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ABSTRACT 

A paradigm and theoretical model for the design and construction of acentric 

crystalline solids is presented. In theory, molecular assembly in a predetermined 

arrangement will result for molecules that possess and participate in three chemically 

and geometrically orthogonal intermolecular interactions. A class of piperazinediones 

was designed to possess such orthogonal recognition elements and may provide an 

appropriate scaffold for the rational design of molecular building blocks for 

construction of acentric crystals. The topography and conformational rigidity of this 

scaffold limit packing options, which facilitate prediction of crystal structures from 

consideration of readily identified forces associated with three orthogonal recognition 

elements. Recognition elements can be introduced and modified by changing the 

functional groups on the scaffold via chemical synthesis. Structural variability 

facilitates exploration and exploitation of these molecules. A family of organic 

molecules that satisfy many of the conditions of the theoretical model is described 

and evaluated on the basis of their design, synthesis, and characterization. 



CHAPTER ONE 

DESIGN BASED ON ORTHOGONAL 

FUNCTIONAL GROUP INTERACTIONS 
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I. l  DSfTRODUCnON 

Understanding the relationship between molecular structure and molecular 

order in the crystalline state is a complex problem that has drawn considerable 

attention in recent years. Understanding molecular order of organic molecules 

presents a particularly challenging problem. For organic compounds in the gas phase 

intramolecular forces dictate the molecular conformational ensemble. Relatively 

weak, but cumulative intermolecular forces, such as hydrogen bonding, coulombic 

(electrostatic) interactions, and van der Waals contact interactions, govern the 

selection of a particular conformation for packing as well as the arrangement of the 

molecules in the crystalline state. Development of a comprehensive theory for 

prediction of the crystal packing of an arbitrary organic molecule from its molecular 

structure would require a complete understanding of the intramolecular and 

intermolecular forces which organize the molecules. Such a theory would be of 

enormous value in materials science and would have great relevance to biomolecular 

recognition processes. 

Where they occur, hydrogen bonding interactions are normally the strongest 

and most highly directional of the intermolecular forces that govern the crystal 

packing of organic molecules. Studies have shown that the strength of a hydrogen 

bond is dependent on the acidity of the hydrogen bond donor and the basicity of the 

hydrogen bond acceptor, as well as the distance and angle between them.^ 

Qualitative^ and quantitative ^-3 models for hydrogen bonding interactions have been 

advanced, and hydrogen bonding interactions have been harnessed to achieve varying 

degrees of order within crystalline solids.'^ 
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Coulombic interactions are more common than hydrogen bonding interactions 

in organic molecular crystals. The forces developed are usually weaker than those 

due to hydrogen bonding interactions and fall off rapidly with increased distance. 

While bond and molecular dipoles are directional, easily recognized, and contribute to 

determination of the conformational ensemble, there is ambiguity concerning the 

effects of coulombic forces on packing in organic crystals. ̂  

Van der Waals contact interactions are ubiquitous in organic crystals. These 

interactions occur between pairs of neighboring atoms. The attractive component is 

weak and falls off very rapidly with increased distance. Nevertheless, the frequency 

of van der Waals contacts is so great that the energy due to these interactions typically 

dominates the lattice energy. The weak namre and variable directionalities of van der 

Waals forces make prediction of organic crystal packing difficult. However, two 

empirically derived rules pertaining to van der Waals contacts within a crystal lattice 

have been formulated. Molecules tend to pack in such a way that the free volume in a 

crystal is minimized and tend to form complementary surfaces that maximize van der 

Waals contacts.6 Still, the many van der Waals contacts possible for 

conformationally rich organic compounds complicate prediction of molecular order in 

crystals. 

An alternative approach for prediction of molecular order in organic crystals is 

based on crystallographic considerations. While a molecule may crystallize in one of 

230 possible space groups, there is no crystallographically-imposed restriction on the 

asymmetric unit or on molecular conformation. Thus a very large number of crystal 

lattices would seem possible for a given organic molecule. Remarkably, however, it 

has been observed that most organic molecules crystallize in one of only five space 
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groups. 6a For a given molecule, other simplifying considerations may also be 

applicable. Molecules that exhibit inversion symmetry in the gas phase usually 

exhibit this symmetry in the crystal.®'' When considering crystals composed of 

enantiomerically pure molecules, only two of the four crystallographic symmetry 

operations are valid. ̂  The molecular conformation observed in the crystal is usually 

of low energy, though not necessarily the global minimum. The number of 

molecules in the asymmetric unit is usually small (1/2, 1, or 2). 8 Notwithstanding 

significant advances in the empirical understanding of organic crystal packing,^ such 

rules-of-thumb do not address the issue of molecular orientation in the unit cell, 

which limits this approach to predicting the crystal structure from the molecular 

structure. 

We are interested in the rational design of acentric organic crystals that 

possess useful properties by virtue of their order in the solid state and the 

functionality built into the molecules. Toward this end, we have embarked upon an 

investigation into the relationship between molecular structure and molecular order. 

Herein we describe a general theoretical model for molecular recognition in three 

dimensions and begin an examination of the model by design, construction, and 

analysis of suitable molecular building blocks for construction of acentric organic 

crystals. 
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1.2 DESIGN CONSIDERATIONS FOR PRODUCTION OF ACENTRIC 

ORGANIC CRYSTALS 

Paradigm for Molecular Recognition and Assembly in Three Dimensions 

Acentric crystalline solids with predictable molecular order will arise if the 

molecular building blocks contain three directional, geometrically orthogonal, 

chemically incompatible recognition elements. 

A crystal lattice is the result of a balance between forces acting in three 

dimensions. For most organic crystals, many force vectors due to hydrogen bonding, 

coulombic, and/or van der Waals contact interactions exist and are multidirectional. 

There are an infinite number of Cartesian coordinate systems one might select for 

vector analysis of the forces in a given crystal. Generally, such an analysis will not 

provide insight for prediction of unknown crystal structures. However, molecules 

that have three different, axially-related, complementary sets of functionality can 

possess directional recognition elements that produce the dominant force vectors of 

the lattice. For such molecules three-dimensional order may be predictable. 
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Figure 1. Idealized lattices arising firom three geometrically orthogonal, 
chemically incompatible recognition elements. Recognition elements 
for lattice A: A-A, B-B, C-C; for lattices B and C: A-A, B-Y, C-C; for 
lattices D and E: A-X, B-Y, C-C; and for lattice F: A-X, B-Y, C-Z. 

E 0 

F 
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Representations of orthogonal force vectors arising from several hypothetical 

molecular building blocks are depicted in Figure 1. These are not representations of 

octahedral molecules. Incorporation of three structure-determining symmetrical 

recognition elements may lead to a centrosymmetric crystal (Figure 1, lattice A). 

Incorporation of one or two structure-determining directional recognition elements is 

sufficient for acentricity (lattices B and D) but does not require acentricity (compare 

lattice B with C and lattice D with E). Incorporation of three structure-determining 

directional recognition elements must lead to an acentric crystal (lattice F). The 

paradigm places no restriction on the types of recognition elements, nor does it 

require that the molecular building blocks be identical or organic. Recognition 

elements may be constructed from functionality that imparts predictable hydrogen 

bonding, coulombic, and/or van der Waals contact interactions. However, the 

topography of the molecular building blocks must permit simultaneous recognition by 

all complementary functionalities while maintaining closest packing.^ 

1.3 DESIGN MODEL 

Guided by these considerations, a family of moderately complex, structurally 

variable molecules that can satisfy the paradigm was designed. Piperazinediones 1 

should be highly conformationally constrained. Their conformational rigidity should 

permit the introduction of orthogonal functionality and reduce the number of possible 

packing modes. Amide-to-amide hydrogen bonding should occur along the z-axis, 

arene-to-arene interact ions along the x-axis ,  and interact ions between the groups Ri ,  
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R2, R3, and R4 along the y-axis. Interactions between the groups R might involve 

hydrogen bonding, coulombic, and/or van der Waals contact interactions. Orthogonal 

strong and weak interactions of the same type might be incorporated into the 

molecular building blocks. The molecular topography and the restriction of 

conformational freedom will prohibit intramolecular interactions of complementary 

functional groups. 

z 

Piperazinediones 1 can support chirality (when Ri9iR4 and/or R2?^R3). A 

hypothetical hydrogen bonded tape^^ constructed from piperazinediones 1 where 

Ri=R3 and R2=R4 is depicted in Figure 2. As a consequence of using 

enantiomerically pure molecules, the molecular symmetry, and molecular ordering 

due to intermolecular hydrogen bonding, all of the groups R1 are oriented to one face 

of the tape and all of the groups R2 are oriented to the other face. Arene-to-arene and 

engineered interactions between the groups Ri and R2 are expected to dictate 

molecular order in directions mutually orthogonal to the hydrogen bonded tape. 
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Figure 2. Hydrogen Bonding for Axiaily Dissynunetric Piperazinediones 1. 

1.4 HYDROGEN BONDING OF PIPERAZINEDIONES 

The hydrogen bonding properties of the piperazinedione core are expected to 

provide a primary source of order in the crystalline state. To gauge the reliability of 

tape formation via hydrogen bonding, the Cambridge Structural Database (CSD) ^2 

was systematically searched for non-ionic piperazinediones. Of the 46 entries 

retrieved, 34 were found to form hydrogen bonded tapes of the type depicted in 

Figure 2. Those that do not form such tapes form intermolecular hydrogen bonds 

with included molecules, form intramolecular hydrogen bonds with other donors 

and/or acceptors attached to the piperazinedione, or are geometrically precluded from 

forming tapes. 

z 

y 
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Structural features germane to hydrogen bonding for the piperazinedione-

containing tapes from the CSD are summarized graphically in Figures 3 and 4. 

Figure 3 presents the N-0 interatomic distance, 8, which is indicative of the length of 

the N-H—O hydrogen bond, and Figure 4 presents the N-H—0 angle, ({>.13 Hydrogen 

bonds are strongest when they are short and linear. ̂  The data show that the hydrogen 

bonds formed from piperazinediones in most tapes are indeed short (5ave=2.89 A, 
a=0.06 A) and nearly linear ((t>ave=170°, 0=10.0°). 

Figure 3. Histogram of the N-0 interatomic distance for tape-forming 
piperazinediones in the CSD. 

5i 

"Vl— 

N-O Distance, 5 (A) 
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Figure 4. Histogram of the N-H—O angle for tape-forming piperazinediones in 
the CSD. 
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1.5 CONFORMATIONS OF PIPERAZINEDIONES 

While restricted, the conformation of the piperazinedione ring may vary from 

a shallow boat to perfectly flat. Presented in Figure 5 are data that summarize the 

conformations for the 34 tape-forming piperazinediones from the CSD. To quantify 

the deviation from planarity the dihedral angle, 0, between the average planes defined 

by the atom sets  {C6,  Nl ,  C2,  C3> and {C3,  N4,  C5,  C6} was measured.This  

angle is small (0^31°, 0ave=lO'') for all but one tape-forming piperazinedione. 
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Figure 5. Histogr^ of the deviation from ring planarity for tape-forming 
piperazinediones in the CSD. 

f" I " I "t'—I—I—I—t—r" 
0 5 10 15 20 25 30 35 40 45 50 55 

Dihedral Angle, 0 (dag) 

HH HSC'^'VCHs H'^%CH3 HSC^VCHS 
2 3 4 5 

cyc/o-gly-gly cyc/o-L-ala-L-ala cyc/o-o-ala-L-ala cyc/o-aib-aib 

Cyclic dipeptides 2-5 were among the tape-forming piperazinediones found in 

the CSD. The conformational ensemble within 50 kJ of the global minimum for 

each was obtained using a Monte Carlo search strategy and the MM2* force field 

resident in BATCHMIN v4.0. Conformers are depicted in Figure 6. Shallow boat 
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conformations with 0 near 30° are favored when at least one hydrogen occupies a 

flagpole position (enantiomeric conformers 2-1 and 2-2, 3-2, enantiomeric 

conformers 4-1 and 4-2). When two methyl groups occupy the flagpole positions 0 

is near 20° in the low energy conformers (3-1, enantiomeric conformers 5-1 and 5-2). 

Interestingly, a flat conformer, 5-3, was also found for cyc/o-aib-aib. These results 

were compared with the conformers observed in the crystal (Figure 6, 2-c through 5-

c). In no case was the global minimum conformation observed in the crystal. For 

cyclic dipeptides 2, 4, and 5 the piperazinedione ring is completely flattened in the 

crystal, presumably due to crystal packing forces. 
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Figure 6. Comparison of computationally deduced conformers with the 
crystallographically observed conformers of Piperazinediones 2-5. 
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Of the 34 tape-forming piperazinediones found in the CSD, 24 have one of 

their unit cell axes parallel to the hydrogen bonded tape. Data for this unit cell 

dimension are presented in Figure 7. In all of these structures this distance is about 

6.2 A, which corresponds to the approximate length-wise dimension of a flattened 

piperazinedione molecule. 

Figure 7. Histogram of the unit cell length for tape-forming piperazinediones in 
the CSD. 
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The above data strongly suggest that in the absence of geometric constraints 

and competing hydrogen bond donor or acceptor groups, hydrogen bonded tapes will 

reliably form when piperazinedione-containing molecules crystallize. Hydrogen 

bonding should result in an N-O intemuclear distance near 2.9 A and an N-H -O 

angle near 170°. While the piperazinedione ring conformation may range from flat to 

a shallow boat (0 < 0 < 30°), flatter rings will be preferred. The hydrogen bonded 

tape will probably be aligned with an axis of the unit cell and when it is that unit cell 

dimension may be near 6.2 A. 

1.6 ARENE INTERACTIONS 

Arene interactions are expected to dictate order in one direction perpendicular 

to the axis of the hydrogen bonded tape. Arene interactions have been studied 

extensively and consist of two limiting ^-interaction types (Figure 8). Face-to-face 

interactions have been observed in helical DNA strands, in polycyclic aromatics.^^ 

and have been used in the field of molecular recognition. 20 Edge-to-face interactions 

have been observed in protein crystal structures^! and in crystals of benzene and other 

polynuclear aromatics. Although arene 7C-interactions have usually been 

considered coulombic in nature, 23 computational studies of benzene dimers suggest 

that van der Waals forces are dominant in both limiting cases. 24 
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Figure 8. Arene Interaction Types. 

H 

Face-to-Face Edge-to-Face 

The geometric parameters used to quantitatively describe arene ^-interactions 

are depicted in Figure 9 and include the dihedral angle (T), the offset angle (^), and 

the distance between the centroids (k) of the neighboring aromatic rings. The 

dihedral angle reports the nature of the tc-interaction. When x = 0° the interaction is 

face-to-face and when x = 90° the interaction is edge-to-face, although intermediate x 

is also stable (the so called 'tilted' structures). The larger the offset angle ^ and/or the 

longer the distance k the lower the probability that a stabilizing interaction exists. 

Protein crystal structure data and associated computations suggest that offset angles 

less that 35° and greater than 0° are most favored (so called 'slipped' structures).^! 

The estimated equilibrium values for k are 3.8 and 5.0 A for face-to-face and edge-to-

face interactions, respectively. '8.24.25 
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Figure 9. Geometric Parameters For Arene-Arene Interactions. 

Early successful attempts to engineer crystals involved substitution on a 

benzene moiety to manipulate crystal packing for topochemical reactions.26 Aryl 

halides, and especially chlorides, have been used to engineer 4 A axes in crystals.27 

This dimension is determined by face-to-face arene interactions and the directing 

effect of short halide-halide contacts. An excellent monograph^^ on crystal 

engineering discusses the crystal packing of these and other structures. 

Recently, however, the significance of arene interactions, especially the edge-

to-face type, have been called into question. Wilcox, et. a/, ,23b have demonstrated 

with their 'molecular torsion balance' that the magnitude of the interaction may be 

much lower than calculated and may have no coulombic contribution (AG on the 

order of 1.0 kJ/mol). The findings include that re/t-butyl-arene interactions are more 

stabilizing than arene-arene interactions. These results are in partial agreement with 

the computations of Schlag, et. a/.,24b which demonstrate that quadrupolar 

descriptions of arene interactions are better than dipolar descriptions and more 

consistent with empirical data. However, the magnitude of the interactions were 
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consistent with other calculations (AH on the order of 2.0 kcal/mol). A more recent 

study by Hunter, et. aZ.,23c found there was a coulombic contribution, and the 

magnitude of the interaction was slightly greater than that found by Wilcox (AG on 

the order of 1.4 kJ/mol). Hunter found no stabilization attributable to ferr-butyl-arene 

proximity. Ultimately, the details of arene interactions are not well understood. 

Arene interactions are stabilizing, but the origin and magnitude are disputed. 

With respect to the piperazinedione design model 1, 7t-interactions are 

expected to occur between arenes of adjacent hydrogen bonded tapes (Figure 2) and 

should be propagated in one direction perpendicular to the hydrogen bonded axis 

throughout the crystal lattice. It is interesting to note that electron deficient arenes 

show a preference for face-to-face interactions while electron sufficient arenes show a 

preference for edge-to-face interactions.23a.29 gy manipulating the electronic 

character and/or the substitution pattern of the arene rings of 1, promoting or 

discouraging face-to-face and/or edge-to-face 7i-interactions, one might effect 

predictable changes in the crystal packing. In Chapter 2, the effects of arene 

substitution on arene interactions for structures based on 1 will be discussed. 

1.7 EFFECT OF PERMANENT DIPOLE MOMENT ON MOLECULAR 

ORDER IN ORGANIC CRYSTALS 

Order in ionic crystals is determined largely by coulombic interactions.^*^ 

However, the effect of coulombic forces on molecular order in organic crystals is not 

well understood. Polar organic molecules seem to participate in structure determining 
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coulombic interactions since most organic molecules have a permanent dipole 

moment and crystallize in centric space groups. Centric packing of polar organics 

represents optimal coulombic interactions, because permanent molecular dipole 

moment cancel in centric space groups. However, a survey of the CSD showed that 

for typical organic compounds, that do not hydrogen bond, no correlation exists 

between the magnitude of permanent dipole moment and molecular orientation in 

space groups PI, P-1, and P2i.5a Apparently, the tendency for organic molecules to 

crystallize in centric space groups is accounted for based on packing considerations; 

inversion symmetry in crystals often optimizes packing efficiency. 8 Computational 

methods have been applied to low polarity structures and have shown that coulombic 

interactions resulting from dipoles contribute negligibly to the lattice energy.^'' The 

negligible effect of dipoles on molecular order may be due to the fact that ubiquitous 

van der Waals interactions drop off more rapidly than coulombic interactions, and 

therefore, optimization of van der Waals contacts in crystals are more important than 

coulombic interactions-^^ Furthermore, it is recognized that bond dipoles are usually 

optimized, while molecular dipoles may not be optimized.Nevertheless, it has not 

been demonstrated that the CSD search results are general for all polar organics; only 

three space groups were analyzed; the organic structures were highly variable in 

topography, a critical feature; and by eliminating hydrogen bonding structures most 

of the molecules included were of low polarity. Low polarity strucmres might not be 

expected to participate in structure determining coulombic interactions. 

Understanding the effect of dipole interactions on molecular order is critical to 

engineering organic crystals. If molecular dipole interactions are subordinate to all 

other factors they can effectively be ignored, and polar molecules can be manipulated 
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without consideration of the dipole. On the other hand, if there are instances were 

dipoles are important, for example in the absence of other strong interactions and in 

the case of degenerate, or near degenerate, orientations, it would be a fallacy to 

discount them. 

With regard to our theoretical model, orthogonal directional recognition 

elements must be reliable stabilizing interactions useful for the rational design and 

construction of crystals. Piperazinediones 1 will possess permanent dipole moments 

if Rl and R2 are electron donors and R3 and R4 are electron acceptors, or vise versa. 

If dipole-dipole interactions can be hamessed to dictate order in crystals, coulombic 

interactions are expected to dictate order in one direction perpendicular to the 

hydrogen bonded tape axis (Figure 2). Also, these interactions should propagate 

order in one direction orthogonal to order induced by arene interactions. The strength 

of the dipole will depend on the nature of Ri, R2, R3, and R4. Manipulation of these 

groups by chemical synthesis will allow for incorporation of small through large 

molecular dipoles, as well as examination of racemic and meso structures. Therefore, 

we have initiated a systematic study of the effects of dipoles in structures based on 1. 

In Chapter 3 preliminary studies on the effects of permanent dipole moments for low 

polarity molecules will be discussed. 



CHAPTER TWO 

CONSTRUCTION OF PROTOTYPES 
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2.1 INTRODUCTION 

Three prototypes of the design model (6, 7 and 8) have been synthesized 30.31 

and characterized to probe the limits of possible arene interactions within the context 

of the paradigm. These structures test the effect of molecular topography and arene 

substitution on hydrogen bonded tape morphology and arene-arene intertape 

interactions. All three structures form hydrogen bonded tapes, albeit with different 

morphologies. Adjacent hydrogen bonded tapes of 6 participate in edge-to-face arene 

interactions, forming a sheet motif. The topography of the sheets dictates order in the 

third dimension. Adjacent hydrogen bonded tapes of 7 participate in face-to-face 

arene interactions, forming a sheet motif. Again, the topography of the sheets dictates 

order in the third dimension. Structure 8, incapable of participating in stablizing 

arene interactions by virtue of its substitution pattern, forms the three dimensional 

lattice as dictated by tape topography. Thus these structures represent limiting cases 

of arene interactions. 
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2.2 MOLECULAR STRUCTURE OF PIPERAZINEDIONE 6 

The and ^^C NMR spectra for piperazinedione 6 measured in solution are 

consistent with the expected point group symmetry, C2/h, for this molecule. 

However, this molecule crystallizes in the acentric space group C2, and none of the 

molecular symmetry elements (inversion, mirror, and two-fold rotation) are retained 

in its crystal structure (Figure 10). While molecules of high symmetry normally 

crystallize with an inversion center, the absence of inversion and mirror symmetry 

elements for crystalline piperazinedione 6 might have been anticipated. As was 

previously noted, most piperazinediones that form hydrogen-bonded tapes exist in 
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boat conformations (0 ̂  0°) in the crystal. For crystalline piperazinedione 6,0 = 10°. 

In such a case neither inversion nor mirror symmetry elements can be present. 

Two-fold molecular symmetry is also absent from piperazinedione 6 in the 

crystal. The cyclopentenyl rings are each folded away from the adjacent carbonyl 

group. To quantify the deviation from planarity the dihedral angles, between the 

average planes defined by the atom sets {C3, C4, C9, CIO} and {C3, C2, CIO} for 

one cyclopentene subunit and by the atom sets {C13, C14, C19, C20} and {C13, C12, 

C20} for the other cyclopentene subunit were measured.^2 These dihedrals were 

found to be 28° and 29°, respectively, for crystalline piperazinedione 6. The arene 

rings of 6 are flat. Thus, near two-fold rotation symmetry exists for the pentacyclic 

core. However, the torsion angles of the methoxy groups are mismatched. The 

torsion angles C4-C5-05-C5a and C9-C8-08-C8a are 166° and -174° while the 

torsion angles C14-C15-015-C15a and C19-C18-018-C18aare 172° and -163°. The 

combination of 0 0 and these mismatched torsions serve to eliminate all molecular 

symmetry from 6 in the crystal. 



C18A 

C15A 
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The conformations of the indane cyclopentene ring components are of interest 

since they, along with the piperazinedione ring and the methoxy substituents, provide 

conformational flexibility to the molecule. The conformational ensemble within 50 

kJ of the global minimum for piperazinedione 733 ^35 obtained using a Monte Carlo 

search strategy and the MM2* force field resident in BATCHMIN v4.0. Results of 

this search are presented in Table 1 (Appendix A, pg 136-138). 

Shallow boat conformations for the piperazinedione ring are favored in a 

group of three low-energy conformers, while a group of three conformers slightly 

higher in strain energy have much flattened piperazinedione rings. Conformers 

within each group are differentiated by the folding of the cyclopentene subunits. 

