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Abstract: We have postulated that molecules engineered to participate in three chemically distinct
and linearly independent intermolecular interactions will self-assemble in a predictable fashion. Six
prototypes for molecules capable of manifesting such interactions were synthesized from 2—-amino—
indan—2—carboxylic acid, 2-amino-5,6-dimethylindan—2-carboxylic acid, and 2—-amino—4,7-
dimethoxyindan-2—carboxylic acid. These piperazinediones were characterized in solution by NMR
spectroscopy and in the solid state by X—ray crystallography. "Ladder—like" intermolecular amide—to—
amide hydrogen bonding interactions were observed in each case, establishing tape structures parallel
to one crystallographic axis. Tape morphology varied depending on the arene substitution pattern and
was governed by the development of arene and/or van der Waals contact interactions. © 1999 Elsevier
Science Ltd. All rights reserved.
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INTRODUCTION

Significant insights into the relationship between molecular structure and packing of organic molecules in
the solid state have come from a number of theoretical and experimental studies.! It has been clearly established
that certain packing motifs are predictable given the presence of complementary atoms? or functional groups3
with proper geometry in a molecule. The relative geometry of atoms and functional groups can be controlled by
attachment to suitable molecular scaffolds. The piperazine-2,5-dione ring is a particularly appealing scaffold
that has recently drawn attention.!¢4.> Our initial crystal engineering efforts based on the piperazinedione
scaffold derived from 2—-amino—indan-2—carboxylic acid derivatives are presented and discussed in this and the
accompanying article in this issue.6

Our hypothesis is that suitable chiral molecules can be engineered to engage in three linearly independent
intermolecular interactions and will afford solids with predictable crystal structures and bulk properties. For
example, there is a need to orient donor-acceptor substituted arene rings in a parallel fashion so that the
molecular dipoles do not cancel.” The family of molecules 1 constructed from 2—aminoindan—2—carboxylic acid
derivatives seemed ideally suited to such a purpose since conformational restriction reduces the number of
possible packing modes, while structural variability permits the introduction of linearly independent

functionality, including donor—acceptor substituted arenes.
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We envisioned that amide-to-amide hydrogen bonding would occur along the z-axis, while
intermolecular interactions between the groups R! R4 RS and R8 along the y—axis and between the groups R2,
R3 RS and R7 along the x-axis could be engineered to achieve predictable order in the crystal. Interactions
between the groups R might involve hydrogen bonding, Coulombic, and/or van der Waals contact interactions,
depending on the identities of these groups. Piperazinediones 2-7 (Scheme 1) were chosen for initial study as
probes of this design model. These compounds were expected to establish the necessary synthetic
methodology and to test the reliability of hydrogen bond formation and the effects of arene ring substitution on

crystal packing.

RESULTS
Synthesis and Crystallization

Piperazinediones 2-7 were prepared as depicted in Scheme 1. 2—-Aminoindan—2—carboxylic acid
derivatives were prepared starting from glycine ethyl ester hydrochloride and substituted o,o'~-dibromo~o—
xylenes.8 Coupling of an ethyl 2-aminoindan—2—carboxylate 8 with an N-t-butoxycarbonyl-2-aminoindan—2-
carboxylic acid 9 gave the corresponding dipeptide 10. Thermolysis and recrystallization of the crude products
gave the desired piperazinediones. Details of these syntheses are given in the Experimental Section.

Crystals suitable for single crystal x—ray diffraction studies were obtained by recrystallization from hot,
dust free solutions of dimethylsulfoxide (DMSO) or mixtures of DMSO and trifluoroacetic acid (TFA). Slow
incremental reduction of the solution temperature in a Dewar—oil bath gave the best results, although solutions
containing TFA sometimes required cooling below room temperature. Two crystal morphologies, rod-like and
pseudo-octahedral, were observed for piperazinedione 4. Both morphologies were shown to have the same unit

cell parameters.

