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Crystal Engineering with 1,4-Piperazine-2,5-diones

Eugene A. Mash*

Abstract

Experimental testing of a paradigm for the design and construction of functional crystalline
solids based on an indane/piperazinedione/indane scaffold is summarized. In theory, molecular
assembly is predetermined by incorporation of chemically and geometrically orthogonal
intermolecular interactions. Application of the paradigm to the development of materials

possessing liquid crystalline and nonlinear optical properties is presented.
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1 Introduction
“Crystal engineering is the understanding of intermolecular interactions in the context of crystal
packing and the utilization of such understanding in the design of new solids with desired

physical and chemical properties.” —from Crystal Engineering a Textbook'

Non-covalent interactions govern intermolecular contacts, which are of universal
importance in chemistry, biology, and materials science. In their book Supramolecular
Chemistry, Steed and Atwood list the following types of non-covalent interactions and their
associated energies: ion-ion interactions (100-350 kJ/mol), ion-dipole interactions (50-200
kJ/mol), hydrogen bonding (4-120 kJ/mol), cation-n interactions (5-80 kJ/mol), dipole-dipole
interactions (5-50 kJ/mol), n-7 stacking (0-50 kJ/mol), and van der Waals forces (<5 kJ/mol).?
Many early crystal engineering (CE) studies based on non-ionic, non-covalent interactions
involved growth of crystals from mixtures containing two components expected to exhibit
complementary interactions. This strategy, which we term co-crystal® engineering, has found
application in the development of superior pharmaceutical agents.* Harnessing of the much
stronger ionic interactions to drive component assembly led to the production of crystalline
metal-organic frameworks,” often rigid, porous “host” materials useful in “guest” capture and
storage, and in catalysis.® Other research has focused on what we term single-molecule crystal
engineering and involves the design, synthesis, and crystallization of single molecules that,
through the action of hydrogen bonding,” halogen bonding,® dipole-dipole interactions,’ -7
stacking,'” and/or van der Waals forces,'' assemble spontaneously into solids, ideally with
predictable packing and desirable bulk properties.'**' Our CE research falls into this latter
category and has focused on molecules that contain 1,4-piperazine-2,5-dione rings. The crystal

structure of the parent ring system was published in 1938,%* and the solid-state structures and
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bulk properties of “piperazinediones”, also known as “diketopiperazines”, have been of interest

ever since.>

2 Assembly Paradigm

We postulated that the three-dimensional order in an organic crystal might be controlled
by incorporation of three geometrically and chemically independent molecular recognition
elements, represented by a three-color scheme in Figure 1.*”* To test this hypothesis, a family
of piperazinedione-containing molecules 1, derivable from substituted 2-aminoindan-2-
carboxylic acids, was designed. The conformational freedom of such molecules is restricted,”
limiting the number of possible packing options. At the same time, attachment of groups to the

pentacyclic core can provide the necessary functional group variability with spatial control.

Regarding our expectations for crystal packing of compounds 1, the hydrogen bonding
properties of the piperazinedione ring were expected to play a central role in the establishment of
order in the crystalline state. From a recent search of the Cambridge Structural Database (CSD),
156 nitrogen—unsubstituted, non—ionic piperazinediones were retrieved, 63% of which were
found to form “one-dimensional” tapes’' through reciprocal amide-to-amide R,%(8) hydrogen
bonding (along the A-axis, Figure 1) Control of order in the second and third dimensions for
hydrogen-bonded 1D tapes of 1 would then depend on harnessing arene-arene interactions (B-
axis) and interactions due to the groups R' and R? (C-axis). Various arene interaction types have
been recognized as important, from the packing of small molecules to the stabilization of

protein tertiary structures.”® Parallel center-to-center association™ is favored for arene rings that
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Figure 1. Piperazinedione scaffold 1 incorporating three geometrically and chemically
independent recognition elements might assemble predictably into a solid.

possess very different electron densities, as in co-crystals of arenes and perfluoroarenes.”*>’

Parallel edge-to-center association” also is responsive to changes in © electron density due to
substituent effects.””®' Perpendicular edge-to-center associations™ are often observed for
unsubstituted arenes, such as benzene, naphthalene, and anthracene.®”* The nature and
magnitude of perpendicular edge-to-center associations have been subjected to much recent
scrutiny. ©* What ever their cause, there appears to be agreement that such interactions are

stabilizing, however weakly.