While a bend of approximately 30° from planar is observed in all conformers, the 

indane may be canted toward carbonyl oxygen or amide nitrogen. In the crystal of 6, 

as in the global minimum from calculations, the latter is the case. However, the 

conformer observed in the crystal has a somewhat flattened piperazinedione ring and 

resembles a hybrid of conformers 7-1 and 7-4 from the modeling study. It is notable 

that the conformer observed in the crystal of 6 was not observed in the modeling 

study. 

7 



2.3 MORPHOLOGY OF TAPES FOR 6 

Piperazinedione 6 forms hydrogen bonded tapes, as expected (Figures 11 and 

12). Structural parameters relevant to hydrogen bonding for crystals of 6 are in 

excellent agreement with data from other tape-forming piperazinediones found in the 

CSD (Table 2, Appendix A, pg 139). All molecules in a single hydrogen-bonded tape 

are related by translation, not by two-fold rotation or inversion. Each edge of a tape 

presents a slightly different topography. Each tape is parallel with the b-axis of the 

unit cell, which is 6.2 A in length. This corresponds to the length of the 

piperazinedione from one hydrogen bonded edge to the other. Despite the fact that 

translation related adjacent arene rings are parallel (x = 0), no intratape face-to-face n-

interactions occur as evidenced by the large centroid-to-centroid distances (K = 6.2 A) 
and offset angles (^ = 48°) for arenes on both edges of the tape (Table 3, Appendix A, 

pg 140 and Figures II and 13, ^-interactions A and A'). The puckering of the 

cyclopentene rings (x = 28° and 29°) serves to minimize the free volume between 

indane moieties of adjacent hydrogen bonded molecules, narrowing the width and 

densifying the tape, and facilitates intertape arene it-interactions by more fully 

exposing one face of each arene. 



Figure 11. Piperazinedione 6: Tape formation via hydrogen bonding. 
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Figure 12. Piperazinedione 6: Major and nainor grooves. 
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Tape formation also produces grooves (Figure 12). These grooves are not 

equivalent since each piperazinedione ring is puckered (0 = 10°) and related by 

translation to all molecules in the same tape. The 05-015 distance, 8.7 A, defines the 

minor groove, while the 08-018 distance, 9.9 A, defines the major groove. These 

grooves play a key role in tape organization in the crystal (vide infra). 

2.4 MORPHOLOGY OF SHEETS FOR 6 

Two types of neighboring tapes may be defined relative to a reference 

hydrogen bonded tape: lateral neighbors and vertical neighbors (Figures 13 and 14). 

Lateral neighbors engage in arene ^-interactions, while vertical neighbors engage in 

tongue-in-groove van der Waals contact interactions. Lateral neighbors are related to 

the reference tape by two-fold screw axes which are parallel to the axis of the 

reference tape. Vertical neighbors are related to the reference tape by two-fold 

rotation axes and are also parallel to the axis of the reference tape. This symmetry 

requires molecules of neighboring tapes to be oriented in herringbone motifs in which 

the indane moieties of neighboring tapes are reciprocally canted with respect to the 

tape axis (Figures 13 and 15). 



Figure 13. Piperazinedione 6: Sheet formation via arene interactions of lateral 
neighbor tapes. 
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Figure 14. Piperazinedione 6: Sheet formation via tongue-in-groove van der 
Waals interactions of vertical neighbor tapes. 
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Figure 15. Piperazinedione 6: Top view of vertical neighbor tapes stacked 
tongue-in-groove. The tape on the right is above the tape on the left. 
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Tape edges are complementary such that for lateral neighbors intertape edge-

to-face arene 7C-interactions occur. In Figure 13, the center tape presents arene ring 

edges to the arene ring faces of the tape on the left, and receives the arene ring edges 

of this tape to form arene 7C-interactions C. The center tape also presents arene ring 

edges (of a slighdy different topography) to the arene ring faces of the tape on the 

right, and receives the arene ring edges of this tape to form arene ^-interactions B. 

The herringbone motif and arene Jt-interactions are propagated to produce a sheet, 

thus establishing order in one dimension orthogonal to the axes of the hydrogen 

bonded tapes. 

The two intertape edge-to-face arene 7t-interactions can be described by sets of 

geometric parameters (Table 3, Appendix A, pg 140). The dihedral angles (x), 

centroid-to-centroid distances (k), and offset angles (0 for arene K-interactions B and 

C (Figure 13) are within limits defined by computational smdies for stabilizing edge-

to-face interactions.^'-24.25 On the basis of a shorter centroid-to-centroid distance 

and a smaller offset angle, it is postulated that ^-interaction B provides greater 

stabilization than u-interaction C. 

The groove topography of the tapes dictates molecular order for vertical 

neighbors. Tapes are stacked in a tongue-in-groove motif (Figure 14), presumably 

because this arrangement minimizes the free volume and maximizes van der Waals 

contacts. The observed stacking motif is propagated throughout the crystal, 

establishing order in one dimension orthogonal to the axis of the hydrogen bonded 

tapes. 
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2.5 CRYSTAL STRUCTURE: ASSEMBLY OF SHEETS FOR 6 

Since the three interactions which produce order are orthogonal, molecular 

assembly to produce the crystal follows directly from the previous discussions of 

hydrogen bonding, arene ^-interactions, and van der Waals contacts. Hydrogen 

bonded tapes form sheets with lateral neighbor tapes through arene ^-interactions 

(Figure 16). Neighboring tapes are not coplanar but are vertically offset by 

approximately 2 A. The sheet formed from lateral neighbor tapes reflects the 

topography of the tapes in the repeated pattern (minor groove-narrow ridge-major 

groove-broad ridge) on one face and the complementary pattern (narrow ridge-minor 

groove-broad ridge-major groove) on the opposite face. The ridges are formed from 

abutment of the methoxy substituents on neighboring tapes. The narrow ridge fits 

well into the minor groove, while the broad ridge fits well into the major groove, 

maximizing van der Waals contact interactions. Thus, through orthogonal hydrogen 

bonding interactions, arene 7t-interactions, and topographic complementarity, order in 

three dimensions is secured. 

The selection of hydrogen bonding interactions to define a tape, arene n-

interactions to define a sheet, and van der Waals contacts to define a solid was, to a 

degree, arbitrary. Tape structures are also defined by arene 7t-interactions and by van 

der Waals contacts. One can consider, among other possibilities, assembly of sheets 

formed from vertical neighbor hydrogen bonded tapes through van der Waals contacts 

which depend on tape topography. Such sheets present complementary edge and face 

arene orientations for docking with neighboring sheets (Figure 17). 
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Figure 16. Piperazinedione 6; View of sheet formed from lateral neighbor 
hydrogen bonded tapes showing major (M) and minor (m) grooves and 
broad (b) and narrow (n) peaks. 

B M 
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Figure 17. Piperazinedione 6; View of siieet formed from vertical neighbor 
hydrogen bonded tapes showing complementary edge and face arene 
orientations. 
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2.6 MOLECULAR STRUCTURE OF PIPERAZINEDIONES 7 AND 8 

The and NMR spectra for piperazinediones 7 and 8 are consistent 

with the expected point group symmetry, C2/h, for these molecules. However, they 

do not exhibit this symmetry in the crystal. Both molecules crystallize in space group 

C2/c. While neither structure possess mirror symmetry, 7 retains two-fold molecular 

symmetry, and 8 retains inversion molecular synraietry (Figures 18 and 19). Pure 

mirror symmetry in crystals is relatively rare, because it represents inefficient 

packing. 8 Like most piperazinediones that form hydrogen-bonded tapes, 7 exist in a 

boat conformation in the crystal (0 = 37°). For crystalline piperazinedione 8, though, 

the ring is flat (0 = 0°). 

Comparison between the calculated low energy conformers of 7 (Table 1, 

Appendix A, pg 136-138) with those observed for 7 and 8 in the crystal provide a 

rationale for the observed piperazinedione and cyclopentene conformations. As noted 

above, shallow boat conformations for the piperazinedione ring are favored in a group 

7 

8 
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of three low-energy conformers, while a group of three conformers slightly higher in 

strain energy have more flattened piperazinedione rings. Crystalline piperazinedione 

7 approximately matches the calculated global minimum conformation 7-1 with 

respect to 0, while piperazinedione 8 matches the calculated local minimum 

conformation 7-4. In this way both molecules crystallize in low energy 

conformations. These results are in contrast to 6, which crystallizes in a conformation 

that was not observed in the computational analysis. 

The cyclopentene rings are folded toward the nitrogen of the piperazinedione 

for 7 and 8. To quantify the magnitude of this fold the dihedral angle, x. between the 

average planes defined by the atom sets {C2, C3, C4, C5} and {C2, CI, C5} for 7 and 

{C3, C4, C9, CIO} and {C3, C2, CIO} for 8 were measured.^2 These dihedrals were 

found to be 14° and 25° for crystalline piperazinediones 7 and 8, respectively. The 

arene rings are flat. Thus, two-fold rotation symmetry exists for 7. But, because the 

piperazinedione ring is puckered, inversion symmetry for the molecule is not 

observed. Conversely, structure 8 possesses molecular inversion symmetry, its 

piperazinedione ring is flat, but two-fold molecular symmetry is not observed. 



Figure 18. Piperazinedione 7: ORTEP. 



Figure 19. Piperazinedione 8: ORTEP. 



2.7 MORPHOLOGY OF TAPES FOR 7 AND 8 

Piperazinediones 7 and 8 form hydrogen bonded tapes, as expected (Figures 

20 and 21). Structural parameters relevant to hydrogen bonding for crystals of 7 and 

8 are in good agreement with data from other tape-forming piperazinediones found in 

the CSD (Table 2, Appendix A, pg 139). For 7 adjacent molecules within a single 

hydrogen bonded tape are related by inversion. The combination of 0 = 37°, x = 14°, 

two-fold molecular symmetry, and inversion related hydrogen bonded neighbors 

projects the molecular pair of arene rings above or below the hydrogen bonded tape in 

an alternating fashion (Figure 20b). This results in a tape topography with fully 

exposed arene rings that resemble gear teeth. Tape topography is partially self-

complementary. The arene functional groups are approximately 3.8 A thick. Within 

a single tape, the gap between arenes of nearest neighbor molecules that are related by 

translation is approximately 8.0 A (Figure 20b). Thus the 'gap' is wider than the 

'teeth' are thick. Each tape is parallel with the b-axis of the crystal, which is 11.8 A in 

length. This corresponds to the length of two hydrogen bonded piperazinediones 

from one hydrogen bonded edge to the other. The free volume between indane 

moieties of adjacent hydrogen bonded molecules is maximized and facilitates 

intertape arene 7C-interactions by more fiilly exposing both faces of each arene. 
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Figure 20. Piperazinedione 7: Hydrogen Bonded Tape Topography, a) Top 
view, ball and stick, b) Side view, ball and stick and space filling. 
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Figure 21. Piperazinedione 8; Hydrogen Bonded Tape Topography, a) Top 
view, ball and stick, b) Side view, ball and stick and space filling. 
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For 8 adjacent molecules within a single hydrogen bonded tape are related by 

two-fold rotation. The rotation axis is not normal to the plane of the piperazinedione, 

instead the angle is 65°, although it is normal to the tape average. (The rotation axis 

is normal to the plane that contains the tape in Figure 21a.) The plane of the 

piperazinedione is not contained in, nor is it parallel to, the average plane of hydrogen 

bonded tape. The combination of 9 = 0°, inversion molecular symmetry, and two-fold 

related hydrogen bonded neighbors projects one arene ring in a single molecule above 

the hydrogen bonded tape, while the other arene ring is projected below, in an 

alternating fashion (Figure 21b). Thus, adjacent members of a hydrogen bonded tape 

are 'rocked' with respect to one another. Each tape is parallel with the b-axis of the 

crystal, which is 11.6 A in length. Like structure 11, this corresponds to the length of 

two hydrogen bonded piperazinediones from one hydrogen bonded edge to the other. 

No intratape ic-interactions occur as evidenced by the large centroid-to-centroid 

distances (K = 5.8 A). The fold of the cyclopentene rings (% = 25°) coupled with the 

rocked orientation of adjacent members in a tape serve to increase the free volume 

between indane moieties by creating a tape topography that has small, accessible 

cavities. 

The substitution pattern of piperazinedione 8 virtually prohibits both limiting 

cases of arene-arene interactions. The formation of hydrogen bonded tapes and the 

resultant tape topography further preclude the formation of stabilizing arene 

interactions. Nevertheless, stabilizing van der Waals interactions occur and dictate 

order of the hydrogen bonded tapes. Viewed down the length, a tape can be divided 

into four symmetry related quadrants (UL, UR, LR, LL in Figure 22a). The methyl 

substituents define the arene edges of a hydrogen bonded tape and fit well in the small 



61 

but accessible cavities of proximal tapes. Indeed, the methyl substituents of 

translation related molecules within a single tape define the enclosure that is the 

cavity (Figure 21a). Adjacent tapes are offset by 3 A. Tape topography in each 

quadrant is self-complementary such that opposite quadrants of adjacent tapes 

interlock (Figure 22b). The tapes, while associated with other tapes on their right and 

left perimeters, are stacked on one another on a self complementary way. Stacked 

tapes are related by translation (Figure 23). In this way, weak van der Waals 

interactions and tape topography dictate organization of hydrogen bonded tapes to 

form the three dimensional strucmre. 



62 

Piperazinedione 8: Interlocking opposite quadrants of proximal 
tapes, a) Single tape quadrants defined, b) Interlocked tapes. 
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Figure 23. Piperazinedione 8: Tape morphology leads to three dimensional 
structure. Translation related tapes. 
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2.8 MORPHOLOGY OF SHEETS FOR 7 

Two types of neighboring tapes may be defined relative to a reference 

hydrogen bonded tape for piperazinedione 7: lateral neighbors and vertical neighbors 

(Figures 24, 25 and 26). Lateral neighbors are related to the reference tape by 

translation, engage in arene it-interactions, and combine to form sheet structures. 

Vertical neighbors are offset by 7 A and engage in van der Waals contact interactions 

with the resultant sheet. 

As noted above, tape topography for 7 incudes fully exposed arene rings that 

resemble gear teeth. Tape topography is partially self-complementary and can 

accommodate intercalation of arenes between lateral neighbor tapes. While a single 

tape represents inefficient packing, intercalated tapes create dense sheets and 

stabilizing arene interactions. Lateral neighbors participate in intertape face-to-face 

arene 7t-interactions. In Figure 24, each tape includes arenes above and below the 

plane of the tape. The arenes projected above a tape are presented to arenes projected 

above a lateral neighbor tape, and the arenes projected below a tape are presented to 

arenes projected below a lateral neighbor tape. Consequently, arene rings are paired 

face-to-face on both the top and the bottom of each tape and on both sides of each 

tape. This motif of arene k-interactions is propagated to produce a sheet, thus 

establishing order in one dimension orthogonal to the axes of the hydrogen bonded 

tapes. Vertical neighbor tapes participate in intertape face-to-face arene K-

interactions with adjacent tapes (although not with vertical neighbors) and form 

sheets also. 
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Figure 24. Piperazinedione 7: Sheet formation via arene interactions of lateral 
neighbor tapes, top view. 
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Figure 25. Piperazinedione 7: Sheet formation via arene interactions of lateral 
neighbor tapes, edge view. 



Figure 26. Piperazinedione 7: Vertical neighbor tapes form van der Waals 
contacts with the reference tape. 
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 ̂ Lateral Tapes Form Sheets • • 
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The intertape face-to-face arene 7C-interactions can be described by sets of 

geometric parameters (Table 3, Appendix A, pg 140). The dihedral angles (t), 

centroid-to-centroid distances (K), and offset angles (Q for the arene ^-interactions 

(Figures 24 and 25) are within limits defined by computational smdies for stabilizing 

face-to-face interactions and demonstrate that the interactions are of the more stable 

'slipped' (^ 0) type.2^-24.25 

In a tape, the gap between arenes of nearest neighbor molecules related by 

translation (Figure 20b) is partially filled by intercalation of lateral neighbors (Figures 

24 and 25). This can be likened to the teeth of a gear, and because the 'gap' is wider 

than the 'teeth' are thick the resultant sheet has a dimpled topography. Therefore, 

peaks and valleys exist on both surfaces of a sheet (compare Figures 24 and 26). The 

topography of the sheets dictates molecular order in the third dimension. The sheets 

are layered one on the other with the peaks of one sheet surface filling the valleys of 

another. This stacking motif is propagated throughout the crystal, establishing order 

in one dimension orthogonal to the axis of the hydrogen bonded tapes. 

2.9 CRYSTAL STRUCTURE: ASSEMBLY OF SHEETS FOR 7 

Since the three interactions which produce order are orthogonal, molecular 

assembly to produce the crystal follows directly from the previous discussions of 

hydrogen bonding, arene K-interactions, and van der Waals contacts. Hydrogen 

bonded tapes form sheets with lateral neighbor tapes through arene 7C-interactions 

(Figures 24 and 25). Lateral neighbor tapes are coplanar. The sheet formed from 
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lateral neighbor tapes reflects the topography of the tapes and the stabilizing nature of 

face-to-face interactions. The peaks and valleys are formed from intercalation of the 

arene functionality on neighboring tapes. The peaks of one sheet fit well into the 

valleys of the next sheet, maximizing van der Waals contact interactions (Figure 26). 

Thus, through orthogonal hydrogen bonding interactions, arene ^-interactions, and 

topographic complementarity, order in three dimensions is secured. 

The selection of hydrogen bonding interactions to define a tape, arene k-

interactions to define a sheet, and van der Waals contacts to define a solid was, to a 

degree, arbitrary. Tape structures are also defined by arene ^-interactions. Van der 

Waals contacts from peak and valley complementarity is not tape-like in nature and is 

most readily interpreted from examination of sheets. The strength of the model is 

tested by the simplicity with which the crystal structure is interpreted based on 

interactions, and here, as in 6, the interactions were examined in order of importance 

as outlined in the design. 

2.10 DISCUSSION OF 6, 7 AND 8 

Having rationalized what is observed, several possibilities that are not 

observed should be pondered. It is useful to remember that what exists in the crystal 

represents a compromise among all possible interactions in which free energy is 

minimized. 

Tape formation via hydrogen bonding can be accommodated wi± more or less 

puckering of the piperazinedione ring. Puckering in 6, coupled with translation 
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related molecules in a tape, rendered the tape topography of the grooves inequivalent, 

and the degree of puckering determined the degree to which this was so (Figure 12). 

If all ridges resulting from abutment of methoxy groups of piperazinedione 6 were of 

identical topography and were matched to groove topography, the piperazinedione 

ring would presumably have been flat. Ridge and groove topographies for type 1 

piperazinediones are not independent variables. 

Piperazinedione puckering in 7 was significantly greater than for 6, and when 

coupled with inversion related molecules in a tape, rendered the topography of the 

two faces and sides of a tape equivalent and not grooved (Figure 20). Flattening of 

the piperazinedione ring could have created grooves while maintaining tape 

symmetry, but the grooves would be less self-complementary than those observed in 

6 and would eliminate the possibility of arene face-to-face interactions. 

Tape formation via hydrogen bonding might also have been accommodated 

with more or less puckering of the cyclopentene substructures, so that one or both of 

the indane moieties in 6 or 7 might have been canted toward amide nitrogen 

(observed), carbonyl oxygen, or might have bisected them. Reasons why canting 

toward amide nitrogen is preferred, for both 6 and 7, are not obvious. From 

consideration of space filling models, it would appear that for tapes with flattened 

piperazinedione rings and uncanted indane moieties, insufficient space would exist to 

achieve intertape face-to-face ^-interactions. Canting of the indane moieties not only 

serves to minimize the free volume of tapes of 6, but also renders intertape arene 

edge-to-face ^-interactions possible. In 7 the cant of the indanes project the arenes 

roughly away from the tape, and lateral neighbor tapes are related by translation. 

Taken together, these features allow for near optimal face-to-face interactions. Note 
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that in this case translation and two-fold rotation between tapes are indistinguishable 

if the two-fold axis is normal to the plane of the tape. Other symmetry operations 

might not bring the arene functionality of 7 in proximity to one another and would 

adversely affect packing efficiency. 

For piperazinedione 6 lateral neighbor tapes are related by two-fold screw 

axes, not by translation. In either case free volume would be minimized (compare 

Figure 13 with the hypothetical arrangement depicted in Figure 27). Ignoring any 

effects that pucker in the piperazinedione might have, if adjacent tapes were related 

by translation then the intertape interactions between lateral neighbors would include 

one edge-to-edge van der Waals interaction and one face-to-face arene 7c-interacti0n 

per pair of molecules per side of the tape. Edge-to-edge interactions have been 

calculated to be fleetingly small for benzene,25 and face-to-face JC-interactions of 

electron rich arenes are disfavored.23 Stronger stabilizing interactions result when 

lateral neighbor tapes are related by a two-fold screw axis. In this case all arene K-

interactions are edge-to-face, and there are two of these interactions per pair of 

molecules per side of the tape. 

For piperazinedione 6 vertical neighbor tapes are related by a two fold rotation 

axis and are 'flipped over' relative to one another. Viewed from the top (Figure 15) 

one can appreciate that the indanyl groups of such vertical neighbor tapes that stack 

tongue-in-groove are crisscrossed. Alternative packing strategies might have resulted 

in a parallel arrangement of the indanyl groups of such vertical neighbor tapes while 

maintaining the observed topography of the hydrogen bonded tapes and sheets formed 

by arene 7C-interactions. Manipulation of this more subtle structural detail may be 

possible for other piperazinediones of type 1. 
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The observations for the crystal structures of 6 and 7 are in sharp contrast to 

what is observed in the crystal structure of 8. Other than the formation of hydrogen 

bonded tapes no other obvious strong interactions take place in the crystal of 8. 

Consequently, the tape topography dictates order in the remaining dimensions. This 

was partially by design. The substitution pattern of 8 cannot accommodate edge- or 

face-to-face interactions. To allow for stabilizing van der Waals interactions, while 

maintaining hydrogen bonding, the molecules are flat but rocked in an alternating 

orientation in a given tape. Space filling models suggest that if the molecules were 

related by translation the tape's topography would not be self-complementary. One 

can imagine alternate tape topographies that exhibit similar features. If the 

piperazinedione ring was puckered and adjacent members were related by inversion 

instead of by two-fold rotation small, accessible cavities would be created, similar to 

what was acmally observed. The reasons one topography is observed over another 

are unclear. However, the crystal structure of 8 demonstrates that the arene 

interactions can be rationally disrupted, if not manipulated. 

The substitution pattern of piperazinediones of type 1 match prototype 6, as 

such, the arene interactions of 6 are expected to be reliable for strucmres of 1, even as 

Rl, R2, R3, and R4 are varied. The limits of the reliability of the arene interactions 

are also of interest. Some of these details are investigated and discussed in Chapter 3. 



73 

Figure 27. Piperazinedione 6: Hypothetical Arrangement of Lateral Neighbor 
Hydrogen Bonded Tapes. 