Crystal Structures—Molecular

Crystal structure data is given in Table 1. All compounds crystallized in monoclinic crystal systems.
Geometric (conformational) data for piperazinediones 2-7 in the crystals is given in Table 2. Dihedral angles o
and f§ are measures of the degree of non—planarity of the piperazinedione ring (for planar rings o = p = 180°).
The dihedral angle y is a measure of the degree of non—planarity of the cyclopentene ring component of the
indane moiety (for planar rings y = 180"). The C4—C7-03-Cy torsion angle, 8, measures the orientation of the

methoxy substituent relative to the plane of the benzene ring.
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Scheme 1. Synthesis of Piperazinediones 2-7.

NMR spectra of piperazinediones 2-7 measured in TFA-d or DMSO-ds were consistent with the
expected point group symmetries for these molecules in solution, Czp for 2—-4 and Cs for 5-7. However,
piperazinedione 2 crystallized in space group C2/c. The piperazinedione ring of 2 exists in two enantiomeric
pseudo—boat conformations in the crystal. The indane cyclopentene rings of 2 are folded equally and
symmetrically toward the respective proximal piperazinedione nitrogen atom. Two-fold rotational molecular
symmetry exists, but mirror and inversion molecular symmetries are absent because the piperazinedione ring of
2 is puckered.

Piperazinedione 3 also crystallized in space group C2/c. While the piperazinedione ring of 3 is nearly
flat in the crystal (o3 = 180°, B3 = 180°), slight symmetrical displacements of C; and Cq to opposite sides of
the average plane produce a shallow pseudo—chair conformer. The cyclopentene rings are equally and
symmetrically folded toward the proximal nitrogen atoms. Owing to the conformation of the piperazinedione
ring and the puckering of the cyclopentene rings, inversion molecular symmetry exists for piperazinedione 3 in

the crystal, but rotational and mirror molecular symmetries are absent.



L. J. Williams et al. / Tetrahedron 55 (1999) 14281-14300

14284

"[190 11un 12d S3NASJOW, onel Jsjourered o) uedy

1°diz (z%D70
= My pue <0Ji10)——— =y‘xpysiog - ¢
A pue (J)op <C4 10} ¥ XPPYS 104 Amon:v

IP2-HIT
—ODM)AVA\ = MY pue (Oog <O 10§ (O PI-OdN = ¥ ‘UDIOIN 10dg "X[2US SuIsn paA[os 21am (-G SAIMINNS PUB UIO]A FUISN PoAjos atom $-7 samonng,

dx + -(dx®e)+ (-0 o oM
.A q) NA ) AN nCN = m 210y NAN )M
I 7(Pd-0Dmz

= m a1ym (04m3' 74

Vet 320[q W1se6l S9E1°0 65500 (MISHP 101 (DTEE6l (196509  (81)S9LE LI

SE'1 v o€l wigd L
TIE-TIE AP (TW'L06 8€'l  TOSI'0 €€L00  (TI8LYV96  (DWT9Ll  (R)8ES1'9 (DIizks T 99 lzgd 9
81e-91¢  amld  (9)0°SLSE 61 LT91°0 66900 (2)TTOL6  (E)6£0°IE  (ODVSOOII (O1)SE9SOl 8 811 led S
(o9p) gog< por (2)6'817T TE'T LS00 0v00  (1)86'901  (1)szLsT (1g91'9 @ore€t v S€1 W 14
00v< aed  (€)L'9961 9Tl ¥80°0 TSO0  (9SEOIT  (D0Z9Il  (1)620°9 @66t ¥ 9l 7O €
yTe-zze pod (910191 I€1 #6000 7v00 _(1)96'66  (DO¥S11__ (Dplobl @LsL'6 v 0€1 970 4
(O)du  ugey YA (woB) My gy (3p) g )9 g (y)r 9Z qdid  dnoi ppunoduwio)
[e1sk1o Ajisuap ) ) aoeds
L SN0 SN0 9 S
N an g z,I
v €
3NO N0 H o H ¢ o
2 8
4] N 3] N
oW 1o} ,I N g ,I
BN