Logic would seem to dictate that for molecules with sufficiently large dipole moments,
dipole-dipole interactions would play a role in determining crystal packing. However, a
statistical analysis of crystallographic data’>"* has frequently been cited as evidence that
molecular dipole moments do not influence solid-state organization.”” Other articles suggest that
local dipoles due to functional groups may play a role if the dipoles are strong and in close
proximity.”® Dipoles may be aligned when topography requires alignment, as when “molecular

egg cartons” are stacked upon each other,”’ or when the dipoles are well-separated by
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containment in a host.”® If the ordered packing of strong dipoles were easily accomplished,
production of organic crystals that exhibit non-linear optic (NLO) properties would be
straightforward. In fact, engineering such crystals has proven to be difficult. Nevertheless, a
number of organic crystals possessing NLO properties due to at least a partial alignment of the

chromophore-associated molecular dipoles have been described.”

van der Waals attractive interactions always contribute significantly to stabilization of the
lattice as evidenced by the tendency of organic compounds to achieve closest packing in the solid
state.'®*® A number of publications on the development of porous solids with engineered

iy 5,6,11,17,77,78,81
cavities have appeared.

Invariably, the cavities are filled with guest molecules, often
solvent, a further testament to the importance of van der Waals attractive interactions. Crystal

engineers must therefore consider filling space sufficiently through shape complementarity when

designing a crystal to be built from a single molecule.
3 Shape Complementarity, Thermochemistry, and Exhibition of Liquid Crystal Phases

Concomitant with our own early studies, Whitesides and co-workers examined the crystal
packing of piperazinediones 2-9.” In each case reciprocal amide-to-amide R,*(8) hydrogen
bonding afforded 1D tapes. Since 2-9 are symmetrical (no molecular dipole moments) and since
the rings spirofused to the piperazinedione rings of 2-8 contain only non-polar hydrocarbon
moieties, tape assembly in all directions perpendicular to the axis of hydrogen bonding depends
on maximizing van der Waals contacts. For compounds 2 and 4-7, this was achieved by
adoption of planar piperazinedione ring conformations. The average planes of piperazinedione

rings of adjacent molecules in each tape were parallel (1, = 0°, see Table 1), and there were small

(N < 0.1 A) to modest (0.1 <m, < 0.4 A) progressive displacements of these average planes
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along these tapes. For compounds 3, 8, and 9, adoption of piperazinedione boat conformations,
generating pairs of enantiomeric conformers, was observed. Tapes of 3 and 8 were composed of
single enantiomeric conformers, adjacent tapes being enantiomeric, while tapes of 9 contained
alternating enantiomeric conformers, adjacent tapes being related by screw symmetry. The
average planes of piperazinedione rings of adjacent molecules in each tape were again parallel (1,
= 0°), with modest progressive displacements of these planes along tapes of 3 and 8 and quite a
large alternating displacement (n, = +1.4 A) along tapes of 9. Although arene-arene interactions
were discounted in the analysis of the crystal packing of 9, arene alignment seems consistent with
parallel edge-to-center association (vide infra). Interestingly, the lowest melting points were
reported for compounds 3, 8, and 9 (Table 1). Assuming that hydrogen bonding is the strongest
and most persistent of the intermolecular interactions, this fact seems inconsistent with the
suggestion that compounds 3, 8, and 9 may possess stronger hydrogen bonding than the other

compounds studied.

O H O H O H
NIBN NN NN
WA W RN
H o H o H o

2 3 4

O H O H
NN NN
H O H O
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H CHy o\ H CHs
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Table 1. Intermolecular Structural Parameters for Tape-forming Piperazinediones 2-16, 20, 22,

and 24-27: Hydrogen Bonding.”

e
)

OmninH—pN

N—H

N-O distances CSD
Compound MP (°C) e (A @A)  1(deg n,(A)7 CDOODOOOOD
2° 308 2.81 0.0 0.11 SIHVAG
3¢ 290 2.89 2.90 0.0 0.16 NUVZAF
4° 358 2.90 0.0 0.04 NUVYEI
5¢ 408-410 2.93 0.0 0.06 NUVYIM
6° 400 2.88 0.0 0.34 NUVYUY
7 436 2.98 0.0 0.06 NUVYOS
8° 290 2.87 2.88 0.0 0.13 NUVZEJ
9¢ 297 2.88 0.0 1.45 NUVZIN
322-324 NUVZINO1

10 >380 (dec) 2.85 2.86 0.0 0.04 EBOCED
11 311-312 2.87 2.87 0.0 0.12 EBOCON
12 344-346 (dec) 2.83 2.83 0.0 0.10 EBOCUT
13 >400 2.87 52.4 na’ EBOCAZ
14 316-318 2.80 2.94 69.2 na’ EBOCIH