CHAPTER THREE 

TOWARD FULLY ELABORATED MODELS 



3.1 INTRODUCTION 

Four advanced structures, 9,10,11, and 12, have been synthesized30-31 anj 

characterized to investigate the effects of chirality, symmetry, and low permanent 

molecular dipole moment on molecular order, within the context of the paradigm. 
«r 

These structures further pr^rejhe effect of molecular topography and arene 

substitution on hydrogen bonded tape morphology and arene-arene intertape 

interactions. Prototype 6 of the design model suggests hydrogen bonding, topography 

based, and edge-to-face arene interactions for 9 and 10, and to a lesser extent 11 and 

12. All four structures form hydrogen bonded tapes with morphologies similar to 6. 

Adjacent hydrogen bonded tapes of 9 and isomorphous 10 participate in edge-to-face 

arene interactions, on both sides of the tape, forming sheet motifs. The topography of 

the sheets dictate order in the third dimension, and the dipoles are randomly oriented 

in these solids within the context of the overall structure. For enantiomerically pure 

11 and isomorphous 12, the ifolecular dipoles are oriented parallel within a single 

tape, which gives rise to permanent tape dipole moment (Figure 2). Adjacent tapes of 

11 and 12 are stacked with the tape dipoles oriented head to tail forming a sheet motif 

with all of the dipoles aligned. The resultant sheet topography corresponds closely to 

the molecular topography and as such is not symmetrical. One face of the sheet is 

corrugated, while the other face exposes the arene edges and faces. Consequently, 

adjacent hydrogen bonded tapes of 11 and 12 participate in edge-to-face arene 

interactions on one side of a sheet and topographically complementary interactions on 

the other side. The tape dipoles are antiparallel in this direction, because edge-to-face 
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arene interactions require tapes to be flipped over relative to one another. Again, the 

topography of the sheets dictates order in the third dimension. 

3 

Br Br Br OCH3 

9 10 

Br 

Br OCH3 

11 12 

3.2 CHIRALITY: INCORPORATION OF DEPOLES 

The design specifies hydrogen bonding and arene interactions as two types of 

orthogonal recognition elements. The substitution pattern about the arene is implied 

to be 1,4 (see Figure 2). Prototype structure 6 matches this substitution pattern. 

Based on 6, piperazinediones 1 are specifically expected to participate in edge-to-face 

arene interactions, subject to the topographical constraints of Ri, R2, R3, and R4. 

Topography driven van der Waals interactions, grooves and ridges, provide the third 
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and final recognition element observed in crystalline 6. Within the approximate 

molecular topography of 6, changes in constitution of Ri, R2, R3, and R4 should 

allow variability in structure while emulating this third orthogonal recognition 

element. Thus, introduction of dissymmetry or asymmetry in the design model can be 

achieved and its consequences examined. In principle, a fourth and final recognition 

element can be introduced in the fully elaborated design model. Depending on the 

nature of Ri, R2, R3, and R4 the interactions between groups R might involve 

hydrogen bonding, van der Waals , and/or coulombic interactions. 

D D 

A A 

13 

Piperazinediones 1 will be chiral when Ri=R3=D and R2=R4=A, as in 13. 

The nature of D and A may constitute the fourth directional recognition element. 

Such a recognition element, if properly designed, will dominate one dimension of the 

lattice, specifically, the dimension that orients stacked tapes. For such dissymmetric 

molecules three-dimensional order of acentric solids may be predictable. A 

hypothetical hydrogen bonded tape constructed from piperazinediones 13 is depicted 

in Figure 28. As a consequence of enantiomeric purity, molecular symmetry, and 

molecular ordering due to intermolecular hydrogen bonding, all of the D groups are 

expected to be oriented to one face of the tape and all of the A groups are expected to 
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be oriented to the other face. The topography of the molecules must permit 

simultaneous recognition of all complementary functionalities and maintain close 

packing. Arene edge-to-face interactions are expected to dictate molecular order of 

lateral neighbors, and the sheet topography is expected to be self-complementary 

grooves and ridges, by analogy to 6 (see Figures 13 and 14). However, the relative 

orientation of tongue-in-groove stacked tapes might be rationally manipulated as 

dictated by groups D and A. Two hypothetical arrangements are depicted in Figure 

29. The arrangement in Figure 29a could be due to strong D -D and/or A-A, 

interactions. The arrangement in Figure 29b could be due to strong D—A 

interactions. In principle manipulation of this important feature can be effected by 

careful choice of D and A. 



Figure 28. Piperazinediones 13: Hypothetical hydrogen bonded tape. 

Hydrogen Bonding Interactions 

D and A interactions 

Arene n - interactions 
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Figure 29. Piperazinediones 13: Hypothetical sheet formation via tongue-in-
groove stacking of tapes dictated by a) D—D and/or A—A, 
interactions or b) D-A interactions. 
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Structures 9-12 were chosen for study for several reasons. First, the molecules 

were expected to be readily synthesized. Second, bromine has approximately the 

same volume as methoxy®'^ so 9 and 10 are expected to be topographically similar to 

6. Third, 9 and 10 represent small iterations from nonpolar 6 to structures that 

possess dipole moment, where the methoxy group is an electron donor and the 

bromine is an electron acceptor. The iteration is larger for structures 11 and 12. Due 

to the asymmetry of 11 and 12, analogies to 6 cannot be wholly inferred. They do 

represent, however, the hydrogen bonding characteristics, the chiral properties 

represented in Figure 28, and a different, perhaps related, topography. 

Apparently, weak van der Waals forces govern the orientation of vertical tapes 

for 6. It would also appear, ignoring the minor pucker in the piperazinedione ring, 

that the two possible orientations are nearly topographically degenerate. For 

enantiomerically pure 13 this subtle detail may be manipulated if D and A give rise to 

intermolecular interactions that dominate this dimension of the lattice. Compounds 9-

12, especially 9 and 10, present the opportunity to probe this detail. Local dipoles 

across arene moieties, bond dipoles of the bromine and methoxy groups, and van der 

Waals contacts (a consequence of topography) are the factors expected to influence 

orientation of vertical tapes. If the effects of local and bond dipoles collusively orient 

vertical tapes, as suggested in Figure 29b, the recognition element may be 

approximated by the molecular, or local, dipole moment. The molecular symmetry 

and enantiomeric composition of 9-12 may provide additional insight into the effects 

of small local and molecular dipoles for piperazinediones 13. 
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Figure 30. Piperazinediones 9 and 10: ORTEP Piperazinedione 9 and 
Piperazinedione 10 are indistinguishable. The ORTCP of 9 is shown 
below (the ORTEP of 10 is the same as 9 and is not shown). The 
bromo and methoxy substituents are disordered and shown 
superimposed. 



3.3 MOLECULAR STRUCTURE OF PIPERAZINEDIONES 9 AND 10 

The 1h and ^^C NMR spectra for piperazinediones 9 and 10 measured in 

solution are consistent with the expected point group symmetries, C2 and i 

respectively, for these molecules. However, both of these molecules crystallize in the 

centric space group P2i/c, and both exhibit the same molecular and crystal symmetry. 

In fact, the structures are indistinguishable by crystallography(Figure 30). The 

indistinguishability stems from the disordered nature of the bromo and methoxy 

substituents. In each structure the substituents are observed to occupy each of the 

four substitution sites (Ri, R2, R3, and R4 in 1). The occupancy is 50% for bromo 

and methoxy in each site. For 9, the observed molecular structure is a consequence of 

the material being racemic (Figure 31 a). Thus, in a random fashion, one enantiomer 

occupies half of the molecular positions, while the other enantiomer occupies the 

other half. In this way the bromo and methoxy groups appear 'superimposed' in the 

crystallographic solution. It is useful to remember that the crystallographic 

experiment is a measure of macroscopic phenomena, and in this way it is impossible 

to identify the exact isomer in any precise position in the crystal. Similarly for 10, in 

half of the molecular positions the molecule has one orientation, while the other half 

has an orientation related to the first by 180° rotation (Figure 31b). This is also 

random. In this way the bromo and methoxy groups appear 'superimposed' in the 

crystallographic solution. These structures will be discussed simultaneously because 

of their structural correspondence. 



84 

Figure 31. Piperazinediones 9 and 10: Disorder, a) Piperazinedione 9. 
Disorder is a consequence the racemic namre of the material, b) 
Piperazinedione 10. Disorder is a consequence two molecular 
orientations taken in the crystal. 
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Piperazinediones 9 and 10 possess molecular inversion symmetry and 6 = 0°. 

Comparison between the calculated low energy conformers of 7 (Table 1, Appendix 

A, pg 136-138) with that observed for 9 and 10 in the crystal provide a rationale for 

the observed piperazinedione and cyclopentene conformations. As noted above, 

shallow boat conformations for the piperazinedione ring are favored, while flattened 

piperazinedione rings are slightly higher in strain energy. Crystalline 

piperazinediones 9 and 10 match the calculated local minimum conformation 7-4. In 

this way both molecules crystallize in low energy conformations. These results are in 

contrast to the conformer of 6 that has 9 = 10° and was not observed in the 

computational analysis. 

While 0 for 9 and 10 does not match 0 for 6, the other structural parameters do 

(compare 9 and 10 with 6 in Tables 2 and 3). The cyclopentene rings are folded 

toward the nitrogen of the piperazinedione for 9 and 10. The magnitude of the 

dihedral angle, x, between the average planes defined by the atom sets {C3, C4, C9, 

CIO} and {C3, C2, CIO} were measured and found to be 28°.32 The arene rings are 

flat. Thus, the conformers observed on the crystal are relatively low in energy. 
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Figure 32. Piperazinediones 9 and 10: Tape formation via hydrogen bonding, 
a) Top view, b) Side view. 
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3.4 MORPHOLOGY OF TAPES FOR 9 AND 10 

Piperazinediones 9 and 10 form hydrogen bonded tapes (Figure 32). 

Structural parameters relevant to hydrogen bonding for crystals of 9 and 10 are in 

excellent agreement with data from other tape-forming piperazinediones found in the 

CSD (Table 2, Appendix A, pg 139). All molecules in a single hydrogen-bonded tape 

are related by translation. The molecules are symmetrical and therefore each edge of 

a tape presents the same topography. Each tape is parallel with the b-axis of the 

crystal, which is 6.1 A in length. This corresponds to the length of the 

piperazinedione from one hydrogen bonded edge to the other. Despite the fact that 

translation related adjacent arene rings are parallel (T = 0), no intratape face-to-face tc-

interactions occur as evidenced by the large centroid-to-centroid distances (K = 6.1 A) 

for arenes on both edges of the tape (Table 3, Appendix A, pg 140 and Figure 32). 

Similar to 6, the puckering of the cyclopentene rings (x = 28°) serves to minimize the 

free volume between indane moieties of adjacent hydrogen bonded molecules, 

narrowing the width and densifying the tape, and facilitates intertape arene K-

interactions by more fully exposing one face of each arene. 

Tapes of 9 and 10 also produce grooves (Figure 33). In contrast to 6, these 

grooves are equivalent since the piperazinedione ring is flat (9 = 0°) and related by 

translation to all molecules in the same tape. However, like 6, these grooves play a 

key role in tape organization in the crystal. 



Figure 33. Piperazinediones 9 and 10: Tape groove topography. 
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Figure 34. Piperazinediones 9 and 10: Sheet formation via arene interactions of 
lateral neighbor tapes. 
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Figure 35. Piperazinediones 9 and 10: Sheet formation via tongue-in-groove van 
der Waals interactions of vertical neighbor tapes 
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3.5 MORPHOLOGY OF SHEETS FOR 9 AND 10 

Two types of neighboring tapes may be defined relative to a reference 

hydrogen bonded tape for 9 and 10: lateral neighbors and vertical neighbors (Figures 

34 and 35). Lateral neighbors engage in arene 7C-interactions, while vertical neighbors 

engage in tongue-in-groove van der Waals contact interactions. Lateral neighbors are 

related to the reference tape by two-fold screw axes which are parallel to the axis of 

the reference tape. Vertical neighbors are related to the reference tape by translation. 

Tape edges are complementary such that for lateral neighbors intertape edge-

to-face arene 7i-interactions occur. In Figure 34, the center tape presents arene ring 

edges to the arene ring faces of the tape on the left, and receives the arene ring edges 

of this tape to form edge-to-face arene ^-interactions. The center tape also presents 

arene ring edges to the arene ring faces of the tape on the right, and receives the arene 

ring edges of this tape. The herringbone motif and edge-to-face interactions are 

propagated to produce a sheet, thus establishing order in one dimension orthogonal to 

the axes of the hydrogen bonded tapes. 

The intertape edge-to-face interactions can be described by sets of geometric 

parameters (Table 3, Appendix A, pg 140). The dihedral angles (t), centroid-to-

centroid distances (K), and offset angles (^) for the interactions are within limits 

defined for stabilizing interactions. 21.24,25 

Much in the same way that the grooved topography of 6 dictates molecular 

order for vertical neighbors, tapes of 9 and 10 are stacked in a tongue-in-groove motif 

(compare Figure 14 with Figure 35). The observed stacking motif is propagated 
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throughout the crystal, establishing order in one dimension orthogonal to the axis of 

the hydrogen bonded tapes. 

3.6 CRYSTAL STRUCTURE: ASSEMBLY OF SHEETS FOR 9 AND 10 

Molecular assembly to produce the crystal follows directly from the previous 

discussions of hydrogen bonding, arene interactions, and van der Waals contacts. 

Hydrogen bonded tapes form sheets with lateral neighbor tapes through edge-to-face 

arene 7t-interactions (Figure 34). Neighboring tapes are vertically offset by 

approximately 2 A. The sheet formed from lateral neighbor tapes reflects the 

topography of the tapes. The ridges are formed from abutment of the bromo/methoxy 

substituents on neighboring tapes. The ridges fit well into the grooves, maximizing 

van der Waals contact interactions. Thus, through orthogonal hydrogen bonding 

interactions, arene 7C-interactions, and topographic complementarity, order in three 

dimensions is secured. 

The dipoles, whether molecular as in 9 or local as in 10, are randomly oriented 

within the context of the overall structure. The statistical occupancy of the bromo and 

methoxy substituents on the molecular scaffold defines the random orientation of the 

dipoles. The random nature of the dipoles is extended to the tape, sheet, and 

ultimately the entire crystal structure. Consequently, no effect can be attributed to the 

dipoles: molecular, local, or bond. 



Figure 36. Piperazinediones 11 and 12; ORTEP. a) Piperazinedione 11. 
b) Piperazinedione 12. 
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3.7 MOLECULAR STRUCTURE OF PIPERAZINEDIONES 11 AND 12 

The and NMR spectra for asymmetric piperazinediones 11 and 12 

measured in solution are consistent with the expected point group synmietry, E, for 

these molecules. These molecules, like 9 and 10, are isomorphous, i.e. they 

crystallize in the same space group, have the same approximate unit cell parameters, 

appear to have approximately the same conformation, and only differ by the 

placement of the bromo and methoxy groups. However, piperazinediones 11 and 12 

are distinguishable by crystallography. Both of these molecules crystallize in the 

acentric space group P2i, and both exhibit the same molecular and crystal symmetry 

(Figure 36). The random order of the dipoles observed in crystalline 9 and 10 is 

noticeably absent in crystalline 11 and 12. Nevertheless, structures 11 and 12 are 

very similar, and analyses of their structures are presented in tandem. 

Piperazinediones 11 and 12 possess no molecular symmetry. The structural 

parameters of the molecules, however, match well those of 6, 9, and 10 in so far as 

the molecules correlate. For example, 6 = 11° for 11 and 0 = 14° for 12. Comparison 

between the calculated low energy conformers of 7 (Table 1, Appendix A, pg 136-

138) with that observed for the indanyl portion of 11 and 12 in the crystal provide a 

rationale for the observed piperazinedione and cyclopentene conformations. Shallow 

boat conformations for the piperazinedione ring are favored. However, the 

conformers observed in crystalline 11 and 12 have somewhat flattened 

piperazinedione rings and resemble hybrids of conformers 7-1 and 7-4 from the 

modeling study. Thus, these results are similar to the conformer of crystalline 6, 

which has 0 = 10°. 
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The cyclopentene rings are folded toward the nitrogen of the piperazinedione 

for 11 and 12, as they are for 6,7,8, 9, and 10. The magnitude of the dihedral angle, 

X, between the average planes defined by the atom sets {C3, C4, C9, CIO} and {C3, 

C2, CIO} were measured and found to be 28° for 11 and 29° for 12.32 The arene 

rings are flat. Thus, the conformers observed in the crystal are relatively low in 

energy and are consistent with other 1,4 substituted piperazinediones (6,9, and 10). 

3.8 MORPHOLOGY OF TAPES FOR 11 AND 12 

Piperazinediones 11 and 12 form hydrogen bonded tapes (Figures 37 and 38) 

with structural parameters in excellent agreement with data from other tape-forming 

piperazinediones found in the CSD (Table 2, Appendix A, pg 139). For both 11 and 

12, all molecules in a single hydrogen-bonded tape are related by translation. The 

molecules are asymmetric and therefore each edge of a tape presents different 

topographies to neighboring tapes. The tapes are parallel with the b-axis of the unit 

cells, which are 6.10 and 6.09 A in length for 11 and 12, respectively. This 

corresponds to the length of the piperazinediones from one hydrogen bonded edge to 

the other. Despite the fact that translation related adjacent indanyl rings are parallel 

(T = 0), no intratape face-to-face ^-interactions occur as evidenced by the large 

centroid-to-centroid distances (K = 6.10 A for 11 and 6.09 A for 12) for adjacent 

arene indanyl groups within a tape (Table 3, Appendix A, pg 140 and Figures 37 and 

38). Similar to 6, 9, and 10, the puckering of the cyclopentene rings (x = 28° and 29°) 

in 11 and 12 serves to minimize the free volume between indane moieties of adjacent 
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hydrogen bonded molecules, narrowing the width and densifying the tape. The 

observed tape topographies facilitate intertape arene JC-interactions by more fully 

exposing one face of each indanyl arene. 

Tapes of 11 and 12 do not produce grooves (Figure 39). The phenyl group of 

the phenylalanine residue is folded over the piperazinedione ring in both structures. 

These conformations result in intramolecular close contacts with the methylene 

hydrogens of the indanyl moiety (phenyl centroid to methylene hydrogen distances 

for 11: 2.7 and 3.7 A, for 12: 2.9 and 3.7 A). The stabilizing nature of the close 

contact is currently being debated in the liturature.23c,b No intermolecular contacts 

occur between adjacent phenyl groups within a single tape. The observed phenyl 

conformations serve to minimize free volume for both 11 and 12. 

As seen in Figure 39 the dipoles are aligned within a single tape for both 11 

and 12. These molecular and tape topographies are in sharp contrast to 9 and 10. 

Comparison of Figures 2 and 29 with Figures 33 and 39 demonstrate the essential 

feature of the design has been realized in crystalline 11 and 12: dipolar alignment 

within a single hydrogen bonded tape for enantiomerically pure piperazinediones 1. 

The molecular dipoles of 11 and 12 are effectively transformed into tape dipoles of 

supramolecular nature. It is of interest that the conformations of molecules and 

morphologies and topographies of the tapes do not significantly differ from relevant 

features of 6, 9, and 10. Furthermore, each member in a tape is related by translation, 

as such the molecular dipoles of adjacent molecules in the hydrogen bonded tapes are 

parallel and in proximity to one another. 



Figure 37. Piperazinedione 11: Tape formation via hydrogen bonding, 
a) Top view, b) Side view. 
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Figure 38. Piperazinedione 12: Tape formation via hydrogen bonding, 
a) Top view, b) Side view. 



Piperazinediones 11 and 12: 
grooves, a) 11. b) 12. 

Tape topography does not produce 
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Figure 40. Piperazinedione 11: Arene interactions of lateral neighbor tapes. 



Figure 41. Piperazinedione 11: Head-to-tail alignment of stacked vertical 
neighbor tapes. 



Figure 42. Piperazinedione 12: Arene interactions of lateral neighbor tapes. 



Figure 43. Piperazinedione 12: Head-to-tail alignment of stacked vertical 
neighbor tapes.. 
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Figure 44. Piperazinedione 11: Two molecule thick sheet. 



Figwre 45. Piperazinedione 12: Two molecule thick sheet. 
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3.9 MORPHOLOGY OF SHEETS FOR 11 AND 12 

Lateral and vertical neighbor tapes may be defined relative to reference 

hydrogen bonded tapes in both 11 and 12 (Figures 40 and 41 for 11; Figures 42 and 

43 for 12). Tapes of 11 and 12 have lateral neighbors on the indanyl side. These 

lateral neighbors engage in arene interactions. Vertical neighbors are oriented such 

that the tape dipoles are head-to-tail. Lateral neighbors are related to the reference 

tapes by two-fold screw axes that are parallel to the axes of the reference tapes. 

Vertical neighbors are related to the reference tapes by translation. 

Vertical neighbor tapes of 11 and 12 are stacked such that the tape dipoles are 

head-to-tail (Figures 41 and 43). The sheet motifs represent optimum orientations 

from coulombic considerations. The observed stacked motifs are propagated 

throughout the crystals, establishing order in one dimension orthogonal to the axes of 

the hydrogen bonded tapes. All of the dipoles in the resultant one molecule thick 

sheets are parallel. The sheet topographies, like the molecules, are not symmetric. 

One face of the sheets present the indanyl edges and faces, while the other face 

presents the folded phenyl groups of the phenylalanyl residues. The surface of the 

sheets on the phenyl alanyl side is corrugated and is self-complementary. The 

corrugated sides of the sheets interface to participate in topographically 

complementary van der Waals interactions to form sheets two molecules thick 

(Figures 44 and 45). 

The faces of the resultant two molecule thick sheets are self-complementary. 

The indanyl rings project from these surfaces, and participate in stabilizing arene 

interactions. Figures 40 and 42 show the indanyl side of the tapes are complementary 
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such that for lateral neighbors intertape edge-to-face arene interactions occur. The 

tapes are not symmetric. Tapes on the left of the left-most tapes (not shown in 

Figures 40 and 42) are displaced vertically and are not deflned as lateral neighbors. 

In Figures 41 and 43, the herringbone motifs and edge-to-face interactions do not 

directly propagate to produce sheets in directions orthogonal to the axes of the 

hydrogen bonded tapes. However, the two molecule thick sheets formed from 

stacked tapes and corrugated topographies do. The observed edge-to-face motifs are 

propagated throughout the crystals, contributing to the overall order in one dimension 

orthogonal to the axes of the hydrogen bonded tapes (Figures 44 and 45). 

Lateral tape dipoles are proximal and opposed (Figures 40 and 42). While 

these represent optimal coulombic interactions, the effects are consistent with other 

edge-to-face interactions (see Figures 13 and 34). In this way, the arene and dipole 

interactions are collusive. The observed intertape edge-to-face interactions can be 

described by sets of geometric parameters (Table 3, Appendix A, pg 140). The 

dihedral angles (t), centroid-to-centroid distances (K), and offset angles (Q for the 

interactions are within limits defined for stabilizing interactions.2^'24,25 Interestingly, 

the geometric parameters for 11 and 12 do not differ significantly from the close 

arene contacts of 6, 9, and 10. 

3.10 CRYSTAL STRUCTURE: ASSEMBLY OF SHEETS FOR 11 AND 12 

For 11 and 12 molecular assembly to produce the crystals follows directly 

from the previous discussions of hydrogen bonding, coulombic, arene, and van der 
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Waals interactions. Hydrogen bonded tapes form sheets with vertical neighbor tapes 

through head-to-tail dipolar alignment (Figures 40 and 42). The unsymmetrical 

sheets formed from lateral neighbor tapes reflects the topography of the tapes. The 

corrugated structure is self-complementary and as such interface to maximize van der 

Waals contact interactions. The resultant two molecule thick sheets are symmetric 

and present the indanyl arenes to both faces of the sheets (Figures 44 and 45). 

Indanyl arenes participate in stabilizing edge-to-face interactions (Figures 41 and 43). 

The arene edge-to-face motifs are propagated throughout the crystals, contributing to 

the overall order in one dimension orthogonal to the axes of the hydrogen bonded 

tapes. Thus, through orthogonal hydrogen bonding, coulombic, arene, and 

topographically complementary interactions, order in three dimensions is easily 

described for both crystalline 11 and 12. 

In contrast to 9 and 10, the dipoles of 11 and 12 are oriented uniformly within 

the context of the overall strucmres. The molecules are enantiomerically pure (unlike 

9), and a consequence of this is alignment of dipoles within the tapes, as designed 

(see Figures 2 and 29). 
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Figure 46. Top view of vertical neighbor tapes stacked tongue-in-groove for 
Piperazinediones 6,9, and 10. "^e tapes on the right are above the 
tapes on the left, a) Piperazinedione 6. b) Piperazinediones 9 and 10. 

