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Chiral Recognition Among Tris(diimine)—Metal Complexes, 6!+

Racemic Compound Formation versus Conglomerate Formation with
[M(bpy)s](PF¢), (M = Ni, Zn, Ru); Molecular and Crystal Structures
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Minor modifications in molecular size and shape induced by
variation of the central atom drastically alter the crystalliza-
tion behaviour of the hexafluorophosphate salts of
[M(bpy)s]?*. With M = Ru, racemic solutions crystallize as
true racemates in the B-type [P3cl, a = 10.6453(5), ¢ =
16.2987(9) A zZ= 2], while for M = Zn the racemic structure
cannot be obtained, as spontaneous resolution {y-type [P3;,
a = 10.3873(5), ¢ = 26.1309(16) A Z= 3]} is the only crystal-
lization path observed. For [Ni(bpy)s](PFs)2, crystals of both
structural types can be obtained concomitantly from the
same crystallization batch. The 7y-phase is systematically
twinned by merohedry. The dramatic and unpredictable
change in the packing pattern of the very similar building

blocks within this series arises from a delicate balance be-
tween the intermolecular forces. Distinct intermolecular in-
teractions with different directionalities can be identified in
the two structure types. Through careful analysis of the crys-
tal and molecular structures, a trend with respect to molecu-
lar size and shape on going from [Ru(bpy)s;](PFg), to
[Zn(bpy)s](PFe). can be established. Even though one might
speculate that increasing the size of the molecular cation
should destabilize the B-type structure relative to the y-type,
no conclusive rationalization based solely on structural para-
meters can be given as regards why the relative order of the
two local minima on the energy hypersurface should be-
come inverted.

Introduction

Crystal structures of molecular solids are the result of
cooperative molecular (chiral) recognition and self-assem-
bly leading to a favourable 3D arrangement. Recognition
involves the storage of information at the molecular level
and its manifestation at the supramolecular level in a
double-complementary fashion, taking into account ener-
getic as well as geometrical requirements.!>3 However, the
ways in which individual noncovalent forces compete with
or reinforce one another in complex systems are poorly un-
derstood.

Dunitz*>! succinctly described the crystal as the “supra-
molecule par excellence”. Indeed, each observed packing
pattern represents the culmination of highly specific and
amazingly precise molecular (chiral) recognition based on
noncovalent interactions. Consequently, each crystal struc-
ture contains a wealth of valuable information about the
ways in which the multitude of noncovalent intermolecular
interactions compete and collaborate to achieve their subtle
balance.l! Careful analysis of crystal structures, packing
motifs, and distinct differences in intramolecular geometries
should make available the inherent information, thereby as-
sisting in the development of a better understanding of the
“grammar of crystal packing”.I’! Besides the more general
utility of these rules in the syntheses of designed molecular
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materials (i.e. for “crystal engineering’’), a practical applica-
tion might be the development of strategies for increasing
the likelihood of conglomerate crystallization.

Conglomerate crystallization is defined as the phenom-
enon whereby a racemic solution or melt produces a mech-
anical mixture of enantiomorphic, homochiral crystals, i.e.
each individual crystal (or at least domain in the case of
racemic twinning) contains a single enantiomer.®1 The
phenomenon of conglomerate crystallization can be utilized
for optical resolution by the so-called method of “resolu-
tion by entrainment”, but it is relatively rare; its frequency
has been estimated to be in the range 5—10%.1%!

Tris(chelate)—metal complexes of planar ligands,
[M(L-L);]"" (e.g. L—L: phen = 1,10-phenanthroline,
bpy = 2,2'-bipyridine, bpdz = 3,3'-bipyridazine, bpm =
4,4'-bipyrimidine, bpym = 2.,2’-bipyrimidine, bpz = 2,2'-
bipyrazine) are especially well suited for studying crystal
packing phenomena.['! =13 On the one hand, these propel-
ler-shaped, chiral molecules display a very corrugated mo-
lecular form. In Lehn’s?® notation, much information is
stored at the molecular level, which will inevitably be mani-
fested at the supramolecular level when neighbouring mo-
lecular ions interpenetrate to achieve maximum packing
density. Moreover, this molecular recognition will not be
obscured by gross intramolecular changes since the molecu-
lar ions are rather rigid. On the other hand, such molecular
systems are extremely flexible. The central atom and its ox-
idation state may be varied over a wide range and this al-
lows for a fine, systematic tuning of the component parts.
Such alterations should help us to gain further insight into
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the relative strengths, directionalities, and structural influ-
ences of the various noncovalent forces.