2.82 2.94
15 317 2.84 2.84 0.0 0.23 CEWFER
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16 293 2.80 2.80 0.0 0.40 CEWFIV
208 180-182 2.88 2.88 0.0 0.37 VARPOU
20" 2.82 291 21.3 na'
(S.5)-22' 360-362 2.84 2.86 0.0 0.07 EBOBOM
(S.5)-22 2.85 2.82 0.0 0.20
(R,S)-22 357-359 2.85 2.85 0.0 0.22 EBOBEC
(S.5)-24" >300 (dec)’ 2.98 3.03 0.0 0.14 MOKDOG
(R,S)-24 >300 (dec) 3.03 3.03 0.0 0.00 MOKFEY
(S.5)-25 302-308 2.85 2.87 0.0 0.34 EBOBAY
(R,S)-25 >290 (dec) 2.84 2.89 0.0 0.54 EBIZUK
(S.5)-26 310-312 2.84 2.86 0.0 0.44 ULEKIF
(R,S)-26 312-314 2.85 2.87 0.0 0.34 ULEKEB
(S.5)-27 >300 (dec) 2.84 2.85 0.0 00.54 MOLJUT
(R,S)-27 >280 (dec) 2.91 2.93 0.0 0.21 MOKFIC
CSD average na’ 2.89 0.0 nd”

“Values are listed for each unique substructural component. “The distance between the amide nitrogen and oxygen
atoms involved in hydrogen bonding. “The dihedral angle 7, is formed by the intersection of the average planes
defined by the atoms of piperazinedione rings adjacent in a tape. “The distance My, lies between parallel average
planes defined by the atoms of adjacent piperazinedione rings in a tape. “Data taken from reference 23. Not

applicable. “Interactions of conformers 20A/20B with ent-20A/ent-20B. "Interactions of conformers 20A/ent-20A
and 20B/ent-20B with 20C/20D. ‘Interactions of conformer 22A. “Interactions of conformer 22B. *A 1:1 co-crystal
with DMF. 'Melting point of solvent-free material. "Not determined.
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In addition to piperazinedione 9, we studied the crystal packing of arene-substituted
analogs 10-14.*> Like 2-8, molecules 9-11 are achiral and have no molecular dipole moment, at
least in solution. Molecules 12-14 are also achiral but are weakly dipolar.83 Unlike 2-8,
compounds 9-14 might be expected to engage in arene interactions of one type or another. Thus,
we looked for the possible participation of hydrogen bonding, arene, dipole, and van der Waals

interactions in the analysis of the crystal packing of 9-14.

OCHs o H OCH;

O /H ’
VN NN
C I>\'N_<C© Y
H O ocH; H O ocH,
9 10

H OCHjg O H OCH,
NN H3C : : NN
©: N HsC N
H @) OCH, H o OCHj

o H O H
H4C : NN CHg : NN CHg
H4C ,N-< : i :CH3 ,N-< : i :CHS
H o H O
13 14

As was the case for compounds 2-8, piperazinediones 9-14 exhibited reciprocal amide-to-
amide R,%(8) hydrogen bonding and afforded 1D tapes (see Table 1 and Figures 2-4). However,
the molecular conformations and tape constructions were more varied. In crystals of 9-14, no
piperazinedione ring was truly flat. Crystals of compound 13 contained a single, very shallow
chair conformation that possessed a center of inversion. Crystals of compounds 10 and 11
contained single conformational enantiomers present in boat and twist-boat conformations,
respectively. Crystals of compounds 9 and 12 contained pairs of conformational enantiomers
present in boat and twist-boat conformations, respectively. Crystals of compound 14 contained

two pairs of conformational enantiomers present in pseudo-half-chair conformations. Despite
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this conformational diversity, the N-O distances ¢; and &,, representative of the hydrogen

bonding of neighboring molecules in a tape, were all very near to 2.89 A, the CSD average

(Table 1).

Invariably, the indane moieties of 9-14 were folded along the “cyclopentene hinges”
toward the proximal piperazinedione nitrogen and away from the carbonyl. The least folding was
observed for compound 9, where the tapes consisted of alternating enantiomeric conformers,
producing a “butterfly” motif seen when a 1D tape is viewed down the axis of hydrogen bonding
(Figure 2, top). This tape motif permitted the pair-wise parallel edge-to-center association of
arenes of “lateral neighbor tapes” (LNTs, defined using the directionality of the figure as the
frame of reference), producing a dimpled 2D sheet. Nesting of the dimpled sheets to maximize

van der Waals contacts completed the 3D assembly.

While the N-O distances ¢; and g, for 10-12 were very near to the CSD average, the
presence of methoxy substituents at positions 4 and 7 on one or both of the indane rings
produced very different crystal packing for these compounds. The symmetrically substituted
tetramethoxy piperazinedione 10 exhibited a “bent H” motif when a 1D tape was viewed down
the axis of hydrogen bonding (Figure 2, top), while tapes of 11 and 12 exhibited “bent T motifs
(Figure 3, top). For 10, LNTs were related by screw symmetry, which resulted in herringbone
alignments of neighboring arene rings (Figure 2, middle). Perpendicular edge-to-center arene—
arene interactions occured on one tape edge, while “slipped” perpendicular edge-to-center
interactions (involving a hydrogen of a methoxy group on one arene and the arene ring of a
molecule in the LNT) occured on the other tape edge. For 11, LNTs were related by screw
symmetry and were arranged in a “head-to-head, tail-to-tail fashion” with molecular (and tape)

dipoles opposed. Herringbone alignment enabled perpendicular edge-to-center arene—arene