B 
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3.11 DISCUSSION OF 9,10,11, AND 12 

It has been observed that minor changes in molecular constitution can give 

rise to marked changes in molecular order, even for tape structures.'^'' The 

replacement of two of the methoxy substituents in 6 with bromine (9 and 10) is an 

important test of the paradigm and molecular design. Prototype 6 accurately modeled 

the expected hydrogen bonding, topography based, and edge-to-face arene 

interactions for 9 and 10.35b The differences, however, are discussed below. 

The molecular structure of 6 includes a ten degree pucker of the 

piperazinedione, while the piperazinediones of 9 and 10 are flat. The pucker in 6 

extends to the tapes and creates the major and minor groove topography. In 9 and 10 

the grooves are necessarily equivalent. In as far as these differences relate to gross 

molecular order (molecules, tapes, and sheets), the structures do not significantly 

differ. However, while all three structures participate in tongue-in-groove stacking of 

vertical tapes, vertical tapes of 6 are related by two-fold rotation symmetry, and 

vertical tapes of 9 and 10 are related by translation. Figure 46 compares the 

difference that the symmetries effect by providing a top view of vertical neighbor 

tapes. Presumably, van der Waals interactions govern the orientation of vertical 

neighbors in 6, 9, and 10. It remains unclear why vertical tapes of 6 are related by 

two-fold rotation symmetry and vertical tapes of 9 and 10 are related by translation. 

Figure 29 suggests how enantiomerically pure structures like 13 might be 

designed to rationally manipulate the orientation of vertical tapes. Dipoles were 

proposed as viable recognition elements to induce order like that shown schematically 

in Figure 29b and observed in Figures 35 and 46b for 9 and 10. However, dipoles in 
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racemic 9 and meso 10 are randomly oriented within the context of the overall 

structures, and therefore no effect can be attributed to the dipoles. Ultimately, these 

results suggest that dipoles cannot be used to manipulate order in the absence of 

enantiomeric purity and/or for low polarity structures of this topography, and point to 

the importance of enantiomerically pure piperazinediones 1. Chapter 4 discusses 

predicted molecular order for enantiomerically pure structures 14a-c {vide infra). 

In contrast to 9 and 10, for structures 11 and 12 a portion of the overall order 

can be attributed to molecular dipole moment consistent with simple coulombic 

interactions. However, the molecular dipole moments were calculated to be small.^^ 

The molecular order for these structures may be a result of more subtle van der Waals 

contacts. To illustrate this point, consider the following. The conformations, the 

structural parameters of the tapes, and the tape topographies of 11 and 12 do not 

significantly differ from relevant features of 6,9, and 10. Furthermore, all members 

in the tapes are related by translation, therefore, the molecular dipoles of adjacent 

molecules in the hydrogen bonded tapes are parallel and in proximity to one another. 

Proximity of aligned dipoles represents unstable coulombic interactions. If adjacent 

members of the tapes were related by two-fold rotation symmetry the dipoles would 

be further away, which would be more stable based on coulombic considerations. 

This hypothetical arrangement would result in fewer edge-to-face arene interactions, 

so it is probable that the arene interactions and the associated herringbone motifs are 

more stabilizing than the hypothetical arrangement. Lateral tape dipoles are proximal 

and opposed (Figures 40 and 42) and represent optimal coulombic interactions. The 

effects are consistent with edge-to-face interactions (see Figures 13 and 34), and in 

this way, the arene and dipole interactions are collusive. However, the arene-arene 



112 

geometric parameters for 11 and 12 do not differ significantly from the close arene 

contacts of 6, 9, and 10. The arene contacts of 11 and 12 seem unaffected by and 

independent of the dipoles. These observations suggest that much of the order may 

be due to van der Waals interactions, and imply that the head-to-tail alignment of 

tapes may be a consequence of their topography, not stabilizing coulombic 

interactions. 

It is useful to remember that the dipole moments of 9,10,11, and 12 are 

small. Effects of coulombic interactions for structures with large dipole moments 

may be important and more obvious. 



CHAPTER FOUR 

CRYSTALLOGRAPmC CONSIDERATIONS: 

PREDICTION OF RELATED STRUCTURES 
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4.1 NONCENTROS YMMETRY AND THE PARADIGM 

The discussion in Chapter 3 invites speculation of molecular order for related 

structures. Prediction of order for molecules that satisfy the design criteria will be 

based largely on the paradigm. It is instructive, therefore, to re-examine the paradigm 

in the context of structures studied thus far. 

Paradigm for Molecular Recognition and Assembly in Three Dimensions 

Acentric crystalline solids with predictable molecular order will arise if the 

molecular building blocks contain three directional, geometrically orthogonal, 

chemically incompatible recognition elements. 

A solid that lacks inversion symmetry is said to be acentric or 

noncentrosymmetric. Highly symmetric molecules may or may not retain inversion 

symmetry in crystalline form (for example, compare 6 with 7, 8, 9, and 10). 

However, chiral molecules that are enantiomerically pure cannot display inversion 

symmetry in the solid state. Thus, 11 and 12 form acentric crystalline solids. 

Noncentrosymmetry is a solid state property, it does not imply any general or specific 

molecular order within the solid. Hence, the paradigm is a guide to facilitate 

prediction of how acentric molecules that possess and participate in three chemically 

and geometrically orthogonal intermolecular interactions will form acentric 

crystalline solids. Piperazinediones 1 were designed to possess such orthogonal 

recognition elements and can support chirality. 



115 

Structures 9-12 probe the effects of chirality, symmetry, and permanent 

molecular dipole moment on molecular order. The incorporation of dipoles 

introduces both chirality and a possible recognition element. The results, in accord 

with the design, further establish the reliability of hydrogen bonded tape formation 

and edge-to-face arene interactions for 1,4-substituted arenes of piperazinediones like 

1. Furthermore, they suggest that tongue-in-groove and corrugated topographies may 

be used to establish order, and molecular dipoles may provide a final recognition 

element in enantiomerically pure substances. 

While the limitations and reliability of certain design elements require further 

study, some predictions may be made for structurally similar piperazinediones 1. 

4.2 CRYSTAL STRUCTURE PREDICTION OF I4a-c 

While prediction has been invoked from the outset of this work, it continues to 

mature with each new structural probe. A brief discussion of crystallographic 

considerations and other predictive tools related to piperazinediones 1 is warranted. 

We are interested in the prediction of gross molecular order in crystalline 

materials, not the considerably more detailed prediction of crystal structure. 

However, prediction of molecular order in organic crystals can be simplified and 

enriched by incorporating crystallographic considerations. Only 67 space groups are 

allowed for enantiomerically pure compounds. The five most common chiral space 

groups for organic crystals, constituting >90% of the chiral structures in the CSD, are 

P2i, P2i2i2i, C2, PI, and P2\2i2M The asymmetric unit in crystals composed of 
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enantiomerically pure molecules can only be related by translation and rotation 

symmetries. The rotation symmetry observed will probably be two-fold screw, and 

the molecule will probably crystallize in a primitive lattice, although centered lattices 

are sometimes observed. 

Empirical observations can also simplify prediction. For example, the number 

of molecules in the asymmetric unit is usually small (1/2, 1, or less commonly 2).^ 

The molecular conformation observed in the crystal is usually low energy, 

Modeling based on 7 demonstrates that the semi-rigid scaffold allows only a few 

conformers. Furthermore, crystalline structures with 1,4 substitution (6 and 9-12) fall 

into a subgroup of the calculated conformers. 

In 6 and 9-12, the conformations are such that stabilizing edge-to-face arene 

interactions occur between adjacent tapes and result in crystallographic two-fold 

screw axes parallel to the tapes. As a recognition element arene interactions should 

be reliable for piperazinediones 1 and will probably lead to the observation of two

fold screw axes.37 The CSD search described in Chapter 1 demonstrates that most 

hydrogen bonding piperazinediones crystallize with the tape parallel to one of the unit 

cell axes. This is also true for 6-12 and must be the case if the tape is parallel to a 

screw axis. Additionally, the magnitude of the unit cell edge was found to correspond 

to the approximate length of the piperazinedione core, 6.2 A.38 This observation 

alone should significantly advance our ability to predict molecular order of 

piperazinedione in the crystalline state as it describes the orientation of the 

asymmetric unit in the unit cell. 
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Figure 47. Hypothetical side view of vertical neighbors stacked tongue-in-groove 
for Piperazinediones 14a-c. The vertical line represents iJie two
fold rotation axis the center molecule rests on (bottom most tape). The 
vertical neighbors represented in space filling format are those 
expected based on topography. The vertical neighbors represented in 
standard ball and stick form would be generated by the two-fold 
symmetry. The symmetry superimposes parts of the expected vertical 
neighbors with parts of the symmetry generated vertical neighbors. 
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Enantiomerically pure molecules topographically similar to 6, 9, and 10, e.g. 

14a-c, are expected to form tapes stacked tongue-in-groove. For the asynmietric unit 

to be less than one molecule the molecule must rest on a special position (a 

crystallographic symmetry operator). In theory, a chiral molecule could rest on a 

rotation axis, however, enantiomerically pure piperazinediones I, including 14a-c, 

that form tapes stacked tongue-in-groove would be excluded from resting on a two

fold special position. 

Br Br 
14a 

CN CN 
14b 

NO2 NO2 
14c 
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It is important to remember that molecular symmetry in a crystal is only part 

of the overall crystal symmetry. If a molecule of 14a-c rests on a two-fold special 

position then the corresponding tape, lateral sheet, and vertical sheet are subject to 

that symmetry. At first, a molecule may seem to be able to accommodate this 

symmetry, just as the tape and lateral sheet may. However, vertical tapes cannot 

accommodate this symmetry, because this symmetry would superimpose parts of two 

molecules in the same groove. Figure 47 depicts the expected tongue-in-groove 

stacking of vertical neighbor tapes expected for 14a-c (space filling ball and stick ). 

Also depicted in Figure 47 is the consequence of a molecule of 14a-c resting on a 

two-fold special position (standard ball and stick). The vertical line represents the 

two-fold rotation axis. The molecules are partially superimposed. Examination of 

Figures 14 and 35 further demonstrates the incompatibility of topography and two

fold symmetry. One tape ridge fits in one tape groove; two-fold symmetry places two 

tape ridges in one tape groove. The tape topography excludes this symmetry for 

vertical tapes and, therefore, lateral tapes, tapes and molecules. (This does not 

exclude the possibility of two-fold symmetry axes parallel to and between the tape 

axes.) Therefore, the molecule will not rest on a special position; the asymmetric unit 

must be at least one; and, it is very likely that the asymmetric unit will be one.^ 

The above approximations rely on crystallography, stabilizing intermolecular 

interactions, and topography. The analysis suggests a moderately detailed prediction 

of the anticipated crystal structure for molecules like enantiomerically pure 14a-c. 

The asymmetric unit for 14a-c will probably be one molecule oriented within 

the unit cell such that the hydrogen bonded tapes formed will be parallel to one unit 

cell axis, 6.2 A in length. Lateral neighbors are expected to be related by two-fold 
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screw symmetry due to stabilizing edge-to-face arene interactions. The topography of 

the molecules predicate the formation of topographically complementary tongue-in-

groove stacking, in one of two orientations. If, as in 6, vertical neighbor tapes are 

criss-crossed (Figure 46) then the lattice is expected to be centered belonging to space 

group C2. However, if the tapes are not related by a two-fold rotation axis as in C 2, 

but are stacked tongue-in-groove (9 and 10), then the lattice is expected to be 

primitive belonging to space group P21-

Van der Waals and/or coulombic interactions will dictate which of the two 

possible vertical neighbor orientations will be observed. Manipulation of this feature 

may be possible. For enantiomerically pure 14a-c if the tapes are related by two-fold 

rotation the observed order will probably be attributed to subtle topographic 

properties. Also, the tape dipoles will be opposed and might be taken to be 

unimportant. If the tapes are related by translation, however, it is less clear. Vertical 

neighbor tapes might be related by translation because of topographic or coulombic 

interactions or both. Hence, the rationale to study the series of 14a-c provides a 

steady progression from nonpolar (6) to highly polar (14c) structures of a certain 

topography within the context of the paradigm. 

Racemic and meso structures of 14a-c suggest another type of probe. 

Structures 9 and 10 are very similar to 6. The dipoles of 9 and 10 are randomly 

oriented within the solid and therefore no effect can be attributed to coulombic 

interactions. Racemic and meso 14b and 14c will have significantly greater dipole 

moments and virtually the same topographies as 6,9, and 10. Therefore, if 

emergence of order from disorder is observed (i.e., compared to 9 and 10) it may 

indicate important coulombic interactions as a consequence of the dipoles. 
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Comparison of racemic and meso structures with enantiomerically pure structures 

may be the best analytical approach, short of accurate computational analysis. 9'' 

The paradigm and many approximations were invoked to predict molecular 

order for enantiomerically pure molecules like 14a-c. The prediction is detailed. The 

spacegroup is expected to be C2 or the subgroup P2i, and the asymmetric unit, 

molecular orientation, and approximate conformation are specified. The difference 

between the two space groups can be deduced by determination of the unit cell. 

Regardless of the crystallographic details, the gross molecular order is expected to be 

hydrogen bonded molecules, edge-to-face arene associated tapes, and tongue-in-

groove stacked sheets. 



CHAPTER FIVE 

SYNTHESIS 
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5.1 GENERAL SYNTHETIC APPROACH 

The general synthetic approach is depicted in Scheme 1. Each synthesis 

began with the appropriate bis(halomethyI)arene (15). Alkylation of a suitably 

protected glycine derivative (16) with 15 provided the corresponding indanyl amino 

esters (17). Amino esters 17 were converted to the ferf-butoxycarbonyl (BOC) 

protected amino acids (18). The amino acids were coupled using benzotriazol-l-

yloxytris-(dimethylamino)phosphonium hexafluorophosphate (BOP reagent) to form 

the dipeptides (19). The dipeptides were then thermolyzed to give the corresponding 

piperazinediones (6-12,14a,and 

5.2 SYNTHESIS OF BIS(HALOMETHYL)ARENES 

Bis(halomethyl)arenes 15a and 15b are commercially available. Bis-

(halomethyl)arenes 15c and 15d are readily available from known procedures'^^ 

(Scheme 2). Treatment of 2,3-dimethyIhydroquinone (21) with methyl iodide in base 

gives  l ,4-d imethoxy-2 ,3-d imethylbenzene  (22a)  in  exce l len t  y ie ld .Subsequent  

NBS bromination efficiently provides the desired 2,3-bis(bromomethyl)-l,4-

dimethoxy-benzene (15c) in excellent yield.Similarly, commercially available 

2,3-dimethylanisole (22b) efficiently produces the desired tribromide (15d) in one 

step.^Ot" Bromides 15c and ISd are solids and can be obtained in good overall yields 

(>70%) on large scale (15g). 
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eme 1. General synthetic approach. 

X 

N=PG 

15 16 

Rn = Varies in number 
and group types 

X = CI, Br 

PG = Protecting Group 

OC2H5 

17 

18 

R 

18 

BOC-HN 
1 -T^^n 

OC2H5 

19 

^ Piperazinediones 
6-12,14a and 20 

OCH 

OCH. 
O H 

20 
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Br 

Br 

15a 15b 

CH3O 

15c 

Br Br 

15d 

Scheme 2. Synthesis of bromides 15c and d. 

OH 
1 Mel OCH3 

1 
NaH 

THF 
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OH 95% 0CH3 

21 

NBS 
BPO 

CCI4 
A 

97% 

OCH3 

22a 

OCH OCH NBS 
BPO 

CCI 

71% 

22b 15d 



126 

5.3 SYNTHESIS OF INDANYL AMINO ACIDS 

Schiff base 16a is readily available on large scale from known procedures^ ̂  

and 16b is conmiercially available. Low temperature alkylation of 16a or 16b with 

halides 15a-d gave the corresponding amino esters 17a-d without isolation of the 

intermediate Schiff base protected amino esters. Two different procedures have been 

developed. The procedure used is dependent on the substitution pattern of the parent 

halide. 

Amino esters 17a and 17b could be obtained in good yields (65-75%) as 

depicted in Scheme 3. The benzophenone imine of ethyl glycinate, 16a, was 

prestirred with I.O equiv. of NaHMDS at low temperature (-78 °C). After 1 hour the 

halide (15a or ISb) was added, stirred, and allowed to warm to 0 °C. After 24 hours 

the reaction mixture was cooled to -78 °C, a second equiv. of NaPIMDS was added, 

and the reaction was allowed to warm to -20 °C. After an additional 24 hours the 

reaction mixture was warmed to room temperature and the yields after hydrolysis 

were consistently 65-15%. This method does not require the long reaction times. 

The method was developed because of the simplicity of the procedure; it was 

amenable to scale-up, and the reaction gives better yields if the hydrolysis is done 

immediately after work-up of the alkylation. 

O 0 

H 
16a 16b 
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Scheme 3. Synthesis of amino esters 17a and 17b. 

17a 
1) NaHMDS, THF 
2) 15a or 15b 

16a or 
3) NaHMDS, THF 
4) TFA, H2O 17b 

65-75% 

O "30 q '  

17a 17b 

For 1,4-substituted halides 15c and 15d, the dialkylation procedure described 

by Kuki and Kotha^O^ was used (Scheme 4). The method calls for the benzaldahyde 

imine of ethyl glycinate (16b) to be prestirred with 2.2 equivalents of sodium 

bis(trimethylsilyl)amide (NaHMDS) at low temperature (-78 °C). After 45 minutes 

the halide (for example ISc, which appeared in the original report) is added, stirred, 

and allowed to warm to room temperature (2 hours). The reported yields after 

hydrolysis are predominantly well above 50% (for example 15c, was reported to give 

65-70% yield even upon scale-up). In our hands, the alkylation did not give the 

reported yields, but amino esters 17c and 17d were readily obtained in 25-35% yield 

using this method. 
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Scheme 4. Synthesis of amino esters 17c and 17d. 

16b 

1) NaHMDS.THF 
2) 15cor15d 
3) HCI, H2O 

25-35% 

17c 

or 

17d 

OCH 

OC2H5 

17c R = 0CH3 
17d R = Br 

Conversion of amino esters 17a-d to iV-BOC amino acids 18a-d was achieved 

by standard protocols^2 jn good yields (Scheme 5). The intermediate AT-BOC amino 

esters 23a-d were stable solids and could be stored for long periods at room 

temperature. 

Scheme 5. Synthesis of A^-BOCed amino acids 18a-d. 

BOC2O, NaOH, 
17a-d ^ 23a-d • 18a-d 

CH2CI2 H2O, MeOH 
85-95% 90-95% 

i' 
NH-BOC ''2"Yir^VNH-B0C 

R4 R4 

23a-d 18a-d 

18a/23a Ri=R2=R3=R4=H 
18b/23b Ri=R4=H R2=R3=CH3 
18C/23C Ri=R4=OCH3 R2=R3=H 
18d/23d Ri=0CH3 R2=R3=H R4=Br 
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5.4 SYNTHESIS OF DIPEPTIDES 

With the appropriately protected amino acids in hand, peptide coupling using 

BOP reagent was efficiently effected. The coupling required extended reaction time 

(24 hours) if the acid starting material was disubstituted in the a-position (19a-g, 

Scheme 6). The coupling required 2 hours if the acid starting material was mono-

substituted in the a-position (19h and 19i, Scheme 7). The yield of the dipeptides 

ranged from good to excellent (75-95%) depending on the ratio of amine to acid used 

for the coupling. The use of an excess (1.5:1 equiv.) of either amine to acid or acid to 

amine gave the best results, and the excess starting material was fiilly recoverable 

(e.g. 19e and 19f; 95% yield, ~0.5 equiv. of amine 17d recovered). 

The dipeptides synthesized are shown in Scheme 7. This stepwise coupling 

allows for maximum efficiency and versatility in the approach, as demonstrated by 

19d-i. 

Scheme 6. Synthesis of dipeptides 19a-g. 

17a-d 

18a-d 
BOP 

DMF, TEA 
RT, 24 hrs 
75-95% 

19a-g 
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Scheme 7. Synthesis of dipeptides 19h and 19i. 

17d 

A/-BOC-Phe 
BOP 

DMF, TEA 
RT, 24 hrs 

93% 

BOC-HN 

OCH 

NH 
OCoH 

19h (S,S) isomer 

191 (R,S) isomer 

Scheme 8. Dipeptides 19a-i. 

BOC-HN. 
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OCH3 

19d 

BOC-HN 

OCH3 

OC2H5 

19e (S,S), (R,R) 
19f (R,S), (S,R) 
19g (S,S) 

BOC-HN 

OC2H5 

19h (S,S) 
19i (R,S) 
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5.5 RESOLUTION OF DIASTEREOMERICDIPEPTTDES 

The paradigm requires enantiomerically pure piperazinediones. The methods 

described above provided racemic amino acids 17d and 18d. Coupling racemic 

amino acids provided the diastereomeric dipeptides 19e and 19f. Similar coupling of 

racemic amino ester 17d with L-A'^-BOC-phenylalanine (Scheme 7) gave the 

diastereomeric dipeptides 19h and 19i. These diastereomers were conveniently 

separated via silica gel chromatography and gave pure dipeptides 19e, 19f, 19h and 

19i. 

The resolution strategy outlined above provides enantiomerically pure 

dipeptides 19h and 19i. These dipeptides allow access to enantiomerically pure 17d 

and represent a complete resolution from racemic 17d to enantiomerically pure 17d. 

Edman degradation'^^ of 19h provided the desired amino ester in good yield under 

mild conditions (Scheme 9). Thus, BOC protected dipeptide 19h was efficiently 

converted to thiourea 24 by TFA cleavage of the BOC protecting group followed by 

coupling with phenylisothiocyanate without isolation of the intermediate amine. 

Treatment of thiourea 24 with anhydrous methanolic HCl gave the desired 

enantiomerically pure amino ester 17d in quantitative yield. Enantiomerically pure 

amino ester 17d was then subject to the procedures described above (Schemes 5 and 

6) to give 19f. 
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Scheme 9. Synthesis of enantiomerically pure 17d. 
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5.6 SYNTHESIS OF PIPERAZINEDIONES 

Dipeptides 19a-i were stable solids. It was observed upon melting point 

determination, however, that they evolved gas and decomposed. If this was done in 

the absence of atmospheric oxygen, by repeated evacuation/argon purging, the 

dipeptides melted, immediately evolved gas, and upon standing, slowly resolidified 

without decomposition. The solids obtained by this procedure were the 

corresponding piperazinediones (6-12,14a and 20). 

The above procedure was amenable to reactions on the scale of 100 mg (larger 

scale reactions were not attempted). The thermolysis effects cleavage of the BOC 

protecting group, cyclization of the piperazinedione, and evolution of ethanol. The 

simplest procedure developed includes thermolysis of neat sample in an evacuated, 

sealed tube heated at 240-250 °C for 15-30 minutes to provide the desired 

piperazinedione in moderate to excellent yields (Scheme 10). Purification was 

achieved most conveniently by rinsing the solid obtained with a suitable solvent 

and/or recrystallization from DMSO or DMSO/TFA. 

As expected, the solids were highly insoluble and very thermally stable (mp > 

290 °C). While, crystals were readily obtained, slow crystallization techniques were 

required for crystallographic quality crystals. 



Scheme 10. Synthesis of Piperazinediones 6-12,14 and 20. 
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Table 1. Monte Carlo Search Results for Piperazinedione 11.^ 

Conformer Side View Top View 
MM2^ 
Energy, 
kj/mol 

% pop 
at 

298.1 K 

0, 
deg 

X> 
degfl 

11-1 141.9 33 26.6 
31 
and 
31 

11-2 142.6 25 27.2 
-28 
and 
-27 

"Enantiomeric conformers removed; see reference 17. 