The crystal structures of the true racemate [-[Ru-
(bpy)s](PFg), 14151 and its closely related low-temperature
polymorph a-[Ru(bpy);](PFe), 1 have been known for
some time. Of the analogous molecular salts of the first-
row transition metals, only the structure of [Fe(bpy);](PF)»
has been reported!!”) to be isomorphous with that of B-[Ru-
(bpy)s](PFg),. All others are absent from the Cambridge
Structural Database (CSD),I'8! probably because the struc-
tures could not be successfully refined. For example, as
early as 1983, Ferguson and Herren'”] recognized that in
contrast to the Ru analogue, [Zn(bpy);](PF¢), undergoes
spontaneous resolution upon crystallization. However, they
continued: “Attempts to determine the structure by X-ray
methods proved fruitless and the difficulties were consistent
with perfect multiple twinning.” Solution of the crystal
structure was claimed in two later publications?*?!1 and cell
data were given, but the structural details were never pub-
lished as no satisfactory structure refinement could be ac-
complished.??!

After having solved the twinning problem, we are able to
report herein the detailed molecular and crystal structures
of the enantiomorphic structure type y-[M(bpy)s](PFs)»
(M = Ni, Zn, Ru) and compare them with those of the true
racemate B-[M(bpy)s](PFs), (M = Ni, Ru).

Results and Discussion

Braga, Grepioni, and co-workers, who have been at the
forefront of developing an organometallic “branch” of
crystal engineering, conclude from their experiencel®! that
“objects of similar shape tend to pack in a similar manner,
provided that the type of noncovalent interactions at work
are not significantly altered.” Contrary to this, we have
found that even minor modifications in molecular size and
shape induced by variation of the central atom drastically
alter the crystallization behaviour of the hexafluorophos-
phate salts of [M(bpy);]**. With M = Fe, Ru, the racemic
solutions crystallize as true racemates in the B-type, while
for M = Zn the racemic structure could not be obtained,
as spontaneous resolution (y-type) is the only crystalliza-
tion path observed. Interestingly, for [Ni(bpy)s](PFg),, crys-
tals of both structure types can be obtained concomit-
antly®¥ from the same crystallization batch. Finally, since
[Ru(bpy);]>" is inert towards racemization, the y-type can
be “forced” upon [Ru(bpy)s](PFe), by chemical resolution
prior to crystallization. Enantiomerically pure [Ru(bpy);]-
(PF¢), can no longer crystallize in the centrosymmetric 3-
type, but must crystallize in an enantiomorphic structure
with a space group that contains no improper symmetry
operations. The dramatic and unpredictable change in the
packing arrangement of the very similar building blocks
within this series arises from a delicate balance between the
intermolecular forces. The following detailed analysis and
interpretation of systematic changes in the molecular
shapes and intermolecular parameters of the crystal pack-
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ings within this series should help to establish trends for
these systems and to recover some of the information con-
cerning noncovalent forces encoded in these polymorphic
modifications.

Even for these rather rigid units, the geometries observed
in the solid state result from the interplay of intra- and in-
termolecular interactions. To explore the effect of packing
forces on the intramolecular geometry, the structure of -
[Ru(bpy)s](PFe), was redetermined at a low temperature
(200 K) intermediate between those of the prior determina-
tions of the a-type (105 K)!'® and the B-type (294 K).[!3!

Finally, the structure of y-[Ni(bpy)s;](PF¢), was deter-
mined twice using two different crystals at the same temper-
ature to get an estimate of the variance in the intermolecu-
lar and intramolecular parameters introduced by statistical
errors inherent to any structure determination. Not surpris-
ingly, the structural parameters were found to agree within
experimental error, but their influence on the packing ener-
gies>] was noticeable.

Comparison of Crystal Structures

Both the B- and y-type structures are composed of layers
of complex cations extending parallel to the ab plane, with
the anions fully immersed in the layers (Figure 1 and Fig-
ure 2). In both structures, the cation layers are homochiral
(Figure 3 and Figure4). However, while in J-
[M(bpy);](PFe), layers of complex cations with A and A
configuration alternate along ¢, in the y-type structure
layers of the same chirality are stacked along ¢. The mo-
lecular cations are arranged in a hexagonal primitive array
in both structures and the distances between the metal
atoms in the plane are similar {e.g. 10.3809(7) A and
10.6453(6)A in y- and B-[Ru(bpy)s](PF¢),, respectively;
see Table 1}.