10
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interactions on both tape edges between like-substituted arene rings. For 12, LNTs were also
arranged in a “head-to-head, tail-to-tail fashion” with molecular (and tape) dipoles opposed.
“Slipped” perpendicular edge-to-center interactions occured between methoxy-substituted arenes,
while van der Waals interactions were developed by shallow interdigitation of the methyl groups
on the other tape edge, where parallel alignment of the arenes did not involve arene—arene
interactions. The sheets of 10-12 possessed self-complementary topographies, and completed the

3D assemblies by stacking to maximize van der Waals contacts.

The N-O distances ¢; and ¢, for 13 and 14 were also near the CSD average, but the 1D
tapes of these compounds were unusual in that the average planes of adjacent piperazinedione
rings were significantly rotated, clockwise then counterclockwise, with respect to the axis of
hydrogen bonding (tpi, = 52° and 69° for 13 and 14, respectively, Table 1). Tapes of 13 and 14
presented “bow tie” and “half bow tie” motifs in cross section when viewed down the axes of
hydrogen bonding (Figure 4, top). The LNTs of 13 and 14 were vertically offset by half a period,
while “vertical neighbor tapes” (VNTs, defined using the directionality of the figure as the frame
of reference) were stacked in register. For 13, this maximized the van der Waals interactions of
the methyl groups at positions 5 and 6 (indane numbering), the presence of which precluded
development of arene—arene interactions. For 14, adjacent VNTs were enantiomeric, were
stacked with the molecular (and tape) dipoles opposed, and developed perpendicular edge-to-
center interactions between hydrogens of the unsubstituted arenes and the methyl-substituted
arenes, as well as contacts between hydrogens of methyl substituents and unsubstituted arenes.
Sheets of 14 comprised of VNTs assembled into 3D solids by shallow interdigitation of
complementary surfaces (Figure 4). These results suggested that substitution at positions 5 and 6

should be avoided if development of arene—arene interactions is desired. A corollary, that

11
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topographically complementary substitution at positions 5 and 6 may result in assembly through
van der Waals-driven interdigitation of “notched” hydrogen-bonded tapes, is currently being

tested (Figure 5).%

A line of investigation that was suggested by the crystal packing of 10 is schematically
represented in Figure 6. If the methoxy substituents of 10 were replaced with longer normal
alkoxy substituents in extended conformations, the H-shaped cross section of the reciprocally
hydrogen bonded tape might be retained. This could permit the development of perpendicular
edge-to-center arene—arene interactions as in the crystal of 10, and possibly the bundling of alkyl
tails in a manner that would foster their interdigitation. Compounds 15-21 were prepared to test

this hypothesis.®

10 R =CH,
15 R = CH,CH,
16 R = (CHp)sCH,

Although crystals of compounds 15-21 were obtained, to date only 15, 16, and 20 have
yielded to single crystal X-ray analysis. The crystal packing of these compounds was remarkably
similar to the packing of 10. 1D tapes resulting from amide-to-amide R,*(8) hydrogen bonding
were observed in each case, and the N—O distances €; and &, were very near to the CSD average
(see Table 1 and Figures 7 and 8). For 15 and 16, hydrogen-bonded tapes contained a single
enantiomeric conformation possessing C; symmetry. LNTs were related by screw symmetry,
producing herringbone packing motifs (Figure 7, middle). Perpendicular edge-to-center arene—
arene interactions occured on both tape edges for 15, while “slipped” perpendicular edge-to-
center interactions (involving a hydrogen attached to C1 of the “kinked” butoxy group and an

arene ring in the LNT) occurred on both tape edges for 16. Given these observations and the

12
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packing of 10, it would appear that stabilization due to “slipped” perpendicular edge-to- center
interactions involving a hydrogen attached to an sp’ hybridized carbon is comparable to
stabilization due to perpendicular edge-to-center arene-arene interactions involving a hydrogen

attached to an sp” hybridized arene carbon and an adjacent arene 7 system.