Table 1. Monte Carlo Search Results for Piperazinedione 11.^-Continued 

Conrormer Side View Top View 
MMi* 
Energy, 
kj/mol 

% pop 
at 

298.1 K 

E, 

deg 
XI 

deg" 

31 
11-3 l y K  r v  142.7 24 24.8 and 

-28 

IM 145.2 8 0.2 
31 
and 
31 

"Enanliomeric conformers removed; see reference 17. 



Table 1. Monte Carlo Search Results for Pipcrazinedione 11.'' -Continued 

Conformer Side View Top View 
MMi* 
Energy, 
kj/mol 

% pop 
si. 

298.1 K 

0, 
deg 

X. 
deg" 

11-5 146.0 6 0.6 
31 
and 
-26 

11-6 146.7 4 0 
-26 
and 
-26 

"Enantiomeric conformers removed; see reference 17. 
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Table 2. Comparison of Structural Parameters for Piperazinediones 6-12 with 
Average Structural Parameters for Tape-forming Piperazinediones 
from the CSD. 

Structure 5(A) (|)0 

C
D

 

CSD 2.89 170 10 

6 2.86 176 10 

2.87 175 

7 2.88 169 37 

2.88 169 

8 2.85 172 0 

2.85 172 

9 2.85 164 0 

2.85 164 

10 2.85 164 0 

2.85 164 

11 2.88 150 11 

2.86 172 

12 2.88 144 14 

2.83 176 
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Table 3. Geometric parameters for 7C-interactions in crystals of 
Piperazinediones 6-12. 

Arene Interaction Types 

Face-to-Face Edge-to-Face 

Geometric Parameters For Arene-Arene Interactions 
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Table 3. Geometric parameters for 7C-interactions in crystals of 
Piperazinediones 6-12. 

m-Interaction Type XO K(A) Stabilizing? 

Face-to-face Calculated 0 3.8 35>C>0 Ideal 

Edge-to-face Calculated 90 5.0 35>CpO Ideal 

6 A and A' intratape 6.2 no 

6B intertape 86 4.9 14 yes 

6C intertape 85 5.6 33 yes 

7 intratape 7.9 no 

intertape 9 3.8 8 yes 

8 intratape 6.3 no 

intertape 6.1 no 

9 intratape 6.1 no 

intertape 86 5.0 15 yes 

10 intratape 6.1 no 

intertape 86 5.0 15 yes 

11 intratape 6.1 no 

intertape 84 5.0 16 yes 

12 intratape 6.1 no 

intertape 81 4.8 11 yes 



APPENDIX B 

PIPERAZDMEDIONES FOUND IN THE 

CAMBRIDGE STRUCTURAL DATABASE 
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Cambridge Structural Database ("CSD) search for non-ionic piperazinediones. 

46 references: The 46 structures listed below satisfy the criteria outlined in the 
paper and from these the rest of the search was drawn. 

The refcodes and references reported were extracted from 
the CSD. 

BCYMYC r 
Y.Tokuma,S .Koda,T.Miyoshi,"feMorimoto 
Bull.Chem.Soc.Jpn., 47, 18,1974 

-+-

BIMGEJIO 
M.Bressan,F.Marchiori,G.Valle 
Int.J.Pept.Protein Res., 23,104,1984 

BIVMUO 
M.Bressan,R.Ettore,F.Marchiori,G.Valle 
Int.J.Pept.Protein Res., 19,402,1982 

-+-

BOCSIV 
K.Suguna,S.Ramakumar,N.Shamala,B.V.V.Prasad,P.Balaram 
Biopolymers, 21, 1847,1982 

-+ 

BOCSOB 
K.Suguna,S.Ramakumar,N.Shamala,B.V.V.Prasad,P.Balaram 
Biopolymers, 21, 1847,1982 ^ 

CANKEH 
C.Howes,N.W.AIcock,B.T.Golding,R.W.McCabe 
J.Chem.Soc.,Perkin Trans. 1,, 2287,1983 

CGLYTP 
A. J.Morris,A. J.Geddes,B .Sheldrick 
Cryst.Struct.Commun., 3,345,1974 

1 1 1 
CLCYSTIO 
K.I. V arughese,C.T.Lu,G.Kartha 
Int.J.Pept.Protein Res., 18, 88,1981 

CLEUHS 
I.Tanaka,T.Iwata,N.Takahashi,T.Ashida,M.Tanihara 
Acta Crystallogr.,Sect.B, 33, 3902,1977 

1 1 H 1 H 1_ 
CLfflSPlO 
R.Ramani,K.Venkatesan,R.E.lfe-sh 
J.Am.Chem.Soc., 100,949,1978 



CLTRHS 
M.Cotrait,M.Ptak3 .Busetta, A.Heitz 
J.Am.Chem.Soc., 98, 1073,1976 

COPHOE 
K.Suguna,S.Ramakumar,K.D.Kopple 
Acta Cryst.,C (Cr.Str.Comm.), 40,2053,1984 

1 +- H— h' - H I 
COYRIR 
K.Suguna,S.Ramalcumar,R.Nagaraj,P.BaIaram 
Acta Cryst.,C (Cr.Str.Coiran.), 41,284,1985 

1 1 1 1 1 1 1 
CSEHSM 
M.Cotrait,M.Ptak 
Acta CrystalIogr.,Sect.B, 34, 528,1978 

CYLCYS 
H.-C.Mez 
Cryst.Struct.Comraun., 3,657,1974 

1 1 1 1 H 1 1 
CYSESE 
G.G.Fava,M.F.Belicchi,R.MarcheIIl,A.Dossena 
Acta Crystallogr.,Sect.B, 37,625,1981 

DAWSUP 
K.H.Ongania,G.Granozzi,V.Busetti,M.Casarin,D.Ajo 
Tetrahedron, 41,2015,1985 

1 1 4 ^ —I 1 
DESXOO 
D.Ajo,M.Casarin,R.Bertoncello,V.Busetti,H.C.J.Ottenheijm,R.Plate 
Tetrahedron, 41,5543,1985 

1 ^ 1 -+———T I 
DIKPIPOl 
R.Degeilh,R.E.Marsh 
ActaCrystallogr., 12, 1007,1959 

1 1 H 1 1 1 1 
DKSIZ 
Y.Kojima,T.Yamashita,S.Nishide,K.Hirotsu,T.Higuchi 
Bull.Chem.Soc.Jpn., 58,409,1985 

(_ 1 1 1 f———J 1 
DKPSALIO 
K.I. V arughese,G.Kartha 
Acta Crystallogr.,Sect.B, 38,301,1982 

-H —H 1 -H 1 H I 
DUZDUX 
M.Gdaniec,B .Liberek 
Acta Cryst.,C (Cr.Str.Comm.), 42,1343,1986 

-+ 

+ 
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+  4-  4 .  •— . . . - 4 . - .  .  . . . j  -+  

FEPFOV 
J.Symersky,K.Blaha,V.Langer 
Acta Cryst.,C (Cr.Str.Comm.), 43, 303,1987 

4- ^ 1— • -4 • 1 1 h 
FUPDUP 
C.H.Gorbitz 
Acta Chem.Scand.Ser.B, 41, 83,1987 

4-— < 1 • •  • • 4 .  
GLYTYRIO 
C.-RLinJ..E.Webb 
J.Am.Chem.Soc., 95, 6803,1973 

1 + f~- ^ • • + • •+• —H h 
JAGFOM 
E.Benedetti,A.Bavoso,B.Di Blasio,V.Pavone,C.Pedone,L.Paolillo,M.D'Alagni 
Int.J.Pept.Protein Res., 31,220,1988 

(_ h— H 1 —-H +- h 
KOCJUH 
M.A.Vela,H.Kohn 
J.Org.Chem., 56,5462,1991 

KPIPFAIO 
G.Kartha,K.I.Varughese,C.T.Lu 
Acta Crystallogr.,Sect.B, 37, 1798,1981 

LCDMPPOl 
E.SIetten 
J.Am.Chem.Soc., 92, 172,1970 

LCDMPPIO 
E.Benedetti,P.Corradini,C.Pedone 
Biopolymers, 7,751,1969 

1 1 1 1 ^ 1 1 1-
LEKJUG 
M.B.Szkaradzinska,M.Kubicki,P.W.Codding 
Acta Cryst.,C (Cr.Str.Comm.), 50, 565,1994 

^ 1 1 1 H 1 1 (. 
LEKKAN 
M.B.S2karadzinska,M.Kubicki,P.W.Codding 
Acta Cryst.,C (Cr.Str.Comm.), 50, 565,1994 

1 • +- —I 1 1 —H -H (-
SADCOP 
H.Kohn,S.Abuzar,J.D.Korp,A.S.Zektzer,G.E.Martin 
J.Heterocycl.Chem., 25, 1511,1988 

1 ( 1 1 ^ 1 ( 1-
SEGZAF 
A.Perczel,M.Hollosi,J.Csaszar,V.Fulop,A.Kalman,G.D.Fasman 
Carbohydr.Res., 187, 187,1989 



SERTYRIO 
C.-F.Lin,L.E.Webb 
J.Am.Chem.Soc., 95, 6803,1973 

1 1 1 1 1 1 1 (. 
SMVAG 
G.Valle,M.Crisma,C.Toniolo,E.M.HoIt,M.Tamura,J-BIand,C.H.Stanimer 
Int.J.Pept.Protein Res., 34,56,1989 

—(• ^ —4~ ^ — — < 1 h 
sncwEO 
G.VaIle,V.Guantieri,A.M.Tamburro 
J.Mol.Struct., 220, 19,1990 

1 + • i 1 ———j 1 H —f 
TRDMPPOl 
E.Sletten 
J.Am.Chem.Soc., 92, 172,1970 

1 1 1 1 1 1 1 ^ 
TRDMPP02 
J.Sletten 
Acta Chem.Scand.Ser. A, 34,593,1980 

1 —I 1 f— 1 1 4-
TRDMPPIO 
E.Benedetti,P.Corradini,C.Pedone 
J.Phys.Chem., 73,2891,1969 

1 f. 1 1 H 1 1 1-
VECTAY 
A.R.Katrit2ky,Wei-Qiang Fan,A.E.Koziol,G.J.Palenik 
J.Heterocycl.Chem., 26, 821,1989 

1 1 1 1 H 1 1 (. 
YEKGAW 
Zhuming Zhang,H.Kohn 
J.Am.Chem.Soc., 22,9815,1994 

1 1 H 1 H 1 1 1-
YEKGEA 
Zhuming Zhang,H.Kohn 
J.Am.Chem.Soc., 22, 9815,1994 

1 1 1 1- H 1 1 (. 
YEKGOK 
Zhuming 23iang,H.Kohn 
J.Am.Chem.Soc., 22, 9815,1994 

—I 1 ~H H 1 

YERHO 
M.-J.Brienne,J.Gabard,M.Leclercq,J.-
M.Lehn,M.Cesario,C.Pascard,M.Cheve,G.Dutruc-Rosset 
Tetrahedron Lett., 35, 8157,1994 



1 1 1 1 1 1 1 J. 
YERJOU 
M.-J.Brienne,J.Gabard,M.Leclercq,J.-
M.Lehn,M.Cesario,C.Pascard,M.Cheve,G.Dutruc-Rosset 
Tetrahedron Lett., 35, 8157,1994 



32 references: The 32 structures listed below by their refcodes satisfy the 
criteria outlined in the paper and participate in formation of 
hydrogen bonded tapes. 

Tests 1-4 (vida infra) were performed on these structures. 

BIMGEJIO 
BIVMUO 
BOCSIV 
BOCSOB 
CGLYTP 
CLCYSTIO 
CLEUHS 
CLfflSPlO 
CLTRHS 
COPHOE 
COYRIR 
CYLCYS 
DAWSUP 
DESXOO 
DIKPIPOl 
DIKSIZ 
DUZDUX 
FEPFOV 
FUPDUP 
GLYTYRIO 
KOCJUH 
KPIPFAIO 
LCDMPPOl 
LCDMPPIO 
LEKJUG 
LEKKAN 
SEGZAF 
SERTYRIO 
SIHVAG 
SnCWEO 
TRDMPP02 
YERHO 
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14 references: These 14 satisfy the criteria outlined in the paper and do not 
participate in hydrogen bonding to form tapes. They are listed 
below by their refcodes. 

BCYMYC 
CANKEH 
CSEHSM 
CYSESE 
DKPSALIO 
JAGFOM 
SADCOP 
TRDMPPOl 
TRDMPPIO 
VECTAY 
YEKGAW 
YEKGEA 
YEKGOK 
YERJOU 



Testl 

This search reports the N-0 interatomic distance, 5. 

GEOM 
CONTACT INTER 13 A6 A 2.3 3.5 
CONTACT INTER 9 A 14 A 2.3 3.5 
DEFINE DELTAl 914 
DEFINE DELTA2 13 6 
C Search for ALL unique crystal fragments 

The results from Test 1 are tabulated below. 

Refcode DELTAl DELTA2 
BIMGEJIO 2.829 2.825 
BIVMUO 2.903 2.896 
BOCSIV 2.894 2.894 
BOCSOB 2.858 2.867 
CGLYTP 2.859 2.832 
CLCYSTIO 2.856 2.865 
CLEUHS 2.841 2.853 
CLfflSPlO 2.856 2.844 
CLTRHS 2.910 2.924 
COPHOE 2.894 2.888 
COYRIR 2.866 2.865 
CYLCYS 2.905 2.911 
DAWSUP 2.900 2.847 
DESXOO 2.853 2.862 
DESXOO 2.929 2.929 
DIKPIPOl 2.852 2.852 
DIKSIZ 2.898 2.876 
DUZDUX 2.931 2.891 
FEPFOV 2.964 2.925 
FUPDUP 2.903 2.902 
GLYTYRIO 2.883 2.894 
KOCJUH 2.936 2.913 
KPIPFAIO 2.913 2.913 
LCDMPPOl 2.895 2.885 
LCDMPPIO 2.900 2.887 
LEKJUG 2.879 2.873 
LEKJUG 2.885 2.866 
LEKKAN 2.899 2.881 
SEGZAF 3.187 3.187 
SERTYRIO 2.926 2.899 
SIHVAG 2.806 2.806 
sncwEo 2.854 2.898 
TRDMPP02 2.859 2.859 
YERJIO 2.874 2.874 
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Test 2 

This search places hydrogens at ideal positions 1.02 A from the amide nitrogen and 
reports the hydrogen bond (N-H—O) angle, <1). 

GEOM 
SETUP XI41 
SETUP X2 10 7 
SETUP DIX2 9 1.02 
SETUP D2 XI 61.02 
DEFINE PHIl 14 D1 9 
DEFINE PHI2 13D26 
CONTACT INTER 13 A6 A 2.3 3.35 
CONTACT INTER 9 A 14 A 2.3 3.35 
C Search for ALL unique crystal fragments 

The results from Test 2 are tabulated below. 

Refcode PHIl PHI2 
BIMGEJIO 169.911 171.130 
BIVMUO 170.392 173.562 
BOCSIV 176.809 176.809 
BOCSOB 169.504 172.406 
CGLYTP 168.933 166.325 
CLCYSTIO 172.846 136.395 
CLEUHS 175.271 149.036 
CLHISPIG 169.006 173.070 
CLTRHS 174.643 174.491 
COPHOE 175.841 149.256 
COYRIR 169.911 178.491 
CYLCYS 147.465 164.063 
DAWSUP 175.364 171.169 
DESXOO 157.028 147.123 
DESXOO 148.576 148.576 
DIKPIPOl 178.149 178.149 
DIKSIZ 174.533 152.736 
DUZDUX 160.698 152.273 
FEPFOV 163.569 171.879 
FUPDUP 163.984 172.958 
GLYTYRIO 167.725 169.560 
KOCJUH 165.829 177.058 
KPIPFAIO 166.118 166.118 
LCDMPPOl 161.896 167.036 
LCDMPPIO 162.074 166.364 
LEKJUG 171.842 172.808 
LEKJUG 161.803 173.190 
LEKKAN 166.224 174.556 



Test 2 (continued) 

Refcode 
SEGZAF 
SERTYRIO 
SIHVAG 
SKWEO 
TRDMPP02 
YERHO 

PHIl 
162.762 
163.153 
174.975 
159.824 
176.059 
168.907 

PHI2 
162.762 
176.746 
174.976 
162.260 
176.059 
168.907 
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Test 3 

This search defines two planes (see text for piperazinedione numbering) then reports 
the dihedral angle, 0. 

GEOM 
SETUP PI 2 3 45 
SETUP P22 165 
DEFINE THETA PI P2 
C Search for ALL unique crystal fragments 

The results from Test 3 are tabulated below. 

Refcode THETA 
BIMGEJIO 6.984 
BIVMUO 1.339 
BOCSIV .000 
BOCSOB 7.139 
CGLYTP 1.932 
CLCYSTIO 30.232 
CLEUHS 16.195 
CLfflSPlO .925 
CLTRHS 10.852 
COPHOE 16.358 
COYRIR 4.180 
CYLCYS 28.557 
DAWSUP 4.347 
DESXOO 9.514 
DESXOO .020 
DIKPIPOI .000 
DIKSIZ 15.818 
DUZDUX 10.820 
FEPFOV 9.397 
FUPDUP 7.033 
GLYTYRIO 15.815 
KOCJUH 10.060 
KPIPFAIO .020 
LCDMPPOl 28.702 
LCDMPPIO 29.134 
LEKJUG 3.541 
LEKJUG 10.486 
LEKKAN 7.052 
SEGZAF 22.300 
SERTYRIO 8.764 
SIHVAG .020 
SIKWEO 30.048 
TRDMPP02 .000 
YERJIO 57.080 
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Test 4 

This search reports 24 structures that satisfy the criteria outlined in the paper and 
participate in tape formation and the hydrogen bonded tape is parallel with one of the 
unit cell axes. 

The axis that is parallel with the tape is given along with its magnitude and the 
refcode. 

BIMGEJIO c = 6.047 
BIVMUO c = 6.186 
BOCSOB a = 6.177 
CGLYTP b = 6.167 
CLCYSTIO c = 5.978 
CLEUHS b = 6.017 
CLfflSPlO c = 6.143 
CLTRHS c = 6.212 
COPHOE b = 6.105 
COYRIR b = 6.133 
CYLCYS b = 6.149 
DESXOO b = 6.237 
DKSIZ c = 6.163 
DUZDUX a = 6.181 
FEPFOV c = 6.240 
FUPDUP c = 6.151 
GLYTYRIO c = 6.170 
KOCJUH a = 6.151 
KPIPFAIO c = 6.253 
LCDMPPIO b = 6.082 
LEKJUG b = 6.202 
SEGZAF a = 6.542 
SERTYRIO b = 6.191 
TRDMPP02 b = 6.148 



APPENDIX C 

STRUCTURAL AND CRYSTALLOGRAPHIC DATA 
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Experimental Details for 6*  ̂

A. Crystal Data 

06^2^24^26 
F.W. = 438.48 F(000) = 928 

crystal dimensions: 0.17 xO.13 xO.28 mm 
peak width at half-height = 0.25° 
Mo Ka radiation (A, = 0.71073 A) 

temperamre = 23±1° 
monoclinic space group C2 

a = 23.940 (2) A b = 6.163(0) A c= 15.725(1) A 
P = 106.98 (12)° 

V = 2218.9(18) 
Z = 4 p = 1.31 g/cm^ 

= 0.9 cm"' 

B. Intensity Measurements 

Reflection averaging (agreement on I = 1.1%) 

Instrument: 
Monochromator: 
Scan type: 
Scan rate: 
Scan width, deg: 
Maximum 20: 
No. of refl. measured: 
Corrections: 

Syntex P2,, Crystal Logics 
Graphite crystal, incident beam 
ti)-20 
3.0°/min 
from (20Ka,-1.3) to (20Ka,+1.6OO) 
50.0° 
4395 total, 3888 unique 
Lorentz-polarization 



C. Structure Solution and Refinement 

Solution: 
Refinement: 
Minimization function: 
Least-squares weights: 
Anomalous dispersion: 
Reflections included; 
Parameters refined: 
Unweighted agreement factor: 
Weighted agreement factor: 
Factor including unobs. data: 
Esd of obs. of unit weight: 
Convergence, largest shift: 
High peak in final diff. map: 
Low peak in final diff. map: 
Computer hardware: 
Computer software: 

Direct methods 
Full-matrix least-squares 
£w(IFol-IFcl)^ 
4FoVa^(Fo^) 
All non-hydrogen atoms 
3471 with FoV3.0a(Fo^)" 
288 
0.040 
0.057 
0.048 
1.78 
0.00a 
0.22(3)e7A' 
-0.30(3)e7A^ 
VAX 
MolEN (Enraf-Nonius) 
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Table of Positional Parameters 

Atom X y z 

HI -0.030 0.137 0.194 
H3A 0.018 -0.302 0.417 
H3B 0.062 -0.113 0.445 
H5B 0.108 -0.704 0.675 
H5A 0.069 -0.839 0.597 
H5C 0.040 -0.688 0.651 
H6 0.166 -0.785 0.587 
H7 0.227 -0.794 0.495 
H8A 0.278 -0.699 0.313 
H8C 0.295 -0.674 0.416 
H8B 0.248 -0.840 0.368 
HlOA 0.140 -0.114 0.335 
HlOB 0.124 -0.303 0.267 
Hll 0.034 -0.534 0.276 
H13A -O.I 11 -0.096 0.246 
HI3B -0.136 -0.284 0.180 
HI5C -0.262 0.289 0.252 
H15A -0.238 0.443 0.194 
H15B -0.289 0.287 0.150 
H16 -0.242 0.397 0.048 
H17 -0.203 0.392 -0.071 
H18B -0.155 0.270 -0.202 
H18C -0.090 0.336 -0.165 
H18A -0.136 0.436 -0.125 
H20A -0.084 -0.276 0.035 
H20B -0.040 -0.083 0.048 
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Experimental Details for 7  ̂

A. Crystal Data 

OjNjCjoHig 
F.W. = 318.38 F(000) = 672 

crystal dimensions: 0.12 x0.17 x0.50 mm 
peak width at half-height = 0.15° 
Mo Ka radiation (X = 0.71073 A) 

temperature = 22±r 
monoclinic space group C2/c 

a = 9.757 (2) A b= 14.014 (3) A c= 11.840(1) A 
P = 95.96(1)° 

V= 1610.1(5) A^ 
Z = 4 p = 1.31 g/cm^ 

= 0.8 cm' 

B. Intensity Measurements 

Instrument: 
Monochromator: 
Attenuator: 
Take-off angle: 
Detector aperture: 

Crystal-detector dist.: 
Scan type: 
Scan rate: 
Scan width, deg: 
Maximum 20: 
No. of refl. measured: 
Corrections: 

Enraf-Nonius CAD4 diffractometer 
Graphite crystal, incident beam 
Zr foil, factor 13.6 
2.8° 

2.4 to 2.9 mm horizontal 
2.0 mm vertical 
21 cm 
co-20 
I - 7°/min (in omega) 
0.8 +0.340 tanO 
50.0° 
3142 total, 1412 unique 
Lorentz-polarization 
Reflection averaging (agreement on I = 2. 



