-
tation towards a trigonal prism (characterized by 6 = 120°)
in which the bidentate ligand would be placed along the
diagonal of a square face rather than along the edges (as
happens for 8 = 0°). The two nearly trigonal prismatic
structures of diketonato complexes correspond to com-
plexes of Y and Cd" with d° and d'° electron configura-
tions (b = 1.21 and 1.28, respectively). We will return to
these complexes in a separate report on a different issue,
namely the relation between the chirality of the inner MXq
core and the chirality of the ligand sphere.l*!

In conclusion, we draw attention to [Zr(SCe¢Hy-4-
OMe)g]?~ which is the most chiral homoleptic complex with
monodentate ligands among those that have been analyzed,
and to the fact that the theoretical maximum at 23° is occu-
pied in Figure3 by the inner WS4 core of
(AsPhy),[W(S>CeH,);],2 with S = 2.40 making it the most
chiral of all MS4 coordination spheres analyzed in this re-
port. To the best of our knowledge, these pronounced chir-
alities often go unnoticed. Thus our main message is that
chirality in hexacoordinated complexes with monodentate li-
gands is a more common phenomenon then currently appreci-
ated. We hope the stereochemical analysis presented in this
report will encourage experimental search for as-yet un-
detected manifestations of chirality in transition metal com-
plexes.
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