The most complex of the piperazinedione crystal structures obtained was that of 20.*® Six
conformations of the molecule, two pairs of enantiomeric conformers, 20A, ent-20A, 20B, and
ent-20B, as well as two conformers with inversion symmetry, 20C and 20D, were present in the
crystal in a 1:1:1:1:1:1 ratio (Figure 9). The piperazinedione rings of 20A, ent-20A, 20B, and
ent-20B adopted unsymmetrical shallow boat conformations, while the piperazinedione rings of
20C and 20D were flat. In all cases, the cyclopentene subunits of the indane rings were
substantially bent toward the nitrogen in the piperazinedione ring. While the dodecyloxy chains
exhibited predominantly extended conformations, there were significant deviations from
antiperiplanarity about several ¢ bonds in the chains. As a result, the dodecyloxy chains of 20A,
ent-20A, 20B, and ent-20B projected away from the average planes defined by the arenes to
which they were attached, while the dodecyloxy chains of 20C and 20D lay fairly close to these
planes. Despite this conformational variability, molecules of 20 associated via reciprocal amide-
to-amide R,(8) hydrogen bonding to form 1D-tapes with N—O distances ¢, and &, near the CSD
average (Table 1 and Figure 8). LNTs associated, mostly through perpendicular edge-to-center
arene interactions, but also through “slipped” perpendicular edge-to-center interactions, to give
sheets very similar to those of the other tetraalkoxy piperazinediones studied. Furthermore, the
dodecyloxy groups of 20 were deeply interdigitated in the space between the sheets defined by

the pentacyclic cores, producing the 3D assembly observed in the crystal.

13
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A plot of the observed freezing temperatures versus alkyl chain lengths for compounds
15-20 appears in Figure 10. It is noteworthy that the freezing temperatures decrease as the length
of the alkoxy chains increase.®’ The available crystallographic data indicate that the geometries
of the hydrogen bonds, and therefore their strengths, are very similar. If hydrogen bonds of
comparable strength are the last intermolecular interactions broken during melting, and thus by
the principle of microscopic reversibility the first intermolecular interactions formed during
crystallization, the contribution of alkyl chain motion to the entropic component of the free
energy could be responsible for the trend observed for the freezing temperatures. This issue is

currently under investigation.®®

Compounds 20 and 21 were of special interest in the context of possible liquid crystal
properties.*” Figure 11 presents the observed changes in layer spacing with temperature for 20
and 21 as determined by temperature-dependent X-ray analysis.”’ The changes in layer spacing
appear to involve the dodecyloxy and octadecyloxy groups. Heating may cause these groups to
become less entangled and more extended, making it possible for individual tapes or perhaps sets
of LNTs to change register with respect to adjacent tapes or sheets. Similar movements should
be possible in crystals of 10 and 15-19, and DSC analyses suggest this may be the case.*> Work
is in progress with these compounds and with piperazinediones derived from 4,7-dialkyl-2-
aminoindan-2-carboxylic acids to further test the assembly paradigm and to confirm its

applicability to the design and production of compounds that display liquid crystal properties.

4 Chirality and the Pursuit of Dipole Alignment

14
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Another motivation for our entry into the field of organic crystal engineering was the
need to align dipolar chromophores in order to impart nonlinear optical properties to thermally
stable bulk materials.”’ With respect to the latter issue, crystals of compounds 2-16 exhibited
high melting temperatures (Table 1). We recognized that if the symmetry of piperazinedione 1
(Figure 1) was broken by incorporation of aligned dipolar chromophores in the arene rings, the
molecule would be chiral.”> We hoped that, with proper attention to other aspects of molecular
design, we might develop a general method for dipole alignment in engineered high-melting

crystals.”

We began our study with the production of sets of compounds 22-24 that exhibited a
range of dipole moments,” but topographic features similar to each other and to the nonpolar,
achiral piperazinedione 10.** Solvent-free crystals of the p-bromoanisole derivatives (S,S)-22
and (R,S)-22 were grown from DMSO.”*"*> They exhibited molecular conformations and crystal
packing similar to each other and to piperazinedione 10 (compare 10 in Figure 2 with (S,S)-22
and (R,S)-22 in Figure 12). In all three cases, reciprocal amide-to-amide R,%(8) hydrogen
bonding afforded tapes (see Table 1), and the “cyclopentene hinges” of the indane moieties were
folded toward the piperazinedione nitrogen atoms, facilitating perpendicular edge-to-center arene

assembly of LNTs and producing sheets that displayed herringbone packing motifs.

15
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In the case of (§,5)-22, two conformers with nearly flat piperazinedione rings appeared in
the crystal. Tapes were assembled, either from conformer (S,5)-22A (shown in blue) or (S,S)-
22B (shown in green), and the conformer composition of LNTs alternated. Chirality required
that the dipoles associated with the p-bromoanisole moieties be aligned in each tape. However,
the herringbone assembly of LNTs placed the dipoles of perpendicular edge-to-center-associated
arenes in opposition. The orientation of the dipoles with respect to VNTs was more complex—
head-to-head, tail-to-tail, and head-to-tail pairings of closest neighbors were all observed (see

Figure 12, bottom of left panel).

Crystals of (R,S)-22 contained a single conformer with a flat piperazinedione ring. The
crystallographic data supported random occupancy by the methoxy and bromine substituents at
their positions in the unit cells. Given this fact and the similar packing of 10, (S,S5)-22, (R,S)-22,
and the co-crystal of (S,5)-22 and (R,R)-22 (not shown),” it seemed reasonable to conclude that

interactions between the p-bromoanisole dipoles did not play a significant role in crystal

16
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assembly. Rather, the interplay between tape formation via hydrogen bonding, sheet formation
via perpendicular edge-to-center arene association, and sheet assembly to give a solid with

maximized van der Waals contacts was responsible for the outcome.