C. structure Solution and Refinement 

Solution: 
Refinement: 
Minimization function: 
Least-squares weights: 
Anomalous dispersion: 
Reflections included: 
Parameters refined: 
Unweighted agreement factor: 
Weighted agreement factor: 
Factor including unobs. data: 
Esd of obs. of unit weight: 
Convergence, largest shift: 
High peak in flnal diff. map: 
Low peak in final diff. map: 
Computer hardware: 
Computer software: 

Direct methods 
Full-matrix least-squares 
Xw(IFol-IFcl)^ 
4FoVO^(FOY 
All non-hydrogen atoms 
1172 with FoVl.Oo(Fo^)^ 
109 
0.042 
0.054 
0.059 
1.84 
O.Ola 
0.23(4)e7A^ 
-0.23(4)e7A' 
VAX 
MolEN (Enraf-Nonius) 



Table of Positional Parameters and Their Estimated Standard Deviations 

Atom X 

0 0.6579(1) 
N 0.4472(1) 
C 0.5836(2) 
CI 0.6466(2) 
C2 0.7891(2) 
C3 0.8779(2) 
C4 0.8124(2) 
C5 0.6737(2) 
C6 0.8772(2) 
C7 1.0095(2) 
C8 1.0752(2) 
C9 1.0106(2) 

y z 

0.47761(9) 0.08334(9) 
0.4580(1) 0.1403(1) 
0.4578(1) 0.1585(1) 
0.4291(1) 0.2769(1) 
0.4749(1) 0.3097(1) 
0.3957(1) 0.3617(1) 
0.3083(1) 0.3456(1) 
0.3192(1) 0.2805(2) 
0.2253(2) 0.3846(2) 
0.2305(2) 0.4386(2) 
0.3171(1) 0.4538(2) 
0.4001(1) 0.4158(1) 

Table of Positional Parameters 

Atom X y z 

H6 0.832 0.165 0.375 
H7 1.055 0.174 0.466 
H8 1.167 0.319 0.490 
H9 1.056 0.460 0.427 
H2a 0.782 0.525 0.363 
H2b 0.826 0.499 0.244 
H5a 0.674 0.294 0.206 
H5b 0.605 0.288 0.318 
Hn 0.401 0.476 0.066 
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Experimental Details for 8  ̂

A. Crystal Data 

O2N2C24H26 
F.W. = 374.49 F(000) = 800 

crystal dimensions: 0.03 x0.17 xO.33 mm 
peak width at half-height = 0.37° 
Mo Ka radiation (X = 0.71073 A) 

temperature = 23±1° 
monoclinic space group C2/c 

a = 29.941 (2) A b = 6.029(1) A c= 11.620(1) A 
p = 110.35 (6)° 

V= 1966.7(3) A^ 
Z = 4 p=1.26g/cm' 

H = 0.8 cm"' 

B. Intensity Measurements 

Instrument: 
Monochromator: 
Attenuator: 
Take-off angle: 
Detector aperture: 

Crystal-detector dist.: 
Scan type: 
Scan rate: 
Scan width, deg: 
Maximum 20: 
No. of refl. measured: 
Corrections: 

Enraf-Nonius CAD4 diffractometer 
Graphite crystal, incident beam 
Zr foil, factor 13.5 
2.8° 

2.4 to2.9 mm horizontal 
2.0 mm vertical 
21 cm 
a)-29 
1 -7°/min (in omega) 
0.8 +0.340 tan0 
50.0° 
1954 total, 1730 unique 
Lorentz-polarization 
Reflection averaging (agreement on I = 1.2%) 



C. Structure Solution and Refinement 

Solution: 
Refinement: 
Minimization function: 
Least-squares weights: 
Anomalous dispersion: 
Reflections included: 
Parameters refined: 
Unweighted agreement factor: 
Weighted agreement factor: 
Factor including unobs. data: 
Esd of obs. of unit weight: 
Convergence, largest shift: 
High peak in final diff. map: 
Low peak in final diff. map: 
Computer hardware: 
Computer software: 

Direct methods 
Full-matrix least-squares 
£w(IFol-IFcl)^ 
4FoVo^(Fo^) 
All non-hydrogen atoms 
1120 with FoS-1.0o(Fo^)^ 
127 
0.052 
0.084 
0.111 
2.43 
O.OOo 
0.18(5)e7A^ 
-0.23(5)eVA^ 
VAX 
MolEN (Enraf-Nonius) 



Table of Positional Parameters and Their Estimated Standard Deviations 

Atom X y z 

01 0.05134(9) 0.1747(6) 0.7168(2) 
N1 -0.0184(1) 0.0408(6) 0.5895(2) 
CI 0.0272(1) 0.0959(7) 0.6165(3) 
C2 0.0493(1) 0.0777(7) 0.5176(3) 
C3 0.0598(1) 0.3127(7) 0.4790(3) 
C4 0.1027(1) 0.2737(7) 0.4413(3) 
C5 0.1205(1) 0.4040(7) 0.3695(3) 
C6 0.1606(1) 0.3371(7) 0.3451(3) 
C7 0.1827(1) 0.1366(8) 0.3924(3) 
C8 0.1645(1) 0.0070(8) 0.4653(3) 
C9 0.1246(1) 0.0746(7) 0.4889(3) 
CIO 0.0984(1) -0.0355(7) 0.5634(3) 
C61 0.1794(1) 0.4807(9) 0.2650(4) 
C7I 0.2256(1) 0.0564(9) 0.3639(4) 

Table of Positional Parameters 

Atom 

HN 
H3A 
H3B 
H5 
H8 
HlOA 
HlOB 
H61A 
H61B 
H61C 
H71A 
H71B 
H71C 

X 

-0.031 
0.067 
0.034 
0.105 
0.180 
0.095 
0.114 
0.174 
0.213 
0.163 
0.239 
0.249 
0.216 

y 

0.072 
0.414 
0.367 
0.540 
-0.128 

-0.191 
-0.010 
0.408 
0.505 
0.619 
-0.070 
0.171 
0.018 

z 

0.654 
0.546 
0.412 
0.337 
0.499 
0.548 
0.649 
0.189 
0.305 
0.251 
0.413 
0.381 
0.280 
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Experimental Details for 9  ̂

A. Crystal Data 

BrAN^C^H^o 
F.W. = 536.23 F(OOO) = 536 

crystal dimensions: 0.47 x0.17 x0.08 mm 
peak width at half-height = 0.30° 
Mo Ka radiation (k - 0.71073 A) 

temperature = 23±1° 
monoclinic space group P2i/n 

a = 8.286(l)A b = 6.111(l)A c = 2L718(3)A 
p = 97.29(1)° 

V = 1090.8(2) A' 
Z = 2 p=l.63g/cm' 

H = 37.1 cm"' 

Reflection averaging (agreement on I = 1.9%) 
Empirical absorption (from 0.74 to 1.00 on I) 

B. Intensity Measurements 

Crystal-detector dist.: 
Scan type: 
Scan rate: 
Scan width, deg: 
Maximum 20: 
No. of refl. measured: 
Corrections: 

Instrument: 
Monochromator: 
Attenuator: 
Take-off angle: 
Detector aperture: 

Enraf-Nonius CAD4 diffractometer 
Graphite crystal, incident beam 
Zr foil, factor 13.5 
2.8° 

2.4 to2.9 mm horizontal 
2.0 mm vertical 
21 cm 
(0-20 

1 -7°/min (in omega) 
0.8 +0.340 tan0 
50.0" 
4125 total, 1917 unique 
Lorentz-polarization 



C. Structure Solution and Refinement 

Solution; 
Refinement: 
Minimization function: 
Least-squares weights: 
Anomalous dispersion: 
Reflections included: 
Parameters refined: 
Unweighted agreement factor: 
Weighted agreement factor: 
Factor including unobs. data: 
Esd of obs. of unit weight: 
Convergence, largest shift: 
High peak in final diff. map: 
Low peak in final diff. map: 
Computer hardware: 
Computer software: 

Direct methods 
Full-matrix least-squares 
i;w(IFol-IFcl)^ 
4FoV(Fo^) 
All non-hydrogen atoms 
1304 with FoSl.Oo(Fo^)^ 
163 
0.054 
0.066 
0.094 
1.89 
0.02a 
0.33(6)eVA^ 
-0.31(6)e7A^ 
VAX 
MolEN (Enraf-Nonius) 



Table of Positional Parameters and Their Estimated Standard Deviations 

Atom X 

Br5 0.8816(1) 
Br8 1.6017(1) 
05 0.9530(9) 
08 1.5319(8) 
C5A 0.904(2) 
C8A 1.663(1) 
oi 0.9183(4) 
Nl 1.0339(4) 
C2 1.0843(5) 
C3 1.0064(5) 
C4 1.1199(5) 
C5 1.0913(6) 
C6 1.2144(6) 
C7 1.3645(6) 
C8 1.3925(5) 
C9 1.2708(5) 
CIO 1.2677(5) 
C1 0.9576(5) 

y z 

0.0662(2) 0.75766(5) 
0.1324(2) 0.93013(7) 
0.144(1) 0.7755(3) 
0.174(1) 0.9123(3) 
-0.009(2) 0.7217(6) 
-0.009(2) 0.9100(7) 
0.1417(4) 1.0587(1) 
0.2939(5) 0.9822(2) 
0.4713(6) 0.9443(2) 
0.4351(7) 0.8762(2) 
0.2733(7) 0.8531(2) 
0.1216(8) 0.8051(2) 

-0.0184(8) 0.7940(2) 
-0.0076(8) 0.8285(2) 
0.1422(8) 0.8769(2) 
0.2817(7) 0.8887(2) 
0.4480(7) 0.9400(2) 
0.3046(6) 1.0318(2) 

Table of Positional Parameters 

Atom 

HN 
H3A 
H3B 
H6 
H7 
HlOA 
HlOB 

X 

1.071 
1.004 
0.899 
1.195 
1.450 
1.325 
1.313 

y 

0.154 
0.567 
0.378 

-0.123 
-0.103 
0.396 
0.583 

0.971 
0.853 
0.874 
0.761 
0.820 
0.978 
0.929 
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Experimental Details for 

A. Crystal Data 

B r2O4N2C22H20 
F.W. = 536.23 F(000) = 536 

crystal dimensions: 0.10 xO.25 x0.30 mm 
peak width at half-height = 0.39° 
Mo Ka radiation (k = 0.71073 A) 

temperature = 23±r 
monoclinic space group P2,/n 

a  = 8.282 (I)  A b = 6.103(1) A c = 21.736(1) A 
P = 97.252 (6)° 

V= 1089.9 (l)A^ 
Z = 2 p=1.63g/cm^ 

^ = 37.1 cm"' 

B. Intensity Measurements 

Reflection averaging (agreement on I = 1.3%) 
Empirical absorption (from 0.49 to 1.00 on I) 

Instrument: 
Monochromator: 
Attenuator: 

Enraf-Nonius CAD4 diffractometer 
Graphite crystal, incident beam 
Zr foil, factor 13.5 
2.8° 

2.4 to2.9 mm horizontal 
2.0 nrni vertical 
21 cm 
(i>-20 

1 -7°/min (in omega) 
0.8 +0.340 tan0 
50.0° 
2271 total, 1916 unique 
Lorentz-polarization 

Take-off angle: 
Detector aperture: 

Crystal-detector dist.: 
Scan type: 
Scan rate: 
Scan width, deg: 
Maximum 20: 
No. of refl. measured: 
Corrections: 



C. Structure Solution and Refinement 

Solution: 
Refinement: 
Minimization function: 
Least-squares weights: 
Anomalous dispersion: 
Reflections included: 
Parameters refined: 
Unweighted agreement factor: 
Weighted agreement factor: 
Esd of obs. of unit weight: 
Convergence, largest shift: 
High peak in final diff. map: 
Low peak in final diff. map: 
Computer hardware: 
Computer software: 

Direct methods 
Full-matrix least-squares 
J^w(IFol-IFcl)^ 
4FoVo^(Fo^) 
All non-hydrogen atoms 
1411 withFoS»1.0o(FoY 
163 
0.058 
0.070 
2.23 
O.Ola 
0.39(6)e7A' 

-0.32(6)eVA^ 
VAX 
MolEN (Enraf-Nonius) 



Table of Positional Parameters and Their Estimated Standard Deviations 

Atom X y z 

Br5 0.8819(1) 0.0653(2) 0.75777(5) 
Br8 1.6012(1) 0.1333(2) 0.92955(7) 
05 0.9528(8) 0.147(1) 0.7747(3) 
08 1.5298(8) 0.173(1) 0.9119(3) 
C5A 0.915(2) -0.019(3) 0.7207(6) 
C8A 1.661(1) -0.002(2) 0.9088(7) 
oi 0.9184(4) 0.1414(4) 1.0588(1) 
N1 1.0341(4) 0.2938(4) 0.9824(1) 
C2 1.0858(5) 0.4715(6) 0.9439(2) 
C3 1.0072(5) 0.4348(6) 0.8766(2) 
C4 1.1201(5) 0.2731(6) 0.8535(2) 
C5 1.0918(5) 0.1211(6) 0.8054(2) 
C6 1.2149(6) -0.0179(7) 0.7938(2) 
C7 1.3635(6) -0.0086(7) 0.8281(2) 
C8 1.3939(5) 0.1417(6) 0.8770(2) 
C9 1.2701(5) 0.2821(6) 0.8889(2) 
CIO 1.2686(5) 0.4494(6) 0.9399(2) 
CI 0.9578(5) 0.3048(5) 1.0315(2) 

Table of Positional Parameters 

Atom X y z 

HN 1.071 0.154 0.971 
H3A 1.005 0.567 0.853 
H3B 0.900 0.377 0.875 
H6 1.195 -0.122 0.761 
H7 1.449 -0.104 0.819 
HlOA 1.325 0.397 0.978 
HlOB 1.314 0.585 0.929 
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Experimental Details for 11  ̂

A. Crystal Data 

^*"1^3^200^19 
F.W. = 415.30 F(000) = 424 

crystal dimensions: 0.08 x0.17 xO.83 mm 
peak width at half-height = 0.30° 
Mo Ka radiation (A, = 0.71073 A) 

temperature = 21±1° 
monoclinic space group P2, 

a= 11.410(1) A b = 6.095(1) A c= 13.475 (2)  A 
p = 98.93 (52)° 
V = 925.8(2) A^ 

Z = 2 p=1.49g/cm^ 
|i = 22.2 cm"' 

B. Intensity Measurements 

Enraf-Nonius CAD4 diffractometer 
Graphite crystal, incident beam 
Zr foil, factor 13.5 
2.8° 

2.4 to2.9 mm horizontal 
2.0 nun vertical 
21 cm 
a>-20 
1 -7°/min (in omega) 
0.8 +0.340 tan0 
50.0° 

3794 total, 3259 unique 
Lorentz-polarization 
Reflection averaging (agreement on I = 3.7%) 
Empirical absorption (from 0.89 to 1.00 on I) 

Instrument: 
Monochromator: 
Attenuator: 
Take-off angle: 
Detector aperture; 

Crystal-detector dist.: 
Scan type: 
Scan rate: 
Scan width, deg: 
Maximum 20: 
No. of refl. measured: 
Corrections: 



C. Structure Solution and Refinement 

Solution; 
Rennement; 
Minimization function: 
Least-squares weights: 
Anomalous dispersion: 
Reflections included: 
Parameters refined: 
Unweighted agreement factor: 
Weighted agreement factor: 
Factor including unobs. data: 
Esd of obs. of unit weight: 
Convergence, largest shift: 
High peak in final diff. map: 
Low peak in final diff. map: 
Computer hardware: 
Computer software: 

Direct methods 
Full-matrix least-squares 
£w(IFoI-IFc1)^ 
4FoVO2(FO^) 
All non-hydrogen atoms 
1935 with FoS3.0o(Fo^)^ 
255 
0.044 
0.049 
0.110 
1.42 
O.680 
1.36(9)e7A^ 

-0.25(9)e7A' 
VAX 
MolEN (Enraf-Nonius) 
SHELXS-86 



Table of Positional Parameters and Their Estimated Standard Deviations 

Atom x 

Br 0.12514(6) 
oi 0.4127(4) 
08 0.6554(3) 
O i l  0.3283(3) 
N1 0.3792(4) 
N i l  0.3703(4) 
CI 0.3919(4) 
C2 0.3936(5) 
C3 0.2943(5) 
C4 0.3473(5) 
C5 0.2927(5) 
C6 0.3604(6) 
C7 0.4805(6) 
C8A 0.7250(7) 
C8 0.5371(5) 
C9 0.4680(5) 
CIO 0.5077(5) 
ClI 0.3438(5) 
C12 0.3285(5) 
C13 0.2004(5) 
C14 0.1152(5) 
C15 0.0528(5) 
C16 -0.0199(6) 
CI7 -0.0305(7) 
C18 0.0302(7) 
C19 0.1023(6) 

y z 

0.8511(4) 0.54884(5) 
1.5587(6) 0.8179(3) 
0.8287(8) 0.6792(3) 
0.8420(7) 1.0235(2) 

0.9940(7) 0.8835(3) 
1.4046(6) 0.9591(3) 

1.3945(8) 0.8654(4) 
1.1732(8) 0.8153(4) 
1.1521(9) 0.7220(4) 
0.9836(9) 0.6604(4) 
0.842(1) 0.5871(4) 
0.693(1) 0.5447(4) 
0.681(1) 0.5717(4) 
0.670(1) 0.6464(7) 
0.828(1) 0.6453(4) 
0.9723(9) 0.6883(4) 
1.1341(8) 0.7716(4) 
1.0049(9) 0.9732(4) 
1.2295(9) 1.0178(4) 
1.2661(9) 1.0315(4) 
1.2673(9) 0.9337(4) 
1.082(1) 0.9022(5) 
1.077(1) 0.8115(5) 
1.260(1) 0.7515(6) 
1.442(1) 0.7832(6) 
1.450(1) 0.8740(5) 



Table of Positional Parameters 

Atom x y z 

H3B 0.288 1.282 0.689 
H3A 0.221 1.13 0.752 
H6 0.321 0.593 0.496 

H7 0.526 0.576 0.542 
H8A 0.807 0.707 0.663 

H83 0.705 0.653 0.576 

H8C 0.711 0.536 0.679 
HIOA 0.576 1.07 0.825 
HlOB 0.541 1.249 0.754 
H13B 0.196 1.404 1.063 
H13A 0.177 1.154 1.073 
H15 0.058 0.957 0.945 
H16 -0.062 0.946 0.789 

HI? -0.082 1.257 0.689 
HIS 0.023 1.566 0.740 
HI9 0.143 1.582 0.896 
HI 0.392 0.89 0.863 
H12 0.371 1.244 1.078 
H I I  0.358 1.54 0.987 
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Experimental Details for 12  ̂

A. Crystal Data 

Br,03N2C2oH,9 
F.W. = 415.30 F(000) = 424 

crystal dimensions: 0.08 x0.17 xO.58 mm 
peak width at half-height = 0.27° 
Mo Ka radiation (A = 0.71073 A) 

temperature = 23±1° 
monoclinic space group P21 

a = 11.065(0) A b = 6.086(0) A c= 13.735(1) A 
P = 94.42 (10)° 
V = 922.2(2) A' 

Z = 2 p=1.50g/cm^ 
= 22.3 cm"' 

B. Intensity Measurements 

Psi-scan absorption correction 
Reflection averaging (agreement on I = 2.9%) 

Instrument: 
Monochromator: 
Scan type: 
Scan rate: 
Scan width, deg: 
Maximum 20: 
No. of refl. measured: 
Corrections: 

Syntex P2,, Crystal Logics 
Graphite crystal, incident beam 
Ci)-20 
3.07min 
from (20Ka,-1.3) to (20X02+1.600) 
50.0° 

1888 total, 1786 unique 
Lorentz-polarization 



C. Structure Solutioii and Refinement 

Solution: 
Refinement: 
Minimization function: 
Least-squares weights: 
Anomalous dispersion: 
Reflections included: 
Parameters refined: 
Unweighted agreement factor: 
Weighted agreement factor: 
Factor including unobs. data: 
Esd of obs. of unit weight: 
Convergence, largest shift: 
High peak in final diff. map: 
Low peak in final diff. map: 
Computer hardware: 
Computer software: 

Direct methods 
Full-matrix least-squares 
Xw(IFol-IFcl)^ 
4FoVo^(Fo^) 
All non-hydrogen atoms 
1107 with FoS3.0o(Fo^)^ 
234 
0.044 
0.052 
0.099 
1.46 
0.09a 
0.49(7)e7A^ 

-0.20(7)e7A^ 
VAX 
MolEN (Enraf-Nonius) 



Table of Positional Parameters and Their Estimated Standard Deviations 

Atom x 

Br 0.71675(8) 
01 0.4367(5) 
05 0.1719(6) 
Oil 0.3218(5) 
N1 0-3865(5) 
Nil 0.3766(5) 
CI 0.4087(6) 
C2 0.4059(7) 
C3 0.3089(7) 

C4 0.3595(7) 

C5 0.3017(7) 
C5A 0.1105(9) 
C6 0.3651(8) 
C7 0.4899(8) 
C8 0.5482(6) 
C9 0.4843(7) 
ClO 0.5253(7) 
CIl 0.3439(6) 
C12 0.3264(6) 
C13 0.1907(6) 
C14 0.1148(6) 
C15 0.0458(7) 
CI6 -0.0232(8) 
C17 -0.0271(9) 
C18 0.0430(9) 
C19 0.1124(7) 

y z 

0.762 0.67389(8) 
1.5540(8) 0.8191(4) 
0.871(1) 0.5823(4) 
0.8378(8) 1.0181(4) 

0.987(1) 0.8819(4) 
1.399(1) 0.9564(4) 

1.392(1) 0.8630(6) 
1.170(1) 0.8147(6) 
1.159(1) 0.7254(5) 
0.981(1) 0.6646(6) 
0.842(1) 0.5967(6) 
0.712(3) 0.5311(7) 
0.680(2) 0.5496(6) 
0.661(2) 0.5725(6) 
0.800(1) 0.6402(5) 
0.962(1) 0.6869(6) 
1.120(1) 0.7645(6) 
1.001(1) 0.9700(5) 
1.226(1) 1.0124(5) 
1.273(2) 1.0267(5) 
1.302(1) 0.9321(5) 
1.130(2) 0.8926(7) 
1.151(2) 0.8063(8) 
1.349(2) 0.7575(8) 
1.521(2) 0.7948(8) 
1.499(2) 0.8841(7) 



Table of Positional Parameters 

Atom X 

HI 0.400 
H3A 0.304 
H3B 0.231 
H5A 0.074 
H5B 0.164 
H5C 0.049 
H6 0.324 
H7 0.535 
HIOB 0.585 
HlOA 0.557 
Hll 0.385 
H12 0.371 
H13A 0.159 
HI3B 0.186 
H15 0.046 
HI6 -0.069 
H17 -0.077 
H18 0.045 
H19 0.158 

y z 

0.836 0.856 
1.295 0.692 
1.120 0.745 
0.772 0.472 
0.597 0.516 
0.656 0.569 
0.584 0.504 
0.552 0.541 
1.056 0.809 
1.250 0.738 
1.536 0.978 
1.224 1.074 
1.152 1.060 
1.403 1.065 
0.995 0.927 
1.029 0.780 
1.365 0.698 
1.654 0.759 
1.620 0.911 
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General Procedures. All reactions were performed under a positive pressure of 

argon. Moisture sensitive reactions were performed in glassware flame-dried under 

vacuum immediately before use. Reaction mixtures were stirred magnetically. 