Figure 1. Crystal-packing diagram of B-[M(bpy);](PFs),

In the B-phase, the complex cations occupy Ds sites and
are oriented with their Cz axes exactly perpendicular to the
layers and with their C, axes extending exactly along the
hexagonal axes. In contrast, the cations in the y-phase are
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Figure 3. Space-filling packing diagram of the complex cation layer
in B-[M(bpy);](PFe)>

effectively “tipped over”. Their pseudo C; axes lie approx-
imately in the ab plane. Moreover, the pseudo C, axes are
not aligned along the hexagonal axes as would be required
in the higher symmetry space group P3,21 (or P3,21),
but rather are inclined towards the ab and ac planes (for
< Cylab, < Cslac, see Table 1). The rigorous point sym-
metry of the cation is C; rather than C,. Presumably, this
slight distortion permits a more efficient packing. Further-
more, this induces a small dipole moment in the unit cell in
the ¢ direction, cancelling out of which might, in turn, be
the reason for the systematic twinning of this structure type.

Eur. J. Inorg. Chem. 2000, 2401—2408
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Figure 4. Space-filling packing diagram of the complex cation layer
in y-[M(bpy)s](PF¢),

The packing coefficients (Table 1) are similar for both
structure types. The absence of improper symmetry ele-
ments in the y-structure does not hamper packing effici-
ency. This is in line with a study of a larger number of
systems, in which no clear trends regarding the densities
of true racemates and conglomerates were found either.[>!
Despite the corrugated molecular shape, more than one ar-
rangement of almost equal density is possible.

In neither of these close-packed layers do neighbouring
complex cations interpenetrate. Instead, the voids are filled
with anions. However, the interlocking of the corrugated
van der Waals surfaces in the stacking direction (c) is not-
able and very distinct for both structure types. In the B-
structure, racemic columns of complex cations with colinear
C; axes extend along ¢. Along the columns, complexes of
opposite chirality are engaged like gearwheels with the tips
of the ligands interacting (Figure 5a) and relatively short
cation—cation contacts arise {e.g. 8.1494(5) A for B-[Ru(b-
py)sl(PF¢)>; see Table 1}. This stacking results in a T-
shaped geometry of adjacent aromatic ligands.?”! In the y-
structure, homochiral columns of cations related by the 3;
(or 3,) screw axis are observed. The relative orientation of
the C; axes of neighbouring cations is therefore reasonably
close to the tetrahedral angle, which has been recognized as
a preferred mutual orientation for an active pair of propel-
ler-shaped molecules based on van der Waals interac-
tions.[?®2%1 This mutual arrangement affords two “shifted
n-stacks” of adjacent pyridine rings per complex cation
(Figure 5¢), which are in close contact {8.7601(6) A for y-
[Ru(bpy)s](PF¢),; see Table 1}. The shortest perpendicular
distances between the centroid of one bipyridine ring and
the plane of the second ring in the diad are, for instance,
3.689 A and 3.496 A in y-[Ru(bpy)s](PF)s.

The intermolecular interactions along the cationic chain
for both structure types appear to be controlled by so-called
“m—n interactions”.3%73? Lateral interactions of this kind
are commonly encountered motifs in the crystal packings
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Table 1. Selected intermolecular parameters

[Ru(bpy);](PFs), [Ni(bpy)s](PF¢), [Zn(bpy);](PFe),
200 Y200 240 Y200(1) Y200(2) Y200
MM otumn.[A] 8.1494(5) 8.7601(6) 8.2345(5) 8.7158(9) 8.7136(12) 8.7237(6)
MM e [A] 10.6453(6) 10.3809(7) 10.6585(6) 10.3534(11) 10.3599(12) 10.3873(8)
MP [X] 6.4422(5) 6.248(2) 6.4703(6) 6.183(2) 6.184(2) 6.096(2)
6.249(2) 6.249(2) 6.251(2) 6.163(2)
6.389(1) 6.397(1) 6.398(1) 6.362(1)
6.500(2) 6.541(2) 6.551(2) 6.638(2)
6.802(2) 6.760(2) 6.764(2) 6.850(2)
. 6.845(2) 6.815(2) 6.817(2) 6.902(1)
Cgperp. [Aa] 3.689/3.496 3.713/3.505 3.712/3.502 3.757/3.493
pack. coeff.[®} 0.697 0.685 0.689 0.689 0.690 0.691
< Cylab 0.00 1.78 0.00 1.65 1.41 1.67
< Cylac 0.00 4.95 0.00 4.63 4.58 6.13

[al Shortest Perpendicular distances between the centroid of one bipyridine ring and the plane of the second ring in the “shifted n-stacks”.

