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The synergistic interplay of coordination and hydrogen-bonding interactions leads to assembly of isomorphous
compounds of the general formula [Ln(ntb),](ClO4); - (BDA4BPY);- 2MeCN}.. (Ln = La, Sm and Pr, ntb = tris(2-
benzimidazoylmethyl)amine, and BDA4BPy = N',M*-bis(pyridin-4-yimethylene)-benzene-1,4-diamine), of which
polymorphic crystals can be isolated in a different solvent system. In acetonitrile (MeCN) solution, the compounds
crystallize as a red color (Ln = La, meso-1, Ln = Pr, meso-2), while in an acetonitrile—benzonitrile (MeCN—PhCN)
mixture, yellow crystals are obtained (Ln = Pr, helical-2). The single-crystal X-ray diffraction analyses of these
crystals reveal that the structures display similar cylindrical arrays containing polycompartmental cavities for guest
inclusion. Occurrence of polymorphism is due to formation of helical and meso-helical arrays, giving rise to a way
to tune the helicity through the solvent effects on the helix propensity of the bis-tripodal coordination converters.

Introduction

Engineering of supramolecular arrays is currently one of
the most important research areas that has implications for
the rational design of functional materials.! Self-assembly
processes that lead to helical motifs are ubiquitous in nature,
for example, protein o-helices and the DNA double helix,
which have inspired great interest in mimetic synthesis of
artificial helical structures aiming at possible applications in
material sciences, stereoselective catalysis, and chemical
sensing.” Two main assembly strategies have emerged
depending on the use of coordinative bonds® and supramo-
lecular interactions such as hydrogen bonds.* A variety of
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single-, double-, and triple-stranded helical structures have
been constructed, showing distinct structural features in either
discrete helicates® or infinite helices.® Another closely related
helical entity is the cylindrical array which usually displays
helical screw sense.’

A key challenge in the assembly of helical structures is to
control the helix propensity of subunits which might result
in either chiral amplification or helix reversal.® In contrast
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to the well-studied helical system, the meso-helical (some-
times called amphiverse-helical)’ structures which are char-
acteristic of internal helix reversal remain largely unexplored.
The biological examples of meso-helices may be found in
cycloamylose, tendrils in climbing plants, and B/Z-DNA
structures. ' Moreover, it is known that helical reversion has
played an essential role in bacteria swimming which switches
its direction of movement by changing the flagellar filament
between left- and right-handed helical forms caused by
reversal of motor rotation.'!

Formation of chiral and meso-helicates has been well
understood, which is controlled either by the length of the
alkyl spacer between two bidentate chelating units of the
bridging ligand or by a host—guest solvation mechanism.>'?
Assembly of separately infinite helical or meso-helical
structures has also been accomplished in coordination and
hydrogen-bonding polymers,'* which may be due to ligand
conformational flexibility, supramolecular interactions, or
solvent effects. These influencing factors have also been
found to be able to tune helical interconversion between right
and left handedness.'* Nevertheless, tuning of a structure
between the helical and the meso-helical forms has rarely
been observed.

We previously reported self-assembly of hydrogen-bonded
networks with encapsulated lanthanide(III) coordination units
[Ln(ntb),]*" [ntb = tris(2-benzimidazoylmethyl)amine] as the
building blocks and bipy or bpen (bipy = 4,4’-bipyridyl, bpen
= trans-1,2-bis(4-pyridyl)ethylene) as spacers, focusing on
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the stereochemical control by the choice of different spac-
ers.' Herein we describe the assembly of triple helical and
meso-helical cylindrical arrays with the [Ln(ntb),]** subunits
acting as the helix converters as shown in Scheme 1
(explained later in the discussion).