'L~ sauotpauizesadig Joj ereq sydesSofieisA1y 7 aqey,



L. J. Williams et al. / Tetrahedron 55 (1999) 1428114300

Table 2. Conformational Data for Piperazinediones 2-7.¢
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Compound | ¢ (deg)® | v (deg)? | o (deg)? | o (deg)¢ | B (deg)c | y (deg)? | & (deg)e
2f -31.1 34.8 2.8 148 125 163 na
31.1 -34.8 2.8
3 —11.1 —-12.4 -13.2 180 180 150 na
11.1 12.4 13.2
165
4 64 —12.1 2.8 173 165 145 -173
8.0 -10.3 4.7 146 172
-165
5280 5.2 -7.2 -7.3 169 155 157 (H)
21.9 —-26.0 12.5 161 (Me)
na
5heh -5.1 6.7 8.5 169 155 160 (H)
-23.1 26.4 -12.6 162 (Me)
6 16.3 -252 8.0 165 145 143 (H) 174
16.6 -25.8 8.5 145 (OMe)| -172
7i -13.6 18.2 -1.5 165 149 143 (Me) 171
~18.6 23.7 7.2 144 (OMe)| -161

Values are listed for each unique substructural element. bThe dihedral angles ¢, y, and w are the torsion angles
defined for conformational analysis of amide bonds in peptides.? ¢The dihedral angles o and B were previously
definedP and are measures of the degree of non—planarity of the piperazinedione ring (for flat rings o = 3 = 180°).
4The dihedral ¥ is formed by the intersection of the plane defined by C7, C3, and Cg and the the average plane
defined by C3, C4. Cs, and Cg and is a measure of the degree of non—planarity of the cyclopentene ring component
of the indane moiety (for flat rings x = 180°). ®The C4-C7-03-C|| torsion angle, 8, measures the twist of the

methoxy substituent relative to the plane of the benzene ring.

fTapes consist of alternating conformational

enantiomers. 8Two conformers, 5a and 5b, alternate in each hydrogen-bonded tape. hAdjacent LNTs and VNTs
are enantiomeric; i.e., they are composed of the conformational enantiomers of 5a and 5b. ‘The methyl groups of

compound 7 are highly disordered in the crystal.



14286 L. J. Williams et al. / Tetrahedron 55 (1999) 14281-14300

Piperazinedione 4 crystallized in space group C2. The piperazinedione ring of 4 exists in a single
shallow pseudo—boat conformation in the crystal (o4 = 173", B4 = 165°). The cyclopentene rings are unequally
folded toward the respective proximal nitrogen atoms ()4 = 145" and 146°). The torsion angles of the methoxy
groups are unique (84 = 165" and —173" for the methoxy groups on one arene ring and —165° and 172° for the
methoxy groups on the other arene ring). Although two—fold rotational symmetry very nearly exists for the
pentacyclic core, the combination of the pucker in the piperazinedione ring and the unique methoxy group
torsions serve to eliminate all molecular symmetry from 4 in the crystal. Single crystals of 4 are chiral.

Piperazinedione 5 crystallized in space group P2{/c. Enantiomeric pairs of two conformational isomers,
Sa and Sb, are found in the crystal. The piperazinedione rings of 5a and Sb exist in slightly different
unsymmetrical pseudo—boat conformations that nearly approximate pseudo-half chairs. Pucker in the
piperazinedione rings eliminates molecular mirror symmetry from 5 in the crystal. The cyclopentene rings are
folded toward the respective proximal piperazinedione nitrogen atoms, but each to a different extent (x5, = 157°
and 161 for the unsubstituted and dimethy! substituted indanes, respectively, while ysp, = 160" and 162°).

Piperazinedione 6 crystallized in space group P2j. The piperazinedione ring of 6 exists in a single
pseudo—twist boat conformation which eliminates molecular mirror symmetry from 6 in the crystal. The
cyclopentene rings are unequally folded toward the respective proximal nitrogen atoms and the torsion angles of
the methoxy groups are unique (8¢ = 174" and —172°). Single crystals of 6 are chiral.