— [b] Re£[61

Figure 5. Space-filling packing diagram of the complex cation columns running along ¢ in B-[M(bpy)s](PFe), (a), [Ni(bpdz);](ClO), 4
(b), and y-[M(bpy)s](PFs), (c) displaying the interlocking of adjacent cations in the various “n—r interactions”

of aromatic compounds®**34 and their general importance
in molecular recognition has been acknowledged.*>3¢! Re-
cent experimental®>-373 and theoretical®!*9~42 work has
shown that both dispersion forces and electrostatic C—H-*nt
interactions contribute towards the favourable “m—m inter-
actions”. The relative importance of these two contribu-
tions is a matter of debate,?33 especially for the T-shaped
arrangement. The inherent polarity of aromatic systems
stems from the electron-rich core being surrounded by an
electron-poor torus of hydrogen atoms. This electrostatic
contribution accounts for the energetic preference of both
T-shaped and shifted n-stacked arrangements. Which one is
preferred depends on the relative magnitude of the disper-
sion and C—H--- interactions and therefore on the planar
extension of the aromatic system. Even for the simplest sys-
tem, i.e. the benzene dimer in the gas phase, there is an
ongoing dispute as to which local minimum on the poten-
tial energy hypersurface represents the more stable
configuration.®!*3~471 In the solid state, the two local min-
ima manifest themselves in herringbone and/or m-stacked
crystal packing motifs.[33-34481 These favourable “n—m inter-
actions’ may facilitate direct cation—cation contacts. How-
ever, with [M(L—L);]"", the situation is somewhat more
complicated than that with simple aromatic systems since
the fixing of three aromatic systems in a rigid mutual ori-
entation imposes certain spatial requirements that also de-
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pend on the chirality of these complexes. Racemic pairs
with colinear C; axes, as in B-[Ru(bpy)s](PF),, lead to a T-
shaped configuration (Figure 5a), for the analogous active
pair as observed in [Ni(bpdz);](ClO,), ! a shifted n-stack
involving half of a ligand results (Figure 5b), while active
pairs with tilted C; axes as in the y-modification yield a
shifted n-stack implying a complete ligand.

Despite the spatial restraints imposed by the coordina-
tion, “m—m interactions’ are frequently observed in crystal
structures of neutral {[Ru(bpy);]°”} and, more surprisingly,
charged propeller-shaped molecules of the type investigated
here {[Ru(bpym);](PF¢),>CH;3CN,!"*! [Ru(phen)s](PFe), 1}

The “coordination” of the cations by anions is quite sim-
ilar in both the y- and B-type structures. Each cation is sur-
rounded by six PF¢™ anions in a trigonal antiprism and the
MP distances are all of comparable magnitude (Table 1).
This suggests that the monopole—monopole interaction be-
tween cations and anions should be very similar in both
structural types (see also ref.[>]),

Grepioni et al.l*3] have shown that for hexafluorophos-
phate organometallic salts C—H--F interactions play a sig-
nificant role among the various intermolecular interactions
when assisted by the charge difference between anions and
cations. In both structure types, we find bonds shorter than
the van der Waals cut-off distances (Table 2), these being
indicative of specific and directional interactions. However,

Eur. J. Inorg. Chem. 2000, 2401—2408
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Table 2. Hydrogen-bonding geometry [A, °] for [Ru(bpy);](PF),

D-H:--Alalbl H-A DA D-H-—-A
B-type:

C4-H4---F14 2.4057 3.126(4) 134.21
y-type: y

Cl14-H14---F12ti 2.5433 3.153(5) 122.13
C24-H24-F1 11l 2.4775 3.236(7) 136.83
C33-H33--F16 2.4964 3.199(6) 130.77
C35-H35-F14iv 2.4196 3.208(5) 140.35
C36-H36---F120v 2.4785 3.228(5) 135.72
C45-H45--F23M 2.3073 3.114(11) 142.39
C55-H55-+-F22MM 2.5350 3.376(11) 147.68
C63-H63---F230vil 2.5414 3.316(13) 138.82

DA < R(D) + R(A) + 0.50 A, H~A < R(H) + R(A) - 0.12
A D-H-A > 100.0°. — [®] Symmetry codes: 1y, —x +
+
1

—y1+x—y,1/3+’—”‘ —yx—y1/3+z—“’]\ —1
2 F oy =M -y U, —1/3 4z - il
x+y —x 13+ =

]

Vs
it is impossible to even qualitatively assess their relative en-
ergetic significance.

The racemic low-temperature polymorph (a-type) repres-
ents just a slight distortion of the packing in the B-typel! &3]
and will not be discussed further here.