Results and Discussion

Syntheses and Crystal Structures. Reaction of the
tripodal ligand ntb with Ln(ClO4); (Ln = La, Sm, and Pr)
in the presence of the long spacer N',N*-bis(pyridin-4-
ylmethylene)-benzene-1,4-diamine (BDA4BPy) readily af-
forded a series of complexes of the general formula {[Ln-
(ntb),](Cl04)3*(BDA4BPy);*2MeCN }.., of which three have
been structurally characterized (See Experimental Section).
It was found that, in acetonitrile (MeCN) solution, the
complexes crystallized as a red color (Ln = La, meso-1, Ln
= Pr, meso-2), while in an acetonitrile—benzonitrile
(MeCN—PhCN) mixture, yellow crystals were obtained (Ln
= Pr, helical-2). The elemental analysis results confirmed
the same composition for these complexes, and the single-
crystal X-ray diffraction established a similar hydrogen-
bonded cylindrical structure as shown in Figure 1. Never-
theless, detailed structural analysis revealed the difference
in the propeller conformation of the [Ln(ntb),]*" units and
screw sense of the BDA4BPy spacers between the red and
yellow crystals, leading to formation of distinct helical
structures.

In each complex, two ntb ligands display tripod-like
tetradentate coordination mode with the central Pr3* (or La’*)
ion surrounded by six benzimidazole (Bim) arms, giving rise
to a rather similar cationic unit [Ln(ntb),]** as shown in
Figure 1a,b. Eight tertiary amine N atoms coordinate with
the Ln*" ion to form a slightly distorted cubic environment
as observed previously.'> The Ln—N bond distances show
no remarkable features and closely resemble each other
(Table 2). Besides four coordinating N donors, each ntb
ligand possesses three NH groups which are good hydrogen
bond donors. Therefore, the [Ln(ntb),]*t unit can provide
two sets of N—H-+--X hydrogen bonds dispositions in
opposite directions. Self-assembly of the [Ln(ntb),]*" units
with the rod-like BDA4BPy spacers results in formation of
six N—H-+*N hydrogen bonds as expected (Figure 1c and
Table 3), thus affording a hydrogen-bonded ensemble which
features in triple helical multicellular array containing
cylindrical internal cavities (Figure 2).

Recognizing the striking difference in helicity of the
cylindrical arrays was triggered by observation of distin-
guishable crystal colors (Figure 3), although all complexes
have the same composition. The red complexes meso-1 and
2 crystallize in R-3c space groups to make two isomorphous
structures, while the yellow complex helical-2 crystallizes
in a R32 space group, representing a polymorphous structure
with complex meso-2. In addition to the color difference,
the polymorphous structures meso-2 and helical-2 show
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Scheme 1. Schematic Procedure for Self-Assembly of the Helical and meso-Helical Cylindrical Arrays®
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“ In representatives of enantiomer and mesomer, straight arrows indicate the view direction and warped arrows indicate clockwise or anticlockwise

propeller fashion.

Figure 1. The cationic [Ln(ntb),]*" units in complexes: (a) meso-1 and (b) helical-2, showing atomic labeling and propeller conformation of two ntb
ligands differentiated by colors. (¢c) Hydrogen-bonded triple helical cylindrical motif encapsulating acetonitrile guest molecules.

distinguishable patterns in their powder X-ray diffraction
(XRD) (Figure S1 and S2, Supporting Information). More-
over, a significant difference in their thermal stability
measurements was observed (Figure 4). Thermogravimetric
analysis (TGA) suggested that the guest MeCN molecules
in both structures escaped gradually upon increasing of the
temperature; however, they were lost comparatively faster
in the helical-2 than in the meso-2. The succeeding decom-
position steps of the cylindrical arrays are also different: a
sharp weight loss occurred in helical-2 immediately, while
meso-2 started with a slow weight loss.