Piperazinedione 7 crystallized in space group P2;/n. The piperazinedione ring of 7 exists in
enantiomeric shallow pseudo—twist boat conformations in the crystal (o7 = 165°, B7 = 149°). This eliminates
molecular mirror symmetry from 7 in the crystal. The cyclopentene rings are unequally folded toward the
respective proximal nitrogen atoms (x7 = 143" and 144° for the dimethyl and dimethoxy substituted indanes,

respectively). The torsion angles of the methoxy groups are unique (87 = 171° and —161°).

Crystal Structures—Supramolecular

The hydrogen bonding properties of piperazinediones 2—7 were expected to play a central role in the
establishment of order in the crystalline state.!®4.5 From a search of the Cambridge Structural Database (CSD),
46 non-ionic piperazinediones were retrieved, 34 of which were found to form "ladder—like" hydrogen-bonded
tapes similar to that diagrammed in Table 3.!0 Structural parameters germane to such hydrogen bonding
networks include the N-O interatomic distances, €| and €, which are indicative of the length of the N-H---O
hydrogen bonds, and the dihedral angie from intersection of the average planes of adjacent piperazinedione rings,
Tp. Values of these structural parameters for piperazinediones 27 are given in Table 3, along with average
values for tape—forming piperazinediones obtained from the CSD. With the exception of compounds 3 and 5,
these data are in close agreement with the CSD averages and with data from recently published studies.’

While each of the piperazinediones 2—7 forms parallel hydrogen—bonded tapes, significantly different
tape morphologies are observed depending on the arene ring substitution pattern. Two views of molecules
derived from the crystal structures of piperazinediones 27 are shown in Table 4. The column labeled "Lateral
Neighbor Tapes" (LNTs) presents a view of hydrogen—bonded tapes perpendicular to the hydrogen bonding
axis. The column labeled "Vertical Neighbor Tapes" (VNTs) presents two or more pairs of "stacked” LNTs

viewed down the hydrogen bonding axis.
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Table 3. Intermolecular Structural Parameters for Piperazinediones 2-7: Hydrogen Bonding.¢

OQmnm H*P N H

/,'"'o [e]
N-O distances?
Compound | & (A) | e2(A) | 1p(deg)C
2 2.88 0.0
R] 2.87 524
4 2.85 2.86 0.0
5 2.80 2.94 69.2
2.82 2.94
6 2.87 2.87 0.0
7 2.83 2.83 0.0
CSD average 2.89 0.0

9Values are listed for each unique substructural element. ?The
distance between the amide nitrogen and oxygen atoms involved

in hydrogen bonding. ¢The dihedral Tp is formed by the
intersection of the average planes defined by the atoms of
piperazinedione rings adjacent in a tape.

Piperazinedione 26¢ was independently prepared and studied by Whitesides and co—workers.5® As was
described, hydrogen—-bonded tapes are composed of alternating conformational enantiomers, producing a
"butterfly” motif seen when a tape is viewed down the hydrogen bonding axis (Table 4). As there is little
folding of the indane cyclopentene rings. notches exist along the tape edges and directly above the column of
piperazinedione rings. LNTs interdigitate to produce arene parallel-displaced face—to—face pairing (seen as
arene ring "crossings” in the VNT column of Table 4). Intermolecular geometric parameters, including the arene
centroid-to—centroid distance (k2 = 3.82 A), offset angle ({> = 8.1°), and tilt angle (12 = 12.2°), are all within the
range of values associated with face—to-face interactions (Table 5).!! Sheets thus formed from LNTs have a
dimpled topography with depressions above and below the piperazinedione rings and prominences formed by
the interacting arene ring pairs. This topography facilitates van der Waals contact interactions between
complementary surfaces in the crystalline solid (see VNT column of Table 4).