Comparison of Molecular Structures

The three bpy ligands form a propeller-like trigonal ar-
rangement around the metal atoms. The coordination by
the nitrogen atoms is trigonally distorted octahedral owing
to the fact that the ligand bite (Figure 6, Table 3) is too
short to fit a perfect octahedron. The stereochemistry is
completely defined by the normalized bite of the bidentate
ligand, b = N-*N/M—N, and the angle of twist ® between
the upper and lower triangular faces formed by the N atoms
of the bpy ligands (Table 4). The regular octahedron corre-
sponds to ® = 30° and b = 22, Calculations have shown
that distortions from D; symmetry are increasingly possible
as b is decreased.[>? The distortions in the y-phase are in-
deed quite substantial, as manifested in variations of more
than 3° in the N—M—N angles at the base of the trigonal

Table 3. Selected geometrical data, ligands

antiprisms (v, Figure 6). Moreover, the trigonal faces are
no longer parallel and the central atoms are displaced from
the midpoint between them (Table 4). Apparently, the coor-
dination sphere is rather flexible and can be adjusted within
certain limits to suit packing requirements.

Not even the ligands can be treated as rigid units. Admit-
tedly, the bond lengths and bond angles within the pyridine
moieties are consistent within experimental error in the dif-
ferent phases and compounds; the rings are planar, and the
maximum deviations from the best planes are smaller than
0.03 A (A In Table 3). However, the two pyridine rings
within a ligand are deflected downwards around the midpo-
int of the py—py bond. This kink can be quantified by the
difference between A and B (Table 3), which decreases on
going from [Ru(bpy);](PFg), to [Zn(bpy);](PF¢), while the
ligand bite and M—N distance increase accordingly. This
trend reflects the size of the central cation. The extent of
the kink together with the trigonal twist determines the
height of the complex cation along the C; axis. The smaller
the kink and the trigonal twist, the “taller” the complex

Figure 6. Labelling scheme of the geometrical parameters listed in
Tables 3 and 4

[RUEbPY)3](P Fo)a [Ni(bpy)s](PF)> [Zn(bpy);](PF),
Pagale] 200 Y200 240 Ya00(1 Y200(2) Y200
ligand bite 2.607(3) 2.598(3) 2.631(5) 2.628(3) 2.653(5) 2.641(5) 2.678(5)
[A]! 2.612(5) 2.644(4) 2.632(5) 2.677(4)
2.627(5) 2.645(5) 2.636(5) 2.676(4)
pPyY—DpYy 7.90(19)kl 8.81(13) 12.7(2) 8.37(15) 16.2(2) 16.3(3) 17.2(2)
] 6.7(2) 12.92) 13.102) 17.1(1)
9.4(3) 10.6(3) 10.903) 8.9(3)
A= +a 229.4(6) 228.9(4) 230.0(7) 230.5(4) 230.8(7) 229.8(8) 232.3(7)
[l 229.4(8) 231.1(8) 230.2(8) 232.4(8)
230.7(7) 231.7(8) 231.6(8) 233.3(6)
=B, + Bs 249.2(6) 247.9(4) 246.4(8) 246.4(4) 244.7(8) 244.0(9) 244.3(8)
[° ][b] 247.7(8) 245.9(8) 246.5(9) 244.2(8)
) 246.3(8) 245.9(8) 246.0(9) 245.7(8)
Amax [A]9 0.015(2) 0.019(2) 0.028(4) 0.017(2) 0.020(4) 0.026(5) 0.017(4)
[a For labelling scheme, see Figure 6. — [P Ref.['3] — €l Value given in ref.['”] is erroneous. — 4l Maximum deviation from the best plane

within a single pyridine ring.
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Table 4. Selected geometrical data, coordination sphere