10694 Inorganic Chemistry, Vol. 47, No. 22, 2008

The above-mentioned physical properties normally cor-
relate with the crystal habit which is inherent in the structural
nature; therefore, careful crystal structure examination is
necessary to understand the structure—property relationship.
It is well-known that the tripodal ligand can take the C;
symmetry to impose intrinsic chirality when the three pen-
dants adopt syn,syn,syn-conformation to display propeller-
like arrangement.'® For the ML, type bis-tripodal complexes,
two tripodal ligands usually exhibit the same handed propel-
ler fashions when viewed from the apical central atom of
the ligand down to the metal ion,'>'” thus endowing
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Table 1. Crystal Data and Structure Refinement Parameters for
Complexes

meso-1 meso-2 helical-2
empirical C106H90C13L3N28012 C106H90C13PTN23012 CloﬁHgoclgpergolz
formula
fw 2193.32 2195.32 2195.32
crystal syst  trigonal trigonal trigonal
space group  R-3c R-3c R32
a (A) 17.987(5) 17.8881(5) 17.8687(4)
c(A) 53.73(2) 53.590(2) 26.7725(10)
V (A3 15054(9) 9354(3) 7795.9(8)
V4 6 6 3
Deae (g cm™3) 1.452 1.473 1.477
« (mm~") 0.584 0.652 0.654
T (K) 293(2) 150(2) 150(2)
R, 0.0628 0.0754 0.0699
WR, 0.1732 0.1919 0.1753

Table 2. Selected Bond Lengths (A) and Bond Angles (°) for meso-1,
meso-2, and helical-2¢

meso-1
La(1)—-N(2) 2.643(5) La(1)—N(1) 2.827(6)
N@)#1—-La(1)-N(2) 100.37(12) N(2)#1—La(1)—N(2) 79.63(12)
N(2)—La(1)—N(1) 62.49(9) N@#2-La(1)-N(1)  117.51(9)
N(DH#2—La(1)—N(1) 180.0 N(2)#2—La(1)—N(2) 180.00(16)
meso-2
Pr(1)~N(1) 2.610(5) Pr(1)—N(3) 2.802(7)
N()—Pr(1)—N(D#1  101.04(13) N(DH#2—Pr(1)—N(1)#3  78.96(13)

N(D#1—Pr(1)—-N@3)  63.03(11) N(1#3—Pr(1)—N@3) 116.97(11)
N(1)—Pr(1)—N(D#3  180.00(19) N(3)—Pr(1)—N(3)#3 180.00

helical-2

Pr—N(1) 2.803(4) Pr—N(2) 2.582(3)
N(2)#2—Pr—N(2) 100.86(9) N(2)#c—Pr—N(2) 76.42(14)
N(2)—Pr—N(1) 62.89(7)  N(2)#1—Pr—N(1) 117.11(7)

NQ2)#1—Pr—N(2)#2  176.49(16) N(1)—Pr—N(1)#4 180.000(1)

“ Symmetry codes for meso-1: #1, x —y + I, x + 1, —z; #2, —x, —y +
2, =z #3, —x+y—1,—x+ 1,z meso-2: #I, —x + y + 1, —x + 2, z;
#2,—y+2,x—y+ 1,z #3, —x + 2, =y + 2, —z helical-2: #1, —x, —x
+y,—z+52#2, —y+ 1L,x—y+2,z#,x—y+ 1, —y+2 —z+
5/2; #4,y — 1, x + 1, —z + 5/2.

normalized D3 symmetry to the chiral coordination motif.
On the contrary, once two tripodal ligands display both
clockwise (A) and anticlockwise (A) propeller fashions,
inversion symmetry can be imposed on the metal center (refer
to Scheme 1), thus forming an achiral mesomer. Such ML,

Figure 2. The meso-helical cylindrical arrays in meso-1/meso-2 (upper)
and helical cylindrical array in helical-2 (lower). The triply screw
arrangement of BDA4BPy spacers is indicated by arrows, and compart-
mental cavities formed inside cylinders are represented by green rods.

tripodal mesomer has rarely been observed, which obviously
provides a coordination converter being able to tune the
chirality. As seen from Figure 1a,b, the [Ln(ntb),]*" unit in
complex meso-1 (or meso-2) comprises two reversely handed
ntb ligands (denoted as AA-mesomer), while that in helical-2
consists of two same handed ntb ligands (denoted as
AN/AA-enantiomer).