For piperazinedione 3, hydrogen—bonded tapes are composed of a single pseudo—chair conformer of 3
that possesses inversion symmetry. Although the amide hydrogen bond lengths are in keeping with the CSD
average, the tape morphology for 3 is unusual in that the average planes of adjacent piperazinedione rings are
sharply canted (T, = 52.4°). Adjacent molecules within a single hydrogen—bonded tape are related by two—fold

rotation. This results in projection of one arene ring of each molecule above the average plane of the hydrogen—
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bonded tape and projection of the other arene ring below this plane alternately for adjacent molecules along the
tape, producing a "bow tie" motif seen when a tape is viewed down the hydrogen bonding axis (Table 4). No
intratape or intertape arene interactions exist as evidenced by the large centroid—to—centroid distances for
adjacent molecules within a tape, in LNTs, and in VNTs (x> 6 A). VNTs are directly stacked. Coupled with
the "rocked" orientation of adjacent members in a tape and the folding of the cyclopentene rings, this stacking
creates an edge topography that permits interdigitation of the methyl groups of LNTs, which are offset by 3 A.
In this way, van der Waals interactions are maximized and free space is minimized in this crystal.

Tape morphology for piperazinedione 4 is quite different from that of 2 or 3. Tapes are constructed
from a single conformer of 4 that lacks rotational, inversion, and mirror symmetry. All molecules in a single
hydrogen—bonded tape are related by translation, not by a two—fold rotation or inversion. Therefore, the edges
of a tape present different topographies. A "bent H" motif is seen when a tape is viewed down the hydrogen
bonding axis (Table 4). No intratape arene face—to—face interactions occur as evidenced by the large centroid—
to—centroid distances (x| = 6.16 A) and offset angles ({| = 47°) for arenes on edges of the tape, despite the fact
that adjacent arene rings are parallel (T) = 0). The folding of the cyclopentene rings toward nitrogen serves to
minimize the free volume between indane moieties of adjacent hydrogen—bonded molecules, narrowing the width
and compacting the tape, and facilitates LNT interactions by more fully exposing one face of each arene. LNTs
are arranged in a "herringbone" motif (see the LNT column of Table 4). The arene centroid—to—centroid
distances (k2 = 4.90 A on one edge and 5.56 A on the other edge), offset angles ({; = 14.4° and 33.2°), tilt
angles (T2 = 86.3" and 85.6"), and the distances from the arene centroid to the closest arene hydrogen (y = 2.76
A and 3.26 A) are consistent with arene edge-to—face interactions (Table 5).12 Abutment of LNTSs, which for 4
are related by screw symmetry, produces sheets with a corrugated topography with identifiable "major” and
"minot”" grooves and "narrow"” and "broad" ridges (Figure 1). Due to the complementarity of the pattern on the

opposing sides, these sheets nest in the crystalline solid (see the VNT column of Table 4).

Figure 1. Sheet topography for piperazinedione 4. Labeled features include major

grooves (M), minor grooves (m), narrow ridges (n), and broad ridges (b).
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For piperazinedione 5, LNTs and VNTs are enantiomeric: half of the hydrogen—bonded tapes are
composed of alternating conformers Sa and Sb, while the other half of the tapes are composed of the
enantiomers of these conformers. As was the case for piperazinedione 3, the amide hydrogen bonds are of
normal length, but the average planes of adjacent piperazinedione rings are sharply canted (1, = 69.2°). In this
case the unsubstituted arene rings of conformers Sa are projected above the average plane of the hydrogen—
bonded tape and the unsubstituted arene rings of conformers 5b are projected below this plane, producing a tape
with a trapezoidal cross section when viewed down the hydrogen bonding axis (see the VNT column in Table
4). Both LNTs and VNTs are oriented "head-to—tail". Intratape and LNT intertape arene interactions are
absent as evidenced by the large centroid—to—centroid distances, but the arene centroid-to—centroid distances for
VNTs (k3 = 4.84 and 4.87 A) and the centroid~to-hydrogen distances (2.86 A <y < 2.96 A) are consistent
with reciprocal van der Waals contacts. These occur between a hydrogen of a methyl substituent and the
unsubstituted arene of the VNT and between a hydrogen of the unsubstituted arene and the methyl-substituted
arene of the VNT. Similar to 3, LNTs of 5§ have an edge topography that permits shallow interdigitation of
hydrogens, maximizing van der Waals interactions and minimizing free space in this crystal.