While we were able to grow crystals of the p-methoxybenzonitrile derivatives (S,S)-23
and (R,S)-23 from DMSO, solvent was invariably included.”®*” Two DMSO molecules acted as
hydrogen bond acceptors for the amide hydrogen bond donors, and a third disordered DMSO
molecule filled space. This precluded tape formation by reciprocal amide-to-amide R,%(8)
hydrogen bonding, as well as comparisons of these crystal structures with those of compounds
10, (S5,5)-22, and (R,S)-22. Nevertheless, these crystals exhibited interesting features and
properties. In the co-crystal of (S,5)-23 with DMSO, a single pseudotwist-boat conformer was
present in which the methoxy groups of the molecule were brought into closer proximity than the
nitrile groups (Figure 13). The “cyclopentene hinges” of the indane moieties were folded only
slightly toward the piperazinedione nitrogen atoms. Arene rings of neighboring molecules were
arranged in a parallel edge-to-center fashion, and the p-methoxybenzonitrile dipoles were all
reasonably well aligned. This collection of dipoles was opposed by the dipoles of the included
DMSO molecules (not shown), which suggested that dipole compensation played a role in
determining the crystal packing. The net dipole moment of the unit cell was estimated to be <1
D.”® These co-crystals gave an NLO signal in the Kurtz and Perry powder test comparable to that

of urea. Unfortunately, they began to melt when heated above 80 °C.

In an effort to exclude DMSO, (S,S)-23 was crystalized from dipropylsulfoxide
(DPSO).”® This led to 1:2 co-crystals in which two DPSO molecules acted as the hydrogen bond
acceptors for the amide hydrogen bond donors of (S,5)-23, while the hydrocarbon tails of the

DPSO molecules acted as insulation. Two conformers of (S,5)-23 were present in this co-crystal.

17
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Both possessed pseudotwist-boat piperazinedione rings, one much flatter than the conformer seen
in the co-crystal of (S,5)-23 with DMSO, and the other as deeply puckered, but in the opposite
direction, bringing the nitrile groups closer together than the methoxy groups (Figure 13). For
the first time, the “cyclopentene hinges” of the indane moieties were folded, albeit slightly,
toward the piperazinedione oxygen atoms. Arene rings of neighboring molecules were arranged
in a parallel edge-to-center fashion, and again the p-methoxybenzonitrile dipoles were all
reasonably well aligned; but in this co-crystal these dipoles were not opposed by the dipoles of
the included DPSO molecules, which instead canceled each other. The net dipole moment of this

unit cell was estimated to be >12 D.”” These co-crystals began to melt when heated above 40 °C.

In the co-crystal of (R,S)-23 with DMSO, a single conformer with a flat piperazinedione
was present, and the “cyclopentene hinges” of the indane moieties were folded slightly toward
the piperazinedione oxygen atoms (Figure 13). Arene rings of neighboring molecules were
arranged in a parallel edge-to-center fashion, and the p-methoxybenzonitrile dipoles were

opposed. These co-crystals decomposed when heated above 75 °C.

When freed of DMSO solvent in a DSC experiment or by column chromatography,
amorphous (S,5)-23 and (R,S)-23 had melting points >300 °C, and (S,S)-23 exhibited no NLO
signal. These facts suggested that the solvent-containing co-crystals were the products of
kinetically controlled crystallizations, and that antiparallel arrangement of the dipoles of (S,S5)-23

in the solid state was possible.

Crystals of the p-nitroanisole derivative (S,S)-24 were grown from DMF, while crystals of
(R,S)-24 were grown from DMSO.”** In the case of (S,S)-24, a single piperazinedione

conformer containing a pseudotwist-boat was present, along with one disordered DMF molecule
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that filled space. The cyclopentene subunits of the indane rings were nearly flat. Reciprocal
amide-to-amide R,*(8) hydrogen bonding produced tapes that exhibited a U-shaped motif when
viewed along the axis of hydrogen bonding (Figure 14). LNTs were related by screw symmetry,
leading to intercalation of the arene rings such that the dipoles of parallel edge-to-center
associated p-nitroanisole moieties were opposed. Space between the methoxy substituents (i.e.,
the U-shaped groove of each tape) was filled with disordered DMF molecules, producing a 2D
sheet with a shallow grooved topography. These sheets were stacked with the p-nitroanisole
dipoles of VNTs in register in a head-to-tail alignment, presumably to maximize van der Waals

contacts while developing energetically favorable dipole alignments (Figure 14).