The structural analysis also revealed that the BDA4BPy
spacers wrap around a Cs-axis showing a screw sense.
Therefore, the triple-stranded capsular motif [Ln(ntb),]-
(BDA4BPy)s-[Ln(ntb),] (Figure 1lc) can be described as
either a P (right-handed) or an M (left-handed) helical
cylinder depending on the screw sense of the three BDA4BPy
spacers (refer to Scheme 1). A noticeable finding is that the
three same screw-handed BDA4BPy spacers join two same
propeller-handed ntb ligands at the two ends, indicating a
chiral transfer through the N—H-<*N hydrogen-bonding
recognition. However, because the [Ln(ntb),]** units can be
either enantiomers or mesomers, the overall helicity of the
cylindrical array is consequently controlled by the coordina-
tion converters. For example, the helical-2 can display either
AAPAAP or AAMAAM helical arrays, while the meso-2
may exhibit either AAMAAP or AAMAAP meso-helical
arrays.

The different helical arrays cause significantly different
crystal packing modes as shown in Figure 3 and Figure S3,
Supporting Information. Although both helical and meso-
helical arrays are aligned in parallel along the c-axis in the
crystal lattice, the orientations of the BDA4BPy spacers are
clearly different. In helical-2 there is only one type of
conformation of spacers which show the same handedness,
while in meso-2 there are two types of inverted conforma-
tions of spacers with P and M handedness coexisting. The
uniform arrangement of the BDA4BPy spacers in helical-2
gives rise to the strictly ordered crystal packing, which causes
distinct components distribution and vacant space in the
crystal lattice compared with that in meso-2. For instance,
more permeable one-dimensional channels are formed in
helical-2 in the c direction. This may be the reason why the
guest molecules are easily removed at lower temperature,
but the framework collapses abruptly for kelical-2 in contrast
to that for meso-2. Moreover, the different crystal packing
may result in light transmission difference in the crystal
lattice, which may account for the different color of meso-2
and helical-2, indicating that the specific conformation of
the spacers may correlate with special electronic structure.
Such difference in physicochemical property is often ob-
served between the polymorphous crystals; nevertheless, the
intrinsic physical mechanism remains unknown and waits
for further investigation.
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Figure 3. Crystals picture showing different colors for meso-1, meso-2 (red), and helical-2 (yellow), and their respective crystal packing in the ab plane.
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Figure 4. TG analyses of complexes meso-2 (black) and helical-2 (red).

Solution Structures and Assembly Mechanism. To
explore the self-assembly procedure of the helical and meso-
helical arrays, solution structures have been studied by means
of the ESI-MS and '"H NMR methods for the Sm** complex
because the Sm** ion has weak paramagnetism with negli-
gible influence on the NMR line broadening and appropriate
kinetic inertness to detect ligand exchange process.'® As
shown in Figure 5, a 1:2 mixture of Sm(ClO4);+6H,0 and
ntb ligand in CD;CN (1073 M) at 293 K gives one set of
proton signals corresponding to “free” ligand; however, the
aromatic signals from the Bim rings shift upfield while the
methylene signal remains almost unchanged. This consists
with the formation of [Sm(ntb),]*" species where six Bim
rings from two ligands shield each other due to interdigitated
arrangement (Figure 1). Another evidence for exclusive
formation of [Sm(ntb),]*" species in solution comes from
ESI-MS measurements (Figure 6). The only major peak (m/z
533.5) is assignable to [Sm(ntb)>(ClO4)]** which is verified
by the exact match of the isotopic distribution with the
theoretical simulation.'®'? An interesting finding is that the
water signal shifts remarkably downfield to overlap with
the methylene signal, indicative of N—H-++-O hydrogen-
bonding interaction between the ligand NH group and water
molecules. Careful examination of NMR spectrum confirms
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that the methylene signal is sharp and enantiotopic. These
results imply that the three Bim arms of the two ligands are
equivalent and rotatable about the N—Ciyenyiene bonds, leading
to a pseudo-Ds, symmetry as a results of fast A=A
intramolecular interconversion on the NMR time scale at 293
K.'® Because each [Sm(ntb),]** unit contains two ntb ligands,
the dynamic interconversion process should be averaged from
three final states, namely, AA, AA enantiomers and AA
mesomer (see Scheme 1).