Hygroscopic liquids were transferred via syringe and were introduced into reaction 

vessels through rubber septa. Reaction product solutions were concentrated using a 

rotary evaporator at 30-150 mm Hg. Dichloromethane (CH2CI2) and dimethyl 

sulfoxide (DMSO) were distilled from CaH2, tetrahydrofiiran (THF) was disilled 

from sodium/benzophenone ketyl, iV.iV-dimethyl formamide (DMF) was distilled 

from MgS04 under reduced pressure, and triethylamine was distilled from and stored 

over NaOH pellets. Analytical thin-layer chromatography was performed on Merck 

glass-backed, pre-coated plates (0.25 mm, silica gel 60, F-254). Visualization of 

spots was effected by dipping the plate in either a 2.5% solution of anisaldehyde in 

ethanol containing 6% H2SO4 and 2% acetic acid or a 5% solution of 

phosphomolybdic acid in ethanol, followed by charring on a hot plate. Flash 

chromatography was performed using Merck silica gel 60 (230-400 mesh). Gravity 

chromatography was performed using Merck silica gel 60 (70-230 mesh). Melting 

points are uncorrected. Proton and ^ magnetic resonance spectra were recorded at 

300, 250, or 200 MHz and 75, 63, or 50 MHz, respectively. Proton NMR spectra 

were referenced to tetramethylsilane (0 ppm), the residual proton signal of CDCI3 

(7.24 ppm), the residual proton signal of TFA-ef (11.5 ppm), or the center line of the 

residual proton signal of DMSO-^/g (2.49 ppm). Carbon NMR spectra were 

referenced to the CDCI3 signal (77.0 ppm), TFA-d signal (164.4 ppm), or the DMSO-

ds signal (39.5 ppm). Elemental analyses were performed by Desert Analytics, 

Tucson, AZ. 
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Crystallizations of Piperazinediones for X-ray Diffraction Studies: Crystals 

suitable for single crystal x-ray diffraction studies were obtained by recrystallization 

from hot, dust free solutions of DMSO, TFA, or a mixture of DMSO/TFA by 

incremental introduction of TFA to the DMSO solution. Slow incremental reduction 

of temperature in a Dewar-oil bath gave best results, although TFA solutions 

sometimes required cooling below room temperature for which the Dewar-oil bath 

was not used. Two crystal morphologies were observed for 6. Rod like crystals were 

obtained from dust free solutions of DMSO. Seeding with glass wool fibers provided 

pseudo-octahedral crystals. Both morphologies were shown to have the same unit 

cell parameters. Crystals that included TFA, instead of forming hydrogen bonded 

tapes, were readily obtained for most piperazinediones from concentrated solutions in 

neat TFA. The crystals obtained in this way were unstable. 

Ethyl 4,7-Dimethoxy-2-aminoindan-2-carboxylate (ITc^Oa). To a solution of 

16b4l (1.91 g, 10.0 mmol) in THF (100 mL) at -78 "C was added NaHMDS (22 mL 

of 1.0 M solution in THF, 22 mmol) in one portion. After 45 min, ISc^Oa (3.24 g, 

10.0 mmol) in THF (100 mL) was added in one portion. The reaction mixture was 

removed from the cooling bath and allowed to warm to room temperamre. After 2 h 

from addition of 15c, the reaction was quenched by addition of H2O (500 mL) 

followed by extraction with ethyl acetate (3 x 500 mL). The organic extracts were 

combined, dried (MgS04), filtered, and concentrated to give a red oil (3.40 g, crude). 

The oil was suspended in ether (10 mL) and 2 M HCl (10 mL) and stirred vigorously. 

After 2 h, the layers were separated and the organic layer was washed with H2O (10 



193 

mL). The aqueous phase and wash were combined, neutralized with NaHCOs, and 

extracted with CHCI3 (3 x 15 mL). The organic extracts were combined, dried 

(MgS04), filtered, and concentrated to give a light yellow oil. Flash chromatography 

(5% methanol/ CH2CI2) afforded 928 mg (3.5 mmol, 35%) of 17c, Rf 0.60 (10% 

methanol/ CH2CI2) as a clear, colorless oil. NMR (CDCI3) 8 1.27 (3, t, J = 7.1 

Hz), 3.05 (2, d, J = 16.6 Hz), 3.48 (2, d, J = 16.6 Hz), 3.76 (6, s), 4.05 (2, br s) 4.22 

(2, q, J = 7.1 Hz), 6.65 (2, s); NMR (CDQs) 6 14.1, 55.6, 61.8, 109.5, 129.2, 

150.3, 197.9. 

Ethyl 4,7-Dimethoxy -2-[(^-carbo- 2^dimethylethoxy)ainino]indan -2-carboxylate 

(23c). To a solution of 17c (230 mg, 0.87 mmol), NaHCOs (79 mg, 0.94 mmol) and 

NaCl (230 mg, 3.9 mmol) in H2O (2.5 mL) and CH2CI2 (2.5 mL) was added di-r-

butyl dicarbonate (248 mg, 1.14 mmol). The resultant biphasic mixture was heated to 

reflux. After 2 h, the organic layer was removed and the aqueous layer was extracted 

with CHCI3 (3 X 3.5 mL). The organic extracts were combined, dried (MgS04), 

filtered, and concentrated to give a light yellow oil. Hash chromatography (30% ethyl 

aceiate/hexanes) afforded 285 mg (0.781 mmol, 90%) of 23c, Rf 0.35 (30% ethyl 

acetate/hexanes) as a white solid, mp 150-153 °C. IR cm"^ 3370, 1710, 1740; ^H 

NMR (CDCI3) 6 1.25 (3, t, J = 9.0 Hz), 1.41 (9, s), 3.18 (2, d, J = 17.9 Hz), 3.56 (2, d, 

J = 17.9 Hz), 3.78 (6, s), 4.21 (2, q, J = 9.0 Hz), 5.12 (1, br s), 6.64 (2, s); NMR 

(0)03) 5 14.1,28.2,41.8, 55.8, 61.5. 65.8, 80.0, 109.1,129.1, 150.0, 154.9, 173.6. 

Anal. Calcd for C19H27NO6: C, 62.45; H, 7.44. Found: C, 62.51; H, 7.61. 
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4,7-Diinethoxy-2-[(iV-carbo-2,2-dimethylethoxy)a]nino]indan-2'Carboxylic Acid 

(18c). To a solution of 23c (307 mg, 0.84 mmol) in H2O (3.0 mL) and ethanol (18.0 

mL) was added 2 M NaOH (1 mL, 2 mmol). After stirring at room temperature for 

24 h, the solution was concentrated to 5 mL, diluted with H2O (5 mL), and treated 

with 2 M H2SO4 (0.7 mL, 1.4 mmol) to produce a solution acidic by pH paper. The 

aqueous mixture was extracted with CH2CI2 (3 x 20 mL). The organic extracts were 

combined, dried (MgS04), filtered, and concentrated to give a light yellow oil. Flash 

chromatography (10% methanol/CH2Cl2) afforded 270 mg (0.80 mmol, 95%) of 18c, 

Rf 0.36 (10% methanol/CH2Cl2), as a white solid, mp 261-263 °C (dec). IR cm"^ 

3400-2600 (br), 3340, 1720, 1650; NMR (CDCI3) 6 1.40 (9, s), 3.21 (2, d, J = 

17.8 Hz), 3.61 (2, d, J = 17.8 Hz), 3.78 (6, s), 5.19 (1, br s), 6.64 (2, s); NMR 

(CDCI3) 5 28.1,29.3, 55.6, 65.8, 109.2, 129.5, 150.4, 155.5. 

Anal. Calcd for C17H23NO6: C, 60.52; H, 6.87. Found: C, 61.12; H, 7.08. 

4,7-Dimethoxy-A''-[4,7-dimethoxy-2-(carboethoxy)indan-2-yl]-2-[(A^-carbo-2^-

dimethylethoxy)amino]indan-2-carboxamide (19c). To a solution of 17c (483 mg, 

1.82 mmol), 18c (483 mg, 1.43 mmol), and triethylamine (300 jiL) in DMF (7.25 mL) 

was added BOP reagent (632 mg, 1.43 mmol). After stirring at room temperature for 

24 h, the solution was diluted with ethyl acetate (50 mL) and H2O (25 mL). The 

organic layer was removed and the aqueous layer was extracted with ethyl acetate (2 

X 50 mL). The organic extracts were combined and sequentially washed with 3 M 

HQ (2 X 50 mL), H2O (50 mL), saturated NaHCOs (2 x 50 mL), H2O (50 mL), then 

dried (MgS04), filtered, and concentrated to give a light yellow solid. 

Recrystallization from ethyl acetate/hexanes (1:3) afforded 685 mg (1.17 mmol, 82%) 
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of 19c, Rf 0.40 (46% ethyl acetate/hexanes), as a white solid, mp 200-203 °C. IR cm" 

1 3440, 3320, 1745, 1705,1660; NMR (CDQs) 8 1.22 (3, t, J = 8.6 Hz), 1.28 (9, 

s), 3.22 (4, d, J = 18.0 Hz), 3.54 (4, d, J = 18.0 Hz), 3.78 (12, s), 4.21 (2, q, J = 8.6 

Hz), 5.24 (1, br s), 6.59 (2, s), 6.63 (2, s); NMR (CDQs) 5 14.2,28.2,41.8,55.5, 

55.6,61.5,65.2, 109.3, 109.5, 129.4, 150.0, 150.2, 155.2, 173.4. 

Anal. Calcd for C31H40N2O9: C, 63.69; H, 6.90. Found: C, 63.75; H, 7.18. 

CycIo-bis(4,7-dimethoxy-2-aininoindan-2-carboxylic Acid) (6). A sample of 19c 

(106 mg, 0.18 mmol) was heated in a sealed, evacuated tube for 30 min at 237-242 °C 

in an oil bath. The sample melted, evolved gas, and resolidified. After cooling to 

room temperarnre, the solid was recrystallized from DMSO to give 74.7 mg (0.17 

mmol, 95%) of 6 as a white solid, mp >300 °C (dec). IR cm"^ 3170, 1680; ^H NMR 

(DMSO-i/(5) 5 3.02 (4. d, J = 18.0 Hz), 3.46 (4, d, J = 18.0 Hz), 3.74 (12, s), 6.74 (4, 

s). 8.70 (2, s); 13c NMR (DMSO-^5) 5 44.0, 54.2, 63.2, 109.1, 129.1, 149.2, 154.9, 

170.8. 

Anal. Calcd for C24H26N2O6: C, 65.74; H, 5.89; N, 6.39. Found: C, 65.87; 

H, 6.12; N, 6.37. 

Ethyl 2-Aininoindan-2-carboxylate (17a3®®). To a solution of 16a (2.40 g, 9.00 

mmol) in THF (110 mL) at -78 °C was added NaHMDS (11 mL of 1.0 M solution in 

THF, 11 mmol) in one portion. After 1 h, 15a (2.64 g, 10.0 mmol) in THF (110 mL 

cooled to -78 °C) was added in one portion. The reaction mixture was stirred for 1 h 

and warmed to 0 °C. After 24 h, the solution was cooled to -78 °C and NaHMDS (11 

mL of 1.0 M solution in THF, 11 mmol) was added. The reaction mixture was stirred 
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for I h and warmed to -20 °C. After an additional 24h, the reaction was allowed to 

warm to room temperature. The reaction was quenched by cautious addition of brine 

(200 mL) followed by extraction with ethyl acetate (3 x 200 mL). The organic 

extracts were combined, dried (MgS04), filtered, and concentrated to give a brown 

oil (3.40 g, crude). The oil was taken up in THF (20 mL), treated with H2O (I mL) 

and TFA (2 mL) and stirred vigorously. After I h, the mixture was diluted with THF 

(50 mL) and extracted with 2 M NaOH (20 mL) followed by H2O (20 mL). The 

organic layer was dried (MgS04), filtered, and concentrated to give a red oil. Flash 

chromatography (50-100% ethyl acetate/hexanes) afforded 1.36 g (6.6 mmol, 73%) of 

17a, Rf 0.08 (20% ethyl acetate/hexanes) as a clear, yellow oil. NMR (CDCI3) 5 

1.27 (3, t, J = 9.0 Hz), 1.80 (2, s), 2.84 (2, d, J = 16 Hz), 3.54 (2, d, J = 16 Hz), 4.20 

(2, q, J = 9.0 Hz), 7.17 (4. m); NMR (CDCI3) 8 13.9, 45.9, 60.9, 64.6, 124.5, 

126.5, 140.2, 176.2. 

Ethyl 2-[(A^-Carbo-2,2-dimethyiethoxy)amino]indaii-2-carboxylate (23a). To a 

solution of 17a (230 mg, 0.87 mmol), NaHCOs (79 mg, 0.94 mmol) and NaCl (230 

mg, 3.9 mmol) in H2O (2.5 mL) and CH2CI2 (2.5 mL) was added di-f-butyl 

dicarbonate (248 mg, 1.14 mmol). The resultant biphasic mixture was heated to 

reflux. After 2 h, the organic layer was removed and the aqueous layer was extracted 

with CHCI3 (3 x 3.5 mL). The organic extracts were combined, dried (MgS04), 

filtered, and concentrated to give a light yellow oil. Flash chromatography (30% 

ethyl acetate/hexanes) afforded 285 mg (0.781 mmol, 90%) of 23a, Rf 0.35 (30% 

ethyl acetate/hexanes) as a white solid, mp 143-144 °C. IR cm"^ 3330, 1730, 1705; 

1h NMR (CDCI3) 5 1.26 (3, t, J = 7.1 Hz), 1.42 (9, s), 3.20 (2, d, J = 16.5 Hz), 3.65 
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(2, d, J = 16.5 Hz), 4.22 (2, q, J = 7.1 Hz), 5.06 (I, br s), 7.19 (4, m); NMR 

(CDQs) 814.2, 28.3,43.9, 61.5, 66.0, 80.0, 124.6, 127.0, 139.8, 155.0,173.5. 

2-[(A^-Carbo-2,2-dimethyIethoxy)aiiiino]indan-2-carboxylic Acid (18a). To a 

solution of 23a (300 mg, 1.03 mmol) in H2O (3.0 mL) and methanol (18.0 mL) was 

added 2 M NaOH (1 mL, 2 mmol). After stirring at room temperature for 24 h, the 

solution was concentrated to 5 mL, diluted with H2O (5 mL), and treated with 2 M 

HCl to produce a solution acidic by pH paper. The aqueous mixture was extracted 

with Et20 (3 X 20 mL). The organic extracts were combined, dried (MgS04), 

filtered, and concentrated to give 266 mg (0.955 mmol, 93%) of 18a, Rf 0.30 (10% 

methanol/CH2Cl2), as a white solid, mp 170-172 °C (dec). IR cm*^ 3380, 3300-2800 

(br), 1760,1675, 1525: NMR (CDCI3) 5 139 (9, s), 3.26 (2, d, J = 16.5 Hz), 3.66 

(2, d, J = 16.5 Hz), 5.12 (1, br s), 7.18 (4, m); NMR (CDCI3) 5 28.2,41.9, 124.5, 

127.0, 139.6. 

Anal. Calcd for C15H19NO4: C, 64.97; H, 6.91. Found: C, 64.38; H, 6.66. 

A^-[2-(Carboethoxy)indan-2-yl]-2-[(A^-carbo-2^-dimethylethoxy)amino]indan-2-

carboxamide (19a). To a solution of 17a (483 mg, 1.82 mmol), 18a (483 mg, 1.43 

mmol), and triethylamine (300 |iL) in DMF (7.25 mL) was added BOP reagent (632 

mg, 1.43 mmol). After stirring at room temperature for 24 h, the solution was diluted 

with ethyl acetate (50 mL) and H2O (25 mL). The organic layer was removed and 

the aqueous layer was extracted with ethyl acetate (2 x 50 mL). The organic extracts 

were combined and sequentially washed with 3 M HCl (2 x 50 mL), H2O (50 mL), 

saturated NaHCOs (2 x 50 mL), H2O (50 mL), then dried (MgS04), filtered, and 



198 

concentrated to give a liglit yellow solid. Recrystallization from ethyl acetate/hexanes 

(1:3) afforded 685 mg (1.17 mmol, 82%) of 19a, Rf 0.40 (46% ethyl 

acetate/hexanes), as a white solid, mp 200-203 °C. IR cm~l 3350, 3280, 1745, 1690, 

1660; iH NMR (CDCI3) 5 1.20 (3, t, J = 8.0 Hz), 1.23 (9, s), 3.25 (4, d, J = 16.0 Hz), 

3.64 (4, d, J = 16.0 Hz), 4.16 (2, q, J = 8.0 Hz), 5.22 (1, br s), 7.14 (8, m), 7.23 (1, br 

s); NMR (CDCI3) 5 14.0, 27.9, 42.5, 43.3, 61.4, 65.7, 66.7, 80.1, 124.4, 124.6, 

124.7, 126.7, 126.8, 139.7, 154.8,172.9,173.0. 

CycIo-bis(2-aimnoindan-2-carboxylic Acid) (7). A sample of 19a (106 mg, 0.18 

mmol) was heated in a sealed, evacuated tube for 30 min at 240-245 °C in an oil bath. 

The sample melted, evolved gas, and resolidified. After cooling to room temperature, 

the solid was recrystallized from TFA/DMSO to give 74.7 mg (0.17 mmol, 95%) of 7 

as a white solid, mp 322-324 °C. IR cm'l 3180, 1680; ^H NMR (TFA-^/) 5 3.26 (4, 

d, J = 16.0 Hz), 3.86 (4, d, J = 16.0 Hz), 7.15 (8, m); NMR (TFA-d) 5 48.6, 68.9, 

126.7, 130.3, 139.2, 175.2. 

Ethyl 5,6>Dimethyl-2-aininoindan-2-carboxylate (17b^^^). To a solution of 16a 

(2.40 g, 9.00 mmol) in THF (110 mL) at -78 °C was added NaHMDS (11 mL of 1.0 

M solution in THF, 11 mmol) in one portion. After 1 h, 15b (2.03 g, 10.0 mmol) in 

THF (110 mL cooled to -78 °C) was added in one portion. The reaction mixture was 

stirred for 1 h and warmed to 0 °C. After 24 h, the solution was cooled to -78 °C and 

NaHMDS (11 mL of 1.0 M solution in THF, 11 mmol) was added. The reaction 

mixture was stirred for 1 h and warmed to -20 °C. After an additional 24h, the 

reaction was allowed to warm to room temperature. The reaction was quenched by 
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cautious addition of brine (200 mL) followed by extraction with ethyl acetate (3 x 200 

mL). The organic extracts were combined, dried (MgS04), filtered, and concentrated 

to give a yellow oil (3.20 g, crude). The oil was taken up in THF (20 mL), treated 

with H2O (1 mL) and TFA (2 mL) and stirred vigorously. After 1 h, the mixture was 

diluted with THF (50 mL) and extracted with 2 M NaOH (20 mL) followed by H2O 

(20 mL). The organic layer was dried (MgS04), filtered, and concentrated to give a 

light yellow oil. Flash chromatography (50-100% ethyl acetate/hexanes) afforded 

1.43 g (6.1 mmol, 68%) of 17b, Rf 0.10 (20% ethyl acetate/hexanes) as a clear, 

yellow oil. iR NMR (CDCI3) 5 1.27 (3, t, J = 7.0 Hz), 1.87 (2, s), 2.21 (6, s), 2.78 (2, 

d, J = 16.0 Hz), 3.48 (2, d, J = 16.0 Hz), 4.19 (2, q, J = 7.0 Hz), 6.97 (2, s); NMR 

(CDCI3) 5 14.7, 20.3. 46.4, 61.7, 65.7, 126.4, 135.4, 138.5, 177.1. 

Ethyl 5,6-Dimethyl-2-[(A^-carbo-2,2-dimethyIethoxy)aiiiino]indaii-2-carboxyIate 

(23b). To a solution of 17b (1.11 g, 4.74 mmol), NaHCOs (0.2 g) and NaCl (0.2 g) 

in H2O (10 mL) and CH2CI2 (10 mL) was added di-r-butyl dicarbonate (1.14 g, 5.21 

mmol). The resultant biphasic mixture was heated to reflux. After 2 h, the organic 

layer was removed and the aqueous layer was extracted with CHCI3 (3 x 3.5 mL). 

The organic extracts were combined, dried (MgS04), filtered, and concentrated to 

give a light yellow oil. Flash chromatography (20% ethyl acetate/hexanes) afforded 

1.30 g (3.9 mmol, 82%) of 23b, Rf 0.40 (20% ethyl acetate/hexanes) as a clear, 

colorless oil. IR cm*' 3395, 1740, 1720; ^H NMR (CDCI3) 5 1.25 (3, t, J = 7.0 Hz), 

1.41 (9, s), 2.21 (6,s), 3.11 (2, d, J = 16.4 Hz), 3.56 (2, d, J = 16.4 Hz), 4.20 (2, q, J = 

7.0 Hz), 5.23 (1, br s), 6.96 (2, s); NMR (CDCI3) 5 13.9, 19.5, 28.0,43.4, 60.1, 

61.2, 66.0, 79.5, 125.4, 134.9, 137.2, 154.9, 173.4. 
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5,6-Dimethyl-2-[(^-carbo-2^-dimetiiylethoxy)amuio]mdan-2-carboxyUc Acid 

(18b). To a solution of 23b (504 mg, 1.51 mmol) in H2O (5.0 mL) and methanol 

(30.0 mL) was added 2 M NaOH (1.5 mL, 3 mmol). After stirring at room 

temperature for 24 h, the solution was concentrated to 2 mL, diluted with H2O (5 

mL), and treated with 2 M H2SO4 (1.0 mL, 4.0 mmol) to produce a solution acidic by 

pH paper. The aqueous mixture was extracted with Et20 (3 x 30 mL). The organic 

extracts were combined, dried (MgS04), filtered, and concentrated to give a light 

yellow oil. Flash chromatography (10% methanol/CH2Cl2) afforded 460 mg (1.51 

mmol, 99%) of 18b, Rf 0.36 (10% methanol/CH2Cl2), as a white solid, mp 268-270 

°C (dec). IR cm-I 3400-2500 (br), 3300, 3250, 1720, 1650; NMR (CDCI3) 6 

1.39 (9, s), 2.21 (6, s), 3.14 (2, d, J = 16.0 Hz), 3.60 (2. d, J = 16.0 Hz), 5.19 (1, br s), 

6.97 (2, s); NMR (CDCI3) 8 19.8, 28.2, 41.8, 66.1, 125.6, 135.4, 137.0, 155.8. 

5,6-DimethyI-A^-[5,6-dimethyI-2-(carboethoxy)indan-2-yl]-2-[(A^-carbo-2^-

diinethylethoxy)ainino]indan-2-carboxainide (19b). To a solution of 17b (782 mg, 

2.26 mmol), 18b (460 mg, 1.51 mmol), and triethylamine (280 pL) in DMF (1.5 mL) 

was added BOP reagent (998 mg, 2.26 mmol). After stirring at room temperature for 

24 h, the solution was diluted with ethyl acetate (50 mL) and H2O (25 mL). The 

organic layer was removed and the aqueous layer was extracted with ethyl acetate (3 

X 200 mL). The organic extracts were combined and sequentially washed with 3 M 

HCl (3 X 200 mL), H2O (200 mL), saturated NaHCOs (2 x 200 mL), H2O (200 mL), 

then dried (MgS04), filtered, and concentrated to give a light yellow solid. Flash 

chromatography (20% ethyl acetate/hexanes) afforded 650 mg (1.25 mmol, 83%) of 
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19b, Rf 0.20 (20% ethyl acetate/hexanes), as a white solid mp 187-188 °C. IR cm"^ 

3365, 3280, 1740, 1685, 1660; NMR (CDCI3) 5 1.20 (3, t, J = 7.6 Hz), 1.21 (9, 

s), 2.18 (6, s), 2.19 (6, s), 3.12 (4, d, J = 16.2 Hz), 3.56 (4, d, J = 16.2 Hz), 4.16 (2, q, 

J = 7.6 Hz), 5.05 (1, br s), 6.93 (4, s); NMR (CDCI3) 5 14.1, 19.6, 19.7, 27.9, 

42.4, 43.2, 61.3, 65.9, 67.0, 80.3, 125.6, 125.7, 134.9, 135.1, 137.2, 137.3, 154.8, 

172.9. 