In the crystal of (R,S)-24, a single conformer with flat piperazinedione and indane rings
was present. Reciprocal amide-to-amide R,%(8) hydrogen bonding produced tapes with dipoles
aligned on each tape edge, but opposed on opposite edges of each tape (Figure 14). LNTs were
related by screw symmetry, and parallel edge-to-center arene association resulted in opposition of
proximal p-nitroanisole dipoles. The resulting corrugated sheets were stacked to maximize van
der Waals contacts.

The question remained, could solvent-free crystals of (S,S5)-23 and (S,5)-24, if available,
assemble in a manner similar to 10 and (S,5)-22? Insight can perhaps be obtained from
comparisons of the crystal packing of compounds (R,5)-25, (S,5)-26, and (S,S)-27, prepared to
prove the structures of the resolved amino acid precursors to 22-24. An overlay of the crystal
packing of these compounds is shown in Figure 15. These compounds exhibited similar
conformations in their respective crystals, engaged in reciprocal amide-to-amide R,*(8) hydrogen
bonding to afford tapes, and possessed screw-related LNTs that engaged in herringbone packing,

placing the dipoles of perpendicular edge-to-center-associated arenes in opposition. Sheet
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assembly appeared to be governed by van der Waals complimentarity. While the diastereomers
(S,5)-25 and (R,S)-26 packed in a very similar manner to that depicted in Figure 15, hydrogen-
bonded and screw-related LNTs of (R,S)-27 engaged in parallel edge-to-center arene interactions

(not shown), much like (S,5)-24 and (R,S)-24.

9 o H OCHs o0 H
VN o
ocH, H O gr H ©
(5,5)-25 (R.5)-25
OCHs o H CN o n
NI NN
'N—<(H\© ,N-<(H\©
cN H O ocHg H O
(5,5)-26 (R.5)-26
OCHs o n NO, o n
ol e
vae o O
Nno, H O ocHg H O
(5,5)-27 (R.S)-27

Studies with piperazinediones 22-27 suggest that, in the context of such molecular
assemblies, arenes incorporating strong dipoles (3-6 D) favor parallel edge-to-center alignments,
but can adopt perpendicular edge-to-center motifs; and that arene associations involving dipole

opposition are favored, but not obligate.

5 Future Prospects

The piperazinedione-containing scaffold 1 has been a useful vehicle for testing our
single-molecule crystal engineering assembly paradigm by the design and production of new
liquid crystalline and non-linear optical materials. However, much potential for its use in the

acquisition of new knowledge and the development of useful materials remains. For example,
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starting from resolved (S,5)-22, modern methods for arene coupling are being used to extend the
conjugation length and increase the dipole moment strength of possible NLO-active molecules.
Additionally, we have prepared derivatives of the bis-amino acids 28-30 for production of
molecules incorporating two or more piperazinedione rings.'® Publications describing these

advances will appear in due course.

HOzc COZH HOzc NH2
> ~ O “NH, > ~ O NCOH

(M)-28 (P)-28
s O
HO,C CO.H HO,C NH,
cis-29 trans-29
NH, wCO,H
HOZC CO,H HOZC NH,
cis-30 trans-30
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Figure 1. Piperazinedione scaffold 1 incorporating three geometrically and chemically independent recognition

elements might assemble predictably into a solid.
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Figure 2. Crystal packing for piperazinediones 9 and 10. Top of each panel: a view of a sheet (nine molecules) formed by three
lateral neighbor tapes (LNTs) viewed down the hydrogen-bonding axis. Middle: a view of the sheet perpendicular to the
hydrogen-bonding axis. Bottom: a view of three sheets (27 molecules) down the hydrogen-bonding axis. Hydrogen atoms are
omitted for clarity. LNTs of 9 engage in parallel edge—to—center arene—arene interactions. LNTs of 10 engage in perpendicular
edge—to—center interactions on one tape edge and in “slipped” perpendicular edge—to—center interactions on the other tape edge.
Vertical neighbor tapes (VNTs) principally engage in van der Waals interactions through topographic complementarity.
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11 12

Figure 3. Crystal packing for piperazinediones 11 and 12. Top of each panel: a view of a sheet (nine molecules) formed by
three LNTs viewed down the hydrogen-bonding axis. Middle: a view of the sheet perpendicular to the hydrogen-bonding axis.
Bottom: a view of three sheets (27 molecules) down the hydrogen-bonding axis. Hydrogen atoms are omitted for clarity. LNTs
of 11 engage in perpendicular edge—to—center interactions on both tape edges. LNTs of 12 engage in “slipped” perpendicular
edge—to—center interactions on one tape edge and in van der Waals interactions through topographic complementarity on the
other tape edge. Vertical neighbor tapes (VNTs) principally engage in van der Waals interactions through topographic
complementarity.
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13 14