When the BDA4BPy spacers were added in an M:L:spacer
molar ratio of 1:2:3 at 293 K, the NMR spectrum displayed
well assignable proton sets containing both the ntb ligand
and the BDA4BPy spacer. The signals from the Bim rings
are comparable with those of “free” [Sm(ntb),]**, but the
methylene and NH signals are significantly broadened
(assignment verified by D,O exchange). The spectra of the
M:L:spacer molar ratios of 1:2:2 and 1:2:4 show a similar
feature with slightly different broadening of the methylene
singals, indicating that different helical precursors associated
with the N—H-++N hydrogen-bonding [Ln(ntb),]*"-spacers
are formed but still dynamically averaged at room temper-
ature. Broadening of the methylene signals suggests that the
fast A == A interconversion has been slowed down due to
formation of the N—H+++N hydrogen bonds. Therefore, the
variable temperature NMR measurements were carried out
for the 1:2:3 system (293—258 K). It was found that the
methylene signal became diastereotopic when the tempera-
ture decreased. These findings verify that the rotation of the
Bim rings are hindered after formation of the N—H-**N
hydrogen bonds. The propeller conformation of the ligand
will be blocked to Cs-symmetry when the [Sm(ntb),]3*
converters are prohibited from fast A == A interconversion.
Coalescence of the two methylene signals occurs at about
295 K, which results in an estimated energy barrier AG of
56 kJ mol~! for the dynamic helical interconversion.'®!” This
interconversion energy barrier may be mainly contributed
from the N—H-+*N hydrogen-bonding interactions as well
as the ligand exchange.

On the basis of the above solution structural results, a
possible self-assembly procedure is proposed as depicted in
Scheme 1. At room temperature, the thermodynamic solution
species [Ln(ntb),]>" coexisting as AA, AA enantiomers and
AA mesomers establish an equilibrium with A = A in-
terconversions occurring. Upon self-assembly with BDA4BPy
spacers through N—H-+*N hydrogen-bonding, the kinetic
control of the solution to crystal interfacing phase transfer
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Figure 6. ESI-MS spectrum of a solution of Sm(ClO4)3*6H,0 and ligand ntb with 1:2 ratio in MeCN (1073 M). Isotopic distribution of the double-charged

[Sm(ntb)>(C104)]*" motif with the theoretical simulation shown in the inset.

takes place to crystallize. Since the helical precursors
associated with the hydrogen-bonding [Ln(ntb),]3"-spacers
are interconvertible with relatively low energy barrier AG
of 56 kJ mol™!, the subtle influence on the crystallization
condition may be able to direct the self-assembly procedure
when the conformation of the tripodal ligand is blocked.
Because three helical BDA4BPy spacers prefer to recognize

two same handed tripodal ligands, the helical propagation
is subject to the selection of ML, coordination converters.
If enantiomers are assembled, a AAPAAP or AAMAAM
helical array will be formed. On the contrary, once the
mesomers are selected, an AAMAAP or AAMAAP meso-
helical array will result due to alternate helix reversal.
Therefore, the [Ln(ntb),]** units act as bis-tripodal coordina-
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Table 3. Hydrogen Bonds Geometry in Complexes meso-1, meso-2,
and helical-2

D-H,A H-:A,A DA A ZD—H:--A, deg
meso-1 0.88 2.00 2.791(8) 149.2
meso-2 0.86 1.95 2.783(7) 164.4
helical-2 0.88 1.89 2.757(6) 167.9

tion converters to tune the helicity of the cylindrical array,
offering a new approach to switch helical structures®
comparable with the motor rotation mechanism in bacteria.'’