Cyclo-bis(5,6-dimethyl-2-aininoindan-2-carboxyIic Acid) (8). A sample of 19b 

(45.8 mg, 0.088 mmol) was heated in a sealed, evacuated tube for 30 min at 237-242 

°C in an oil bath. The sample melted, evolved gas, and resolidified. After cooling to 

room temperature, the solid was recrystallized from TFA/DMSO (10:1) to give 27.1 

mg (0.072 mmol, 82%) of 8 as a white solid, mp >400 °C. IR cm"^ 3170, 1680; ^H 

NMR (TFA-d) 5 2.14 (12, s) 3.19 (4, d, J = 16.5 Hz), 3.78 (4, d, J = 16.5 Hz), 6.91 (4, 

s); 13c NMR (TFA-d/) 5 20.1,48.3, 68.8, 109.1, 127.5, 136.6, 139.5, 176.1. 

Ethyl 4-Bromo-7-methoxy-2-aminoindan-2-carboxyIate (17d). Method A 

(Racemic): To a solution of 16b^' (2.43 g, 12.7 mmol) in THF (127 mL) at -78 °C 

was added NaHMDS (27.9 mL of 1.0 M solution in THF, 28 mmol) in one portion. 

After 45 min, ISd'^O'' (4.11 g, 12.7 mmol) in THF (127 mL) was added in one portion. 

The reaction mixture was removed from the cooling bath and allowed to warm to 

room temperature. After 2 h from addition of 15d, the reaction was quenched by 

addition of H2O (500 mL) followed by extraction with ethyl acetate (3 x 500 mL). 

The organic extracts were combined, dried (MgS04), filtered, and concentrated to 

give a red oil (4.2 g, cmde). The oil was suspended in ether (15 mL) and 2 M HCl 
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(15 mL) and stirred vigorously. After 2 h, the layers were separated and the organic 

layer was washed with H2O (10 mL). The aqueous phase and wash were combined, 

neutralized with 2 M NaOH (pH = 9), and extracted with ether (3 x 60 mL). The 

organic extracts were combined, dried (MgS04), filtered, and concentrated to give a 

light yellow oil. Flash chromatography (60% ethyl acetate/hexanes) afforded 1.51 g 

(4.8 nmiol, 38%) of 17d, Rf 0.30 (30% ethyl acetate/hexanes) as a clear, colorless oil. 

Method B ((5)-17d): To a solution of 24 (1.12 g, 1.87 mmol) in ethanol/diethyl ether 

(3:1, 100 mL) was added anhydrous methanol/HCl (30 mL, 5.3 M). The reaction 

mixture was allowed to stir at room temperature. After 30 h, the the mixture was 

taken up in hexanes (100 mL) and extracted with brine (100 mL). The aqueous 

extract was made basic to pH paper by addition of NaHCOs (100 mL) followed by 

NaOH (2 M) and extracted with diethyl ether (3 x 100 mL). The organic extracts 

were combined, dried (MgS04), filtered, and concentrated to give 584.4 mg (1.86 

mmol, 99%) of (5)-17d as a clear colorless oil, -1-35 (c 12.9, CDCI3). IR cm" 

1 3365. 3295, 1725; NMR (CDCI3) 5 1.29 (3, t, J = 7.2 Hz), 1.80 (2, s), 2.91 (1, 

d, J = 15.9 Hz), 2.97 (1, d, J = 15.9 Hz), 3.49 (1, d, J = 16.5 Hz), 3.53 (1, d, J = 16.5 

Hz), 3.78 (3, s), 4.22 (2, q, J = 7.2 Hz), 6.60 (1, d, J = 8.7 Hz), 7.28 (1, d, J = 8.7 Hz); 

13c NMR(CDCl3) 5 14.1. 44.0, 47.8, 55.3, 61.3, 63.7, 110.1, 110.4, 129.6, 130.8, 

142.1, 155.3, 176.2. 

Ethyl 4-Bromo-7-methoxy-2-[(A^-carbo-2^dimethyIethoxy)ainino]indan-2-

carboxylate (23d). To a solution of 17d (1.01 g, 3.23 mmol), NaHCOs (0.23 g) and 

NaCl (0.7 g) in H2O (7.0 mL) and CH2CI2 (7.0 mL) was added di-r-butyl dicarbonate 

(0.71 g, 3.23 mmol). The resultant biphasic mixture was heated to reflux. After 2 h. 
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the organic layer was removed and the aqueous layer was extracted with CHCI3 (3 x 

30 mL). The organic extracts were combined, dried (MgS04), filtered, and 

concentrated to give a light yellow oil. Flash chromatography (30% ethyl 

acetate/hexanes) afforded 1.11 g (2.7 mmol, 83%) of 23d, Rf 0.30 (20% ethyl 

acetate/hexanes) as a white solid, mp 161-163 'C. IR cm"^ 3380, 1730, 1705; ((5)-

23d, [a]D23+2.7 (c 1.81, CDCI3)); IhNMR(CDCI3) 5 1.26 (3, t, J =7.2 Hz), 1.42 (9, 

s), 3.24 (1, d, J = 17.2 Hz), 3.27 (I, d, J = 16.9 Hz), 3.58 (1, d, J = 16.9 Hz), 3.62 (I, d, 

J = 17.2 Hz), 3.79 (3, s), 4.22 (2, q, J = 7.2 Hz), 5.19 (1, br s), 6.59 (1, d, J = 8.5 Hz), 

7.28 (1, d, J = 8.5 Hz); NMR (CDCI3) 5 14.1, 28.2, 42.1, 45.7, 55.4, 61.7, 64.7. 

80.1, 109.8, 110.6, 129.1, 131.0, 141.7,154.8, 155.1, 173.2. 

4-Bronio-7-methoxy-2-[(^-carbo-2,2-dimethylethoxy)ainino]indan-2-carboxylic 

Acid (18d). To a solution of 23d (1.30 g, 2.85 mmol) in H2O (12 mL) and ethanol 

(70 mL) was added 2 M NaOH (7.1 mL, 14.2 mmol). After stirring at room 

temperature for 24 h. the solution was concentrated to 5 mL, diluted with H2O (5 

mL), and treated with 2 M HCl to produce a solution acidic by pH paper. The 

aqueous mixture was extracted with ether (3 x 30 mL). The organic extracts were 

combined, dried (MgS04), filtered, and concentrated to give 1.19 g (2.85 mmol, 

99%) of 18d, homogeneous by TLC Rf 0.65 (16% ethanol/CHCl3), as a white solid, 

mp >253 °C (dec). IR cm-I 3400-2500 (br), 3340, 1720, 1660; ^H NMR (DMSO-

d6) 5 1.38 (9, s), 3.1-3.5 (4, m), 3.77 (3, s), 6.79 (1, d, J = 8.0 Hz), 7.34 (1, d, J = 8.0 

Hz), 7.60 (1, br s); NMR (CDCI3) 5 28.2, 41.1, 44.9, 55.4, 63.7, 67.6, 78.2, 

108.9, 111.3, 129.4, 130.6, 141.8, 154.9, 155.2, 174.9, 186.1. 
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(5,5)/(/?,/?)-4-Broino-7-methoxy-iV-[4-Bromo-7-niethoxy-2-(carboethoxy)indan-2-

yl]-2-[(iV-carbo-2,2-dimethylethoxy)amino]indan-2-carboxamide (19e) and 

(i?,5)/(/?,S)-4-Bromo-7-methoxy-iV-[4-Bromo-7-methoxy-2-(carboethoxy)indan-2-

yl]-2-[(iV-carbo-2,2-dimethylethoxy)amino]indaii-2-carboxainide (19f)> To a 

solution of racemic 17d (1.60 g, 5.10 mmol), racemic 18d (1.19 g, 3.09 mmol), and 

triethylamine (1.4 mL) in DMF (15 mL) was added BOP reagent (1.37 g, 3.1 mmol). 

After stirring at room temperature for 24 h, the solution was diluted with ethyl acetate 

(150 mL) and H2O (100 mL). The organic layer was removed and the aqueous layer 

was extracted with ethyl acetate (2 x 150 mL). The organic extracts were combined 

and sequentially washed with 3 M HCI (3 x 150 mL), H2O (150 mL), 2 M NaOH (2 x 

150 mL), H2O (150 mL), then dried (MgS04), filtered, and concentrated to give a 

light yellow solid. Flash chromatography (60% ethyl acetate/hexanes) afforded 1.97 

g (2.9 mmol, 93%) of a mixture of 19e and 19f, Rf 0.75 (60% ethyl acetate/hexanes) 

as a white solid and 0.55 g of unreacted 17d. Gravity column chromotography (20% 

ethyl acetate/hexanes) achieved separation of 19e, Rf 0.14 (20% ethyl 

acetate/hexanes), mp 204-206 °C, from 19f, Rf 0.09, mp 206-208 °C. 19e: DR. cm*' 

3450, 3310, 1745, 1705, 1680; ^H NMR (CDCI3) 5 1.23 (3, t, J = 7.1 Hz), 1.32 (9, 

s), 3.30 (2, d, J = 17.0 Hz), 3.35 (2, d, J = 17.0 Hz), 3.57 (2, d, J = 16.5 Hz), 3.68 (2, 

d, J = 16.5 Hz), 3.77 (6, s), 4.19 (2, q, J = 7.1 Hz), 5.14 (1, br s), 6.60 (2, d, J = 8.6 

Hz), 7.28 (2, d, J = 8.6 Hz), 7.26 (1, s); NMR (CDCI3) 6 14.1, 28.1,41.7, 45.3, 

55.3, 55.4, 61.8, 64.4, 65.6, 109.8, 110.5, 110.7, 129.2, 131.0, 131.1, 141.7, 154.8, 

155.1,155.4,172.6. 19f: IRcm"! 3445,3315,1750,1705,1680; ^HNMR(CX>Cl3) 

6 1.22 (3, t, J = 7.0 Hz), 1.33 (9, s), 3.30 (2, d, J = 16.6 Hz), 3.36 (2, d, J = 16.6 Hz), 

3.58 (2, d, J = 17.4 Hz), 3.61 (2, d, J = 17.4 Hz), 3.76 (3, s), 3.78 (3, s), 4.19 (2, q, J = 



205 

7.0 Hz), 5.17 (1, br s), 6.60 (2, d, J = 8.3 Hz), 7.29 (2, d, J = 8.3 Hz), 7.84 (1, s); 

NMR (CDCI3) 6 14.0, 28.1, 41.7, 45.2, 55.3, 55.4, 61.7, 65.6, 109.8, 110.0, 110.4, 

110.7, 129.2, 130.9, 131.0, 141.7,154.8,155.1, 155.4, 172.5. 

(5,5)-4-Bromo-7-methoxy-^-[4-Bromo-7-methoxy-2-(carboethoxy)indan-2-yI]-2-

[(A^-carbo-2,2-diinethylethoxy)amino]indan«2-carboxaiiiide (19g). To a solution 

of (5)-23d (345 mg, 0.833 mmol) in H2O (5 mL) and ethanol (30 mL) was added 2 M 

NaOH (5.0 mL, 7.1 mmol). After stirring at room temperature for 20 h, the solution 

was concentrated to 4 mL, diluted with H2O (2 mL), and treated with 2 M HCI to 

produce a solution acidic by pH paper. The aqueous mixmre was extracted with ether 

(3 X 10 mL). The organic extracts were combined, dried (MgS04), filtered, and 

concentrated to give (5)-18d, homogeneous by TLC Rf 0.65 (16% ethanoI/CHCls), as 

a white solid. This material was taken up in a solution of DMF (3.2 mL), (S)-17d 

(251 mg, 0.800 mmol) and triethylamine (232 |iL). To this was added BOP reagent 

(552 mg, 1.25 mmol). After stirring at room temperature for 60 h, the solution was 

diluted with ethyl acetate (30 mL) and H2O (30 mL). The organic layer was removed 

and the aqueous layer was extracted with ethyl acetate (2 x 30 mL). The organic 

extracts were combined and sequentially washed with 2 M HCI (3 x 30 mL), H2O (30 

mL), saturated NaHC03 (3 x 30 mL), H2O (30 mL), then dried (MgS04), filtered, 

and concentrated to give a light yellow solid, mp 203-204 °C. Flash chromatography 

(60% ethyl acetate/hexanes) afforded 432 mg (0.634 mmol, 79%) of 19g, +13 

(cO.72, CDCI3) Rf 0.14 (20% ethyl acetate/hexanes) and was otherwise identical to 

19e. 
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Cyclo-bis(4-Bromo-7-methoxy-2-aminoindaii-2-carboxylic Acid) (9 and 14a). A 

sample of 19e (or 19g) (100 mg, 0.15 mmol) was heated in a sealed, evacuated tube 

for 30 min at 245-250 °C in an oil bath. The sample melted, evolved gas, and 

resolidified. After cooling to room temperature, the solid was recrystallized from 

DMSO to give 49 mg (0.091 mmol, 62%) of 9 (or 14a) as a white solid, mp 348-351 

°C. (5,5)-14a, mp 360-362 °C -15 (c 0.39, TFA). IR cm'^ 3175, 1680; 

NMR (TFA-d) 8 3.34 (2, d, J = 16.6 Hz), 3.42 (2, d, J = 15.5 Hz), 3.80-3.91 (10, m), 

6.71 (2, d, 8.7 Hz), 7.32 (2, d, 8.7 Hz); 13c NMR (TFA-d) 5 46.6, 50.3, 57.8, 67.5, 

113.0, 115.1, 129.3, 134.8, 141.8, 156.8, 174.6. 

Meso-cyclo-bis(4-Bronio-7-methoxy-2-aiiiinoindan-2-carboxyIic Acid) (10). A 

sample of 19f (100 mg. 0.15 mmol) was heated in a sealed, evacuated tube for 30 min 

at 245-250 °C in an oil bath. The sample melted, evolved gas, and resolidified. After 

cooling to room temperature, the solid was recrystallized from DMSO to give 50 mg 

(0.093 mmol, 64%) of 10 as a white solid, mp 357-359 °C. IR cm'l 3170, 1680; ^H 

NMR (TFA-i/) 5 3.31 (2, d, J = 17.5 Hz), 3.40 (2, d, J = 18.7 Hz), 3.78-3.90 (10, m), 

6.70 (2, d, 8.7 Hz), 7.30 (2, d, 8.7 Hz); 13c NMR (TFA-^ 5 46.6, 50.3, 57.8, 67.5, 

112.9, 115.1, 129.3, 134.8, 141.7, 156.8, 174.6. 

(S,5)-BenzyI-A^-[4-Bromo-7-methoxy-2-(carboethoxy)indan-2-yI]-2-[(^-carbo-

2,2-dimethylethoxy)ainino]acetamide (19h) and (S,/?)-Benzyl-yV-[4-Bromo-7-

methoxy-2-(carboethoxy)indan-2-yI]-2-[(iV>carbo-2,2-diniethyIethoxy)amino]-

acetamide (19i). To a solution of racemic 17d (3.40 g, 10.1 mmol), L-ZZ-BOC 

phenyl alanine (4.00 g, 15.1 mmol), and triethylamine (2.28 mL) in DMF (50 mL) 



207 

was added BOP reagent (6.8 g, 15.1 mmol). After stirring at room temperature for 2 

h, the solution was diluted with ethyl acetate (400 mL) and H2O (200 mL). The 

organic layer was removed and the aqueous layer was extracted with ethyl acetate (2 

X 400 mL). The organic extracts were combined and sequentially washed with 2 M 

HCl (3 x 400 mL), H2O (400 mL), saturated NaHCOs (2 x 400 mL), H2O (400 mL), 

then dried (MgS04), filtered, and concentrated to give a light yellow oil. Flash 

chromatography (27% ethyl acetate/hexanes) afforded 5.29 g (9.3 mmol, 93%) of a 

mixture of 19h and 19i, Rf 0.25 (27% ethyl acetate/hexanes) as a white solid. Gravity 

column chromotography (20% ethyl acetate/hexanes) achieved separation of 19h, Rf 

0.11 (20% ethyl acetate/hexanes), mp 151-152 °C, from 19i, mp 192-193 °C, Rf 0.13. 

19h, [alD^^ -3.7 (c 0.54, CHCI3): IRcm"! 3350, 3270,1740,1685,1650; NMR 

(CDCI3) 5 1.22 (3, t, J = 7.1 Hz), 1.37 (9, s), 3.01 (2, m), 3.18 (2, d, J = 17.5 Hz), 

3.48 (1, d, J = 17.5 Hz). 3.63 (1, d, J = 17.5 Hz), 3.76 (3, s), 4.19 (2, q, J = 7.1 Hz), 

4.30 (1, m), 5.20 (1, br s), 6.57 (1. d. J = 8.6 Hz), 6.58 (1, s), 7.15-7.29 (6, m); 

NMR (CDCI3) 5 14.0, 28.1, 38.4. 41.8, 45.1, 55.2, 61.7, 64.1, 79.9, 109.7, 110.4, 

126.7. 128.5, 129.2, 131.0, 136.5, 141.7, 155.0, 170.8, 172.3. 19i, [ab" -21.3 (c 

1.32,CHCl3); IRcm-I 3350,3260,1740,1685,1650; 1H NMR (CDCI3) 5 1.20 (3, 

t, J = 7.2 Hz), 1.34 (9, s), 2.95-3.08 (2, m), 3.19 (2, d, J = 16.0 Hz), 3.51 (1, d, J = 

17.3 Hz), 3.53 (I, d, J = 17.7 Hz), 3.76 (3, s), 4.17 (2, q, J = 7.2 Hz), 4.20-4.31 (1, m), 

5.04 (1, br s), 6.40 (1, s), 6.56 (1, d, J = 8.6 Hz), 7.10-7.27 (6, m); NMR (CDCI3) 

5 14.0, 28.2, 38.3,41.6,45.5,55.4,61.8, 64.2, 80.1, 109.7, 110.6, 126.9, 128.6, 129.1, 

129.3, 131.0, 136.6, 141.4, 155.1. 170.8, 172.3. 

(5,5)-CycIo-[phenyialanyl-(4-Bromo-7-methoxy-2-aminoindan-2-carboxylic 
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Acid)] (11). A sample of 19h (53 mg, 0.094 mmol) was heated in a sealed, evacuated 

tube for 30 min at 245-250 °C in an oil bath. The sample melted, evolved gas, and 

resolidified. After cooling to room temperature, the solid was recrystallized from 

DMSO to give 29.8 mg (0.072 mmol, 77%) of 11 as a white solid, mp 302-308 °C. 

[a]D23 -8.1 (c 0.44, TFA); IR cm'I 3185, 1680, 1670; NMR (DMSO-^g) 5 1.87 

(1, d, J = 16.0 Hz), 2.21 (1, d, J = 16.0 Hz), 2.80-3.45 (4, m), 3.70 (3, s), 4.28 (1, m), 

6.70 (1, d, J = 8.0 Hz), 7.15-7.40 (5, m), 8.33 (I, s), 8.53 (1, s). 

(/;,5)-Cyclo-[phenylalanyI-(4-Bromo-7-methoxy-2-aminoindan-2-carboxylic 

Acid)] (12). A sample of 19i (98.7 mg, 0.176 mmol) was heated in a sealed, 

evacuated tube for 30 min at 245-250 °C in an oil bath. The sample melted, evolved 

gas and resolidified. After cooling to room temperature, the solid was recrystallized 

from DMSO to give 55 mg (0.13 mmol, 75%) of 12 as a white solid, mp > 290 °C 

(dec). [a]D23+2.0 (c 0.83, CDCl3);IRcm-l 3185, 1680, 1670; ^H NMR (TFA-^/) 5 

1.96 (1, d, J = 17.4 Hz), 2.84 (1, d, J = 16.4 Hz), 3.02-3.64 (4, m), 3.73 (3, s), 4.71-

4.77 (Km), 6.60 (1, d. J = 8.8 Hz), 7.13-7.30 (6, m); 13c NMR (JFA-d) 5 41.7,46.5, 

50.2, 58.2, 58.9,67.1. 113.2, 115.7, 129.6, 130.7, 131.4, 132.4, 134.6, 135.2, 141.8, 

156.5, 172.0, 175.1. 

Thiourea (40). To a solution of 19h (1.65 g, 2.94 mmol) in CH2CI2 (20 mL) was 

added TFA (20 mL). After 1 h at room temperamre, the mixture was made basic by 

pH paper by addition of NaOH (2 M) and extracted with diethyl ether (3 x 75 mL). 

The organic extracts were combined, dried (MgS04), filtered, and concentrated to 

give a light yellow oil (1.42 g) homogeneous by TLC, Rf 0.20 (80% ethyl 
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acetate/hexanes). The oil was dissolved in a solution of CH2CI2 (21 mL), TEA (375 

nL), and phenylisothiocyanate (1.13 mL, 9.40 nimol). After 16 h at room temperature, 

the mixture was concentrated to give a light yellow oil. Flash chromatography (30% 

ethyl acetate/hexanes) afforded 1.25 g (2.10 mmol, 71%) of 40, Rf 0.25 (30% ethyl 

acetate/hexanes) as a white solid, mp 115-117 °C (dec). [a]D^^ -12.0 (c 3.76, 

CDCI3); IR cm-1 3450-3120, 1730, 1720; NMR (CDCI3) 6 1.19 (3, t, J = 7.0 

Hz), 2.91-3.68 (6, m), 3.75 (3, s), 4.14 (2, q, J = 7.0 Hz), 5.10-5.25 (1, m), 6.47 (1, s), 

6.58 (1, d, J = 8.0 Hz), 6.95-7.40 (12, m), 8.22 (1, s); NMR (CDCI3) 6 14.0, 

28.2, 38.3,41.6,45.5, 55.4,61.8,64.2, 80.1, 109.7, 110.6, 126.9, 128.6, 129.1, 129.3, 

131.0, 136.6, 141.4, 155.1, 170.8, 172.3. 

4,7-DimethoxyiV-[2-(carboethoxy)indan-2-yI]-2-[(^-carbo-2^-dimethyiethoxy) 

amino]indan-2-carboxamide (19d). To a solution of 17a (782 mg, 2.26 mmol), 18c 

(460 mg, 1.51 mmol), and triethylamine (280 pL) in DMF (1.5 mL) was added BOP 

reagent (998 mg, 2.26 mmol). After stirring at room temperature for 24 h, the 

solution was diluted with ethyl acetate (50 mL) and H2O (25 mL). The organic layer 

was removed and the aqueous layer was extracted with ethyl acetate (3 x 200 mL). 

The organic extracts were combined and sequentially washed with 3 M HCl (3 x 200 

mL), H2O (200 mL), saturated NaHCOs (2 x 200 mL), H2O (200 mL), then dried 

(MgS04), filtered, and concentrated to give a light yellow solid. Flash 

chromatography (20% ethyl acetate/hexanes) afforded 650 mg (1.25 mmol, 74%) of 

19d, Rf 0.20 (20% ethyl acetate/hexanes), as a white solid, mp 181-183 °C. IR cm"^ 

3370, 3280, 1720, 1700, 1680; 1h NMR (CDCI3) 5 1.21 (3, t, J = 7.0 Hz), 1.28 (9, 

s), 3.24 (4, d, J = 16.5 Hz), 3.56 (4, d, J = 16.5 Hz), 3.74 (6, s), 4.18 (2, q, J = 7.0 Hz), 
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5.18 (1, br s), 6.59 (2, s), 7.16 (4, s), 7.28 (1, s); NMR (CDCI3) 8 14.1, 27.9, 

41.2, 42.6, 55.5, 61.5, 65.3, 66.8, 80.2, 109.2, 124.7, 126.9, 129.3, 139.9, 150.0, 

154.9, 172.8, 172.9. 

Cyclo[(4,7-dimethoxy-2-aininoindan-2-carboxylic Acid) (2-aminoindan-2-

carboxylic Acid)] (20). A sample of 19d (100 mg, 0.19 mmol) was heated in a 

sealed, evacuated tube for 30 min at 240-250 °C in an oil bath. The sample melted, 

evolved gas, and resolidified. After cooling to room temperature, the solid was 

washed with ethyl acetate to give 55 mg (0.15 mmol, 76%) of 20 as a white solid. 
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