[Ru(bpy)s](PFs), [Ni(bpy)s](PF¢)> [Zn(bpy);](PFe),
294 200 Y200 240 Y200 Y200(2) Y200
M~—N [A] 2.056(2) 2.048(2) 2.058(4) 2.067(2) 2.074(4) 2.070(4) 2.150(4)
2.065(3) 2.088(3) 2.083(3) 2.158(3)
2.066(4) 2.072(3) 2.076(4) 2.147(3)
2.067(4) 2.093(3) 2.084(4) 2.182(3)
2.062(3) 2.080(3) 2.075(4) 2.156(3)
2.063(4) 2.093(4) 2.085(4) 2.182(4)
site symmetry D; D; C D; C, C C
ligand bite 78.67(8) 78.74(8) 79.29(12) 78.93(9) 79.21(13) 78.96(13) 78.86(12)
angle, p [°] 78.41(15) 78.82(12) 78.50(16) 76.41(11)
79.14(12) 78.68(13) 78.64(14) 76.15(11)
[°]= 89.13(10) 89.51(9) 92.12(16) 90.6(1) 92.53(14) 92.43(16) 94.80(14)
91.40(12) 93.04(12) 93.09(14) 95.92(11)
89.36(13) 91.27(13) 91.22(15) 93.13(12)
v [°]el 96.29(9) 96.08(9) 94.78(15) 95.49(9) 93.97(13) 94.17(15) 93.79(13)
95.43(13) 94.72(13) 94.86(15) 96.10(12)
96.75(13) 95.83(13) 95.99(14) 95.78(12)
93.43(12) 92.73(12) 92.84(13) 92.65(12)
94.95(16) 95.10(13) 95.34(16) 95.97(13)
96.59(12 96.14(1 [) 96.04 15) 96.19(11)
plbl 1.268(3) 1.269(2) 1. 271( RL] 1.271( [)[‘] 1.279( R“l 1. 268( R” 1 238( [)M
20 [°]! 51.9(1) 51.6(1) 50.5(2) 50.8(1) 49.3(2)kl 49.2(2)f 45.5(2)
M-—tl [A][e] 1.049(2) 1.050(4) 1.068(4) 1.074(2) 1.094(3) 1.089(4) 1.126(3)
M-—t2 [A] 1.049(2) 1.050(2) 1.082(4) 1.074(2) 1.104(3) 1.098(4) 1.139(3)
t1-M—t2 [°] 180.00 180.00 179. 3%2) 180.00 179.2%3) 179. 4@) 179. 4?)
S [A][ﬂ 3.063(4) 3.046(3) 3.05000! 3.060(4) 3.066!! 3.062Lb! 3.191Mb

[al For labelling scheme, see Figure 6. —

] Normalized ligand bite. — [l Averaged in D5 symmetry. — 9 Trigonal twist. —

¢l Distances

between the central atom and the centre of gravity of the trigonal faces formed by the N atoms of the bpy ligands. — [f] Edge length of

the base of the trigonal antiprism.

cation. Thus, [Ru(bpy)s]J(PF¢)» is  shorter than
[Zn(bpy)s](PF¢),, as indicated by the height of the trigonal
antiprisms formed by the N atoms of the bpy ligands (2.100
A and 2.265 A, respectively).

The widths of the molecular cations, i.e. their extensions
perpendicular to the C; axis, are largely determined by the
M —N distance since the ligands are pushed further away as
the bond lengths increase. The mean lengths of the edges
of the bases of the trigonal faces (S, Table 4) increase from
3.046 A to 3.191 A on going from [Ru(bpy)s](PFe), to
[Zn(bpy)s](PFe),. This suggests that the height/width ratio
changes slightly in the series, with [Zn(bpy);](PF¢), being
relatively larger around the “waist”.

Another intramolecular low-energy mode that the cation
takes advantage of to adjust to the local packing environ-
ment is the torsion about the py—py bond. Lowering the
temperature from 294 K to 200 K, thereby shortening the
intermolecular distances, results in an increase in the dihed-
ral angle between the two pyridine rings in the ligand from
7.90(19)° to 8.81(13)° for B-[Ru(bpy);](PFs), (Table 3) and
still further to 9.0(4)—10.3(3)° for o-[Ru(bpy)s](PF),.['¢]
The variation in the y-phase [6.7(2)—12.7(2)°] is even
more notable.

Conclusion

In the realm of organic and organometallic compounds,
polymorphism has often been associated with torsional de-
grees of freedom of molecular fragments bound by single
bonds, thus making it conformational in nature. Although
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the system under consideration here utilizes its very limited
intramolecular degrees of freedom to optimize packing, the
molecular shape of the building blocks is to a first approxi-
mation the same. A similar example of a rather rigid coor-
dination compound crystallizing in different polymorphs

has been recently found in the case of
[Pd(dmpz),(Hdmpz),], (Hdmpz = 3,5-dimethylpyra-
zole).[33

The simple fact that there are coexisting polymorphs in
the case of [Ni(bpy);](PFg), emphasizes the importance of
kinetic aspects, but it is nevertheless expected that the non-
occurrence of y-[Fe(bpy)s](PFe), y-[Ru(bpy)s](PFs),, or -
[Zn(bpy)s](PF¢)> on crystallization from the respective ra-
cemic solutions can be attributed to thermodynamic fac-
tors. At least it is hard to imagine that nucleation kinetics
could be so different for these similar systems. On the one
hand, careful analysis of the crystal and molecular struc-
tures has established a trend with respect to molecular size
and shape (Table4) on going from [Ru(bpy)s](PF¢)> to
[Zn(bpy)s](PF¢)>. On the other hand, distinct intermolecu-
lar interactions with different directionalities (T-shaped as
opposed to shifted m-stack m—m interactions) have been
identified in the two structure types. However, this gives no
indication of their relative strengths, and no rationalization
can be given as to why the relative order of the two local
minima on the energy hypersurface becomes inverted. This
requires an analysis of the packing energies, which will be
dealt with in a separate paper.[>>] Given the molecular struc-
ture, little can be said a priori on the likelihood of spontan-
eous resolution of racemic solutions upon crystallization,
even though one might speculate that increasing the size of
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the molecular cation should destabilize the B-type relative
to the y-type structure. However, size alone cannot give a
satisfactory explanation since [Ru(bpy)s](PFg), and [Ni(b-
py)sl(PFg), are very similar in that respect and yet still dis-
play different crystallization behaviour. Evidently, other in-
formation at the molecular level, as for instance the molecu-
lar electrostatic potential, is also important.