It is noteworthy that, no matter the self-assembly process
started from a chiral ML, unit or from an achiral one, the
successive selection of the ML, units is not arbitrary but
consistent with the initial one. This means that the common
role of chiral memory and transfer in synergistic assembly
is effective in construction of present helical and meso-helical
arrays. One of the important influencing factors in such
uniform self-assembly may be the solvent environment which
is proven to be able to facilitate formation of helical structure
with preferred handedness.'* We have tested the following
solvent systems for crystallization: (i) MeCN, (ii) MeCN +
EtOH, (iii) MeCN + PhCN, (iv) MeCN + EtOH + PhCN,
(v) MeCN + THF, and (vi) MeCN+CHClIs. In cases of v
and vi, assembly of hydrogen-bonding structure failed
probably due to competition of N—H++<O and N—H---CI
hydrogen bonds versus N—H-+++N hydrogen bonds. The
solvent system iv gave rise to simultaneous crystallization
of both red and yellow crystals, indicative of inefficient chiral
preference. Uniform formation of helical structure was
achieved in case iii while that of meso-helical structure in
cases i and ii. A possible reason why the PhCN solvent
environment prefers a helical structure to a meso-helical one
is that the aromatic ring of PhCN can effectively interact
with ntb ligands and BDA4BPy spacers via 7+ stacking.'®
This may reduce fast interconversion of ntb conformations
and therefore make self-organization and helix propensity
control easier.

The host—guest interaction may also play an important
role in formation of helical structures.'** Since the cylindrical
cavity provides a long but narrow host environment, the
MeCN molecule was discriminated from other solvent
molecules for inclusion because of the perfect complementary
match. However, the linear nature of the MeCN guest,
although effective as a template to induce formation of helical
cylinder, makes little contribution to the helical control. The
helix propensity of [Ln(ntb),]** units is obviously more
affected by the planar aromatic PhCN solvent than the linear
MeCN solvent, although PhCN molecules are not suitable
guests for inclusion.

Conclusion

In summary, triple helical and meso-helical cylindrical
structures have been obtained from synergistic assembly of
bis-tripodal complex units and bifunctional spacers on the
basis of coordination-binding and hydrogen-bonding interac-
tions. Tuning of the helical arrays is achieved through solvent
effects on the helix propensity of bis-tripodal coordination
converters. Solution structures have been studied in an effort
to understand the self-assembly procedure. The self-orga-
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nization processes of the cylindrical arrays presented here
features in (a) inerrant N—H -+« <N hydrogen-bonding recogni-
tion between the linear spacers and the tripodal ligands
responsible for assembly of cylindrical cages encapsulating
MeCN guests, (b) stereochemical recognition between the
screw sense of the spacers and propeller conformation of
the ligands leading to local chirality transfer from one end
to another, and (c) memorized selection of the ML, motifs
in self-assembly process keeping helical propagation based
on the enantiomers or helix reversal based on the mesomers.
Finally, polymorphism of meso-2 and helical-2 complexes
leads to not only a chiral difference, but also physicochemical
differences in color and thermal behaviors.

Experimental Section

Syntheses and Characterization: {[La(ntb),](Cl0,);*(BDA-
4BPy);-2MeCN}.., meso-1. A solution of La(ClOy);+6H,0 (0.014
g, 0.025mmol) in 2 mL of MeCN was added to a suspension of
ligand ntb (0.020 g, 0.05Smmol) in 2 mL of acetonitrile (MeCN)
with constant stirring. To this mixture BDA4BPy (0.086 g, 0.3
mmol) was slowly added. The resulting mixture was heated for
half an hour to produce a clear solution. Slow diffusion of diethyl
ether into the mixture over 24 h afforded red block crystals. Yield:
68%. Anal. Calcd for LaC;osHoyCl3N,3O1o: C, 58.05; H, 4.14, N,
17.88. Found: C, 57.37; H, 4.10; N, 17.40%. IR (KBr, cm™1): 3425,
3348, 3187, 3117, 3058, 2981, 2889, 2754, 2463, 1859, 1601, 1558,
1450, 1418, 1347, 1269, 1212, 1093, 1026, 839, 750, 622, 562.