Tape morphology for piperazinedione 6 is similar to that of 4. Tapes are constructed from a single
conformer of 6 that lacks molecular mirror symmetry. All molecules in a hydrogen—bonded tape are related by
translation, and so the edges of a tape necessarily present different topographies. A "bent T" motif is seen
when a tape is viewed down the hydrogen bonding axis (Table 4). No intratape arene face—to—face interactions
occur as evidenced by the large centroid-to—centroid distances (x) > 6 A) and offset angles ({; > 47°) for arenes
on edges of the tape, despite the fact that adjacent arene rings are parallel. The folding of the cyclopentene rings
facilitates arene interactions between LNTs which are arranged in a "herringbone” motif in a "head-to—head,
tail-to—tail" fashion (Table 4). The arene centroid—to—centroid distances (k7 = 4.81 A on the unsubstituted
arene edge and 4.82 A on the methoxy—substituted arene edge), offset angles ({2 = 15.6° and 14.3"), tilt angles
(12 = 83.8" and 85.8"), and the distances from the arene centroid to the closest arene hydrogen (y = 2.58 A and
2.64 A) are all consistent with arene edge—to—face interactions.!2 Abutment of LNTs, which are related by
screw symmetry, produces sheets with a regular corrugated topography that nest in the crystal (Table 4).

Tape morphology for piperazinedione 7 resembles that of 6. Tapes are constructed from one conformer
of 7 that lacks molecular mirror symmetry. All molecules in a hydrogen—bonded tape are related by translation,
and so the edges of a tape necessarily present different topographies. A "bent T" motif is seen when a tape is
viewed down the hydrogen bonding axis (Table 4). LNTs are are arranged in a "head—to-head, tail-to—tail"
fashion. However, enantiomeric conformers co—occur in the crystal and give rise to enantiomeric hydrogen—
bonded tapes. The repeat pattern in the crystal viewed down the hydrogen—bonded tape axis is

..B-A A-BB-A'A-B'...
...A-BB-A'A-B' B-A....
...B=A"A'-B'B-A A-B....
....A-B'B-A A-B B-A'....

7=A-B
ent-7 = A'-B'
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In the case of 7 accomodation of the methyl substituents results in greater spacing of the LNTs. The
methy substituents of LNTs, which are rotationally disordered in the crystal, are abutted edge~to—edge (Table
4). Although dimethylarene moieties of LNTs are parallel, intertape face-to—face arene interactions do not
occur as evidenced by the large centroid-to—centroid distance (k2 = 5.62 A) and offset angle ({3 = 50.7°). The
distance from the dimethylarene centroid to a hydrogen of a methyl group of the LNT is about 3.8 A. On the
opposite edge, the dimethoxyarene moieties are aranged in a "herringbone” motif. However, intertape edge—to—
face arene interactions do not occur as evidenced by the large centroid—to—centroid distance (k2 = 5.61 A).
Rather, the distance from the dimethoxyarene centroid to a hydrogen of a methoxy group of the LNT is 2.79 A.
As was the case for 4 and 6, abutment ot LNTs produces sheets with a regular corrugated topography that nest