Certainly, the presented case gives a striking example of
the sensitivity of crystal packings to even tiny variations
in molecular structure. Moreover, the shape of molecular
building blocks alone surely does not determine the crystal
structure, but rather it is the subtle balance between all the
various intermolecular forces. This equilibrium balance of
forces embraces many intermolecular interactions; “n—rm in-
teractions” are apparent in crystal structures of
[M(bpy)s](PFs), compounds. However, T-shaped and
shifted m-stack arrangements compete. Unquestionably,
postulation of dominance by a T-shaped arrangement, as
in a report by Dance,?” is not justified. Moreover, solely
on the basis of topology, nothing can be said about the
relative contributions of dispersion/repulsion forces and
electrostatic C—H-*n interactions to these “m—mn interac-
tions”’.

Experimental Section

Synthesis: All [M(bpy)s](PFg), salts were obtained by metathesis of
the corresponding chloride, sulfate, or bromide salts, in turn pre-
pared according to literature procedures.>*3 — Optical resolution

of [Ru(bpy);]>*, which did not occur spontaneously, was achieved
by a modification of the procedure of Dwyer and Gyarfas using
potassium antimonyl tartrate.® — Concomitant crystallization of
B- and y-[Ni(bpy)s](PF), could be achieved by slow evaporation
of the solvents from an acetone/water (2:1) solution at ambient
temperature. B-[Ru(bpy);](PF¢), could be crystallized from the
same solvent mixture, but from ethanol/water (2:1) more suitable
single crystals were obtained. The best crystals of 7y-[Ru-
(bpy);](PF¢), and y-[Zn(bpy);](PFe), were obtained by recrystal-
lization from acetone/ethanol (5:1).

Crystal Structure Analyses: Relevant crystallographic data and de-
tails of the data collection and structure refinement are listed in
Table 5. Structure solution and refinement of the B-type structures
was straightforward.

All compounds crystallizing in the y-phase are affected by system-
atic twinning due to merohedry. This is indicated by a gritty ap-
pearance of the crystal faces. The twin antisymmetry space group is
P3,2'1 (or P3,2'1).57 Structure solution in this space group proved
impossible. In P3; (and its enantiomorphic space group P3,), direct
methods yielded a partial structure model, which could be com-
pleted by successive difference Fourier syntheses. However, aniso-
tropic refinement was not feasible until the correct twinning law
([110]) was introduced. The absolute structure was assigned on the
basis of the Flack x parameter,*8! where x is the fractional contri-
bution of the inverted component of a “racemic twin”. It is ex-
pected to be zero for the correct structure, unity for the inverted
structure, and somewhere in between if racemic twinning is present.
For the chemically resolved y-[Ru(bpy);](PF¢),, the assignment is
in agreement with the observed specific rotation. Surprisingly, while
for y-[Zn(bpy);](PFe), each singular crystal seems to be homo-
chiral, for y-[Ni(bpy);](PF¢), general and racemic twinning has to
be refined simultaneously.

Table 5. Crystallographic data and details of the structure determination

Ru(bpy)s](PFs),

200 Y200 240

%\Ii(bPY)z](PFs)z

[Zn(bpy);](PFs),

Y200

Y200(1) Y200(2)

Empirical formula
Molecular mass

C3oH4RuNg-2(FgP) C30HuRuNg2(FP) C3gHygNiNg2(FP) C3oHyyNiNg-2(FgP) C30HoyNiNg2(FgP) C3oH,4NiNg-2(FP)
859.56 859.56 817.18 817.18 817.18 823.88

Crystal system trigonal trigonal trigonal trigonal trigonal trigonal
Space group P3cl (No. 165) P3; (No. 144) P3cl (No. 165) P3; (No. 144) P3; (No. 144) P3; (No. 144)
alA 10.6453(5 10.3809(4) 10.6585(6) 10.3534(4) 10.3599(5) 10.3873(5)
clA 16.2987(9 26.2576 13% 16.4690(10) 26.1231(14) 26.1163(13) 26.1309(16)
VA3 é599.56(14) %450.51 18 ;620.28 16) %425.05 19) %42745(2) %441.7(2)
Z
D, 5g/cm3] 1.785 1.747 1.675 1.679 1.677 1.681
F(000) 1 856 1284 824 1236 1236 1242