Figure 4. Crystal packing for piperazinediones 13 and 14. Top of each panel: a view of a sheet (nine molecules) formed by
three LNTs viewed down the hydrogen-bonding axis. Middle: a view of the sheet perpendicular to the hydrogen-bonding axis.
Bottom: a view of three sheets (27 molecules) down the hydrogen-bonding axis. Hydrogen atoms are omitted for clarity. LNTs
and VNTs of both 13 and 14 principally engage in van der Waals interactions through topographic complementarity.
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Figure 5. Schematic representations of a hypothetical hydrogen-bonded tape cross-section (top) and crystal packing
(bottom) viewed parallel to the long axis of the tape.
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Figure 6. Top: Schematic representations of the hydrogen-bonded tape cross-section (left) and crystal packing
(right) observed for compound 10. Bottom: Schematic representations of a hypothetical hydrogen-bonded tape
cross-section (left) and crystal packing (right) for 20, the tetradodecyloxy homologue of compound 10.
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15 16

Figure 7. Crystal packing for piperazinediones 15 and 16. Top of each panel: a view of a sheet (nine molecules) formed by
three LNTs viewed down the hydrogen-bonding axis. Middle: a view of the sheet perpendicular to the hydrogen-bonding axis.
Bottom: a view of three sheets (27 molecules) down the hydrogen-bonding axis. Hydrogen atoms are omitted for clarity. LNTs
of 15 engage in perpendicular edge—to—center interactions, while LNTs of 16 engage in “slipped” perpendicular edge—to—center
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interactions. VNTSs engage in van der Waals interactions through topographic complementarity (interdigitation of tails).
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20

Figure 8. Crystal packing for piperazinedione 20. Top left panel: a view of a sheet (nine molecules) formed by three LNTs
viewed down the hydrogen-bonding axis. Bottom left panel: a view of the sheet perpendicular to the hydrogen-bonding axis.
Right panel: a view of three sheets (27 molecules) down the hydrogen-bonding axis. Hydrogen atoms are omitted for clarity.
Vertical neighbor tapes (VNTs) engage in van der Waals interactions through topographic complementarity (interdigitation of
tails).
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Figure 9. Two views of conformers 20A-20D found in the crystal structure of 20. In these depictions, conformer 20A is
red, 20B is lavender, 20C is light blue, and 20D is dark blue. Conformers ent-20A and ent-20B are not shown. Top: A
view parallel to the plane of the piperazinedione ring. Bottom: A view perpendicular to the plane of the piperazinedione
ring. The repeat pattern in a hydrogen bonded tape is ...20A/20B::ent-20A/ent-20B::20C/20D. ..
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Figure 10. Graph of freezing point versus length of carbon chain for piperazinediones 15-20. Compound 10 melted
with substantial decomposition, and so its freezing temperature could not be determined. Sharp transitions were not
observed for compound 21 over the range 375-475 K. The best-fit line has a correlation coefficient of 0.993.
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Figure 11. Changes in layer spacing with temperature for compounds 20 (top left) and 21 (bottom left) as determined by
temperature-dependent X-ray analysis. The layer spacing undergoing change is presumed to be the distance between
average planes of 2D sheets constructed from adjacent pentacyclic molecular cores, illustrated in cross section for
compound 20 by the bars (right).
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Figure 12. Crystal packing for piperazinediones (S,S)-22 and (R,S)-22. Top of each panel: a view of a sheet (nine molecules)
formed by three LNTs viewed down the hydrogen-bonding axis. Middle: a view of the sheet perpendicular to the hydrogen-
bonding axis. Bottom: a view of three sheets (27 molecules) down the hydrogen-bonding axis. In the case of (S,5)-22, LNTs
alternate between conformers A (blue) and B (green), while for VNTs the repeat pattern is ... AABB... Hydrogen atoms are omitted
for clarity.
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(S.9)-23 (S,5)-23
(crystallized from DMSO) (crystallized from DPSO)

(R,S5)-23
(crystallized from DMSO)

13. Crystal packing for piperazinediones (S,S)-23 (crystallized from DMSO), (S,S)-23 (crystallized from DPSO), and (R,S)-23 (crystallized from DMSO
panel: a view of three sheets (27 molecules) approximately perpendicular to the arene rings. Bottom: a view approximately parallel to the arene rings. Ir

molecules and hydrogen atoms are omitted for clarity.
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Figure 14. Crystal packing for piperazinediones (S,S)-24 and (R,S)-24. Top of each panel: A view of three sheets (27 molecules)
parallel to the hydrogen bonding axis. Bottom: A view perpendicular to the hydrogen bonding axis. Included solvent molecules (in
the case of (S,5)-24) and hydrogen atoms are omitted for clarity.
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(R,S)-25, (5.5)-26, and (S,S)-27

Figure 15. Overlay of the crystal packing of piperazinediones (R,S)-25, (S,5)-26, and (S,S5)-27. This
view is of three sheets (27 molecules) of each compound parallel to the hydrogen bonding axis.
Hydrogen atoms are omitted for clarity.
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