{[Pr(ntb),](C104);+ (BDA4BPy);-2MeCN}.., meso-2. This com-
plex was synthesized in the same way as complex meso-1 by using
Pr(Cl04);3+6H,0 (0.014 g, 0.025 mmol) instead of La(ClO4);*6H,O
(0.014 g, 0.025mmol). Yield: 65%. Anal. Calcd for PrCosHgo-
Cl3N,5015: C, 57.99; H, 4.13; N, 17.86. Found: C, 56.44; H, 4.34,
N, 16.15%. IR (KBr, cm™"): 3452, 3354, 3192, 3056, 2988, 2890,
2757, 2464, 1907, 1604, 1468, 1450, 1417, 1320, 1269, 1211, 1092,
1028, 843, 750, 623, 563.

{[Pr(ntb),](Cl04);* (BDA4BPy)3:2MeCN}.., helical-2. A solu-
tion of Pr(ClOy);+6H,0 (0.014 g, 0.025 mmol) in 1 mL of MeCN
was added to a suspension of ligand ntb (0.020 g, 0.05mmol) in 1
mL of acetonitrile (MeCN) with constant stirring. To this mixture
BDA4BPy (0.086 g, 0.3 mmol) was slowly added, and then 5 mL
of benzonitrile was added. The resulting mixture was heated for
half an hour to produce a clear solution. Slow diffusion of diethyl
ether into the mixture over 48 h afforded yellow block crystals.
Yield 83%. Anal. Calcd for PrC;osHgoCl3N,501,: C, 57.99; H, 4.13;
N, 17.86. Found: C, 56.76; H, 4.52; N, 17.34%. IR (KBr, cm™!):
3436, 3356, 3189, 3052, 2986, 2889, 2758, 2460, 1914, 1637, 1567,
1450, 1434, 1320, 1270, 1149, 1078, 840, 750, 626, 562.

Physical Methods. IR spectra were measured on a Nicolet/
Nexus-670 FT-IR spectrometer with KBr pellets in the range
4000—400 cm~!. The C, H, and N elemental analyses were
performed on a Perkin-Elmer 240 elemental analyzer. Thermo-
gravimetric analyses (TGA) were carried out on a Netzsch/TG209F3
instrument under 1 atm pressure at a heating rate of 10 °C min~!.
Powder X-ray diffraction (XRD) data were recorded on a Bruker
D8 ADVANCE X-ray powder diffractometer (Cu Ko, 1.5418 A).

Crystal Structure Determination. Single-crystal reflection data
were collected on a Bruker Smart 1K CCD diffractometer using
Mo—Ka radiation (1 = 0.71073 A) using the w-20 scan technique
for meso-1 and on an Oxford Gemini S Ultra diffractometer with
the Enhance X-ray Source of Mo—Ka radiation (4 = 0.71073 A)
using the w-¢ scan technique for meso-2 and helical-2. Structural
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solution and refinement against F> were carried out using the
SHELXL programs.?® The ClO,~ anion in helical-2 is disordered
with four O atoms occupying two sets of positions and refined with
a tetrahedral model. The crystal displays racemic twining with the
BASF parameter of 0.49. Crystallographic data for the structures
reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no.
CCDC 684605—684607. Crystallographic data and other pertinent
information for complexes are summarized in Table 1. Selected
bond lengths and bond angles are listed in Tables 2 and 3.

(20) Sheldrick, G. M. SHELX 97, Program for Crystal Structure Solution
and Refinement, Gottingen University, 1997.
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