[cm™ 7]

6.9 6.8
Crystal size [mm] 0.40 X 0.18 X 0.18 0.52 X 0.30 X 0.24

8.0
0.70 X 0.26 X 0.26

8.0 8.0 9.6
0.50 X 0.18 X 0.17 0.30 X 0.16 X 0.15 0.48 X 0.30 X 0.30

Crystal shape

hexagonal prism

hexagonal needle

hexagonal prism

hexagonal needle

hexagonal needle

hexagonal needle

Crystal colour dark orange dark orange light brown light red light red colourless
Temperaturg [K] 2 200 240 200 200 200
Radiation [A Mo-K, 0.71069 Mo-K, 0.71069 Mo-K, 0.71069 Mo-K,, 0.71069 Mo-K, 0.71069 Mo-K, 0.71069
0 range [°] 22-25.6 24-252 2.2-255 2.4-25.6 2.3-25.6 2.4-25.6
h —11/12 —12/10 —12/12 —12/12 —12/12 —12/12
k —12/11 —10/12 —12/11 —11/5 —12/12 —12/12
/ —19/19 —31/31 —16/19 —27/30 —28/27 —24/31
Tot. no. of reflections 7163 10150 5510 8836 12038 10839
Unique reflections 1006 5669 996 5317 5700 5317

int 0.034 0.022 0.026 0.019 0.028 0.021
Observed reflections 820 [, > 20(1,)] 5645[1, > 20(1,)] 844 1[I, > 20(1,)] 5172 [1, > 20(I,)] 5253 [I, > 20(1,)] 5248 [I, > 20(1,)]
Refined parameters 78 461 78 463 463 461

lal 0.0261 0.0242 0.0415 0.0278 0.0311 0.0261

wR2(all)®! 0.0668 0.0622 0.1260 0.0682 0.0608 0.0690

<l 0.98 1.03 1.07 1.02 0.95 1.04
d, el 0.0495, 0.0 0.0528, 0.0597 0.0844, 0.5662 0.0494, 0.0 0.0315, 0.0 0.0569, 0.0
Flack x parameterl® — —-0.01(3 - 0.505(9) 0.520(9) 0.00(1)
APrmins Apmax-e”/ A’ —0.39, 0.37 —0.35,0.44 —0.40, 0.47 —0.22,0.35 —0.20, 0.28 —0.22, 0.31

[ Rl = 3

Fol = |[FIVEIF]. — PV wR2 = {Z[w(F,” — FAVEw(F) 2 — 8 = (3[w(F,” —

2)/(n — p)}', where n = no. of refl. and p =

total no. o¥ parameters refined. — 1w = 1/[c2(F,2) + (dP)? + ¢P ], where P = [2F.2 + Max(F,2,0)]/3. — Q Ref.>8
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All structures were refined in a consistent manner employing the
SHELX-97 program package.[’) SHELX refines against /> and all
data were used in the full-matrix least-squares refinement. H atoms
were placed in idealized positions and were refined with fixed iso-
tropic displacement parameters of 1.2U.q (parent C). All other
atoms were refined anisotropically. The weighting scheme recom-
mended by the program was used and refinement was continued
until complete convergence (maximum shift/esd < 0.001) was
achieved. Graphics and geometrical parameters were generated us-
ing the PLATON package.[*"]

Crystallographic data (excluding structure factors) for the struc-
tures reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publication
nos. CCDC-101675 {Bsoo-[Ru(bpy)s](PFs),}, -101676  {y290-
[Ru(bpy)s](PF¢)o},  -101677  {Barso-[Ni(bpy)sl(PFs)o},  -101678
{v200(D-Ni(bpy)s](PF¢)2},  -101679  {y200(2)-[Ni(bpy)s](PFs)>},
and -101680 {y-0-[Zn(bpy)3](PFs),}. Copies of the data can be ob-
tained free of charge on application to the CCDC, 12 Union Road,
Cambridge CB2 1EZ, U.K. [Fax: (internat.) + 44-1223/336-033;
E-mail: deposit@ccdc.cam.ac.uk].

Since submission of the manuscript we have been informed that the
structure of y-[Zn(bpy);](PFe), has meanwhile also been solved by
Bernal’s group; the manuscript will soon be submitted to J Chem.
Soc., Dalton Trans.[%?
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