in the crystalline solid.
DISCUSSION

We postulated that predictable molecular order in crystalline solids would arise if chiral molecular
building blocks were to contain three linearly independent recognition elements.® Our design model envisaged
that molecules 1, built from enantiomerically pure derivatives of 2—-aminoindan—2—carboxylic acid, would
provide a suitable conformationally restricted, directed molecular scaffold for the required recognition elements.
We have established that symmetrical and unsymmetrical piperazinediones 1 can easily be prepared from 2—
aminoindan—2—carboxylic acid derivatives, which are in turn synthesized from ethyl glycinate and substituted
o—xylene dibromides. The first intermolecular recognition element, amide—to—amide hydrogen bonding of the
piperazinedione ring, was operative in each of our prototype piperazinediones 2-7. It seems likely that
"ladder-like" hydrogen-bonded tapes will form for type 1 piperazinediones irrespective of the groups R1-R8.
In light of the solid state structures of the piperazinediones documented in the CSD and reported elsewhere, 46
it was surprising that a variety of tape structural motifs, involving boat, planar, or even chair conformers of the
piperazinedione ring, and coplanar to sharply canted orientations of neighboring piperazinedione rings in the
tape, occured for piperazinediones 2—7 in the solid state. This conformational and orientational flexibility bodes
well for future attempts to engineer interactions between groups R!-R8 that involve interactions stronger than
van der Waals contacts.

We anticipated that, in the absence of groups R!-R3, intermolecular arene interactions perpendicular to
the hydrogen-bonded tapes would contribute to the establishment of order in the crystal. In fact, parallel-
displaced arene pairs were observed for LNTs in the butterfly motif of 2. Sheets formed from LNTs of 2 had a
dimpled topography that facilitated van der Waals contacts between adjacent sheets in the solid. Our first
structural modifications involved attachment of methoxy and methyl arene substituents which were
incompatible with the crystal packing observed for 2. Edge-to—face arrays were seen in the herringbone motifs
of LNTs of methoxy-substituted piperazinediones 4 and 6. Sheets formed from LNTs of 4 and 6 had
corrugated topopographies which again maximized van der Waals contacts between adjacent sheets in the solid.
Arene edge-to—face interactions were precluded by methy! substitution on one edge only for piperazinediones 5
and 7 and on both edges for piperazinedione 3. In the case of 7, the head—to—tail arrangement of LNTs led to a
"doublewide" herringbone motif and to crystal packing similar to that observed for 4 and 6. Piperazinediones 3
and 5 exhibited novel tape morphologies that lacked arene interactions between LNTs, but exposed arene faces

Ed
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to contacts with hydrogens of VNTs. Van der Waals contacts between LNTs were maximized by shallow
interdigitation of the edges of the tapes.

Having demonstrated the reliability and flexibility of hydrogen—bonded "ladderlike" tape formation for
achiral piperazinediones 1, the next structural modification involved placement of functionality on the arene
rings to establish a dipole orthogonal to the tape axis. This work is described in the accompanying article in this

issue.6d

EXPERIMENTAL

General Procedures

All reactions were performed under a positive pressure of argon. Moisture sensitive reactions were
performed in glasswarc 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 (CH2Cly) and dimethy! sulfoxide (DMSO) were distilled from CaHa, tetrahydrofuran
(THF) was distilled from sodium/benzophenone ketyl, N,N-dimethyl formamide (DMF) was distilled from
MgSO4 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% H2SOy4 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 (230400
mesh). Gravity chromatography was performed using Merck silica gel 60 (70-230 mesh). Melting points are
uncorrected. Proton and 13C 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 CDCl3 (7.24 ppm), the residual proton signal of TFA—d (11.5 ppm), or the center line of the residual
proton signal of DMSO-ds (2.49 ppm). Carbon NMR spectra were referenced to the CDCl3 signal (77.0
ppm), TFA~d signal (164.4 ppm), or the DMSO-dg signal (39.5 ppm). Mass spectra were obtained from the
Mass Spectrometry Lab in the Department of Chemistry at The University of Arizona, Tucson, Arizona.

Elemental analyses were performed by Desert Analytics, Tucson, AZ.

Ethyl 2-Aminoindan—2—carboxylate (8a).8 To a solution of ethyl N-(diphenylmethylene)—glycinate!3 (2.40 g,
9.00 mmol) in THF (110 mL) at —78 °C was added sodium bis(trimethylsilyl)amide (11 mL of 1.0 M solution
in THF) in one portion. After 1 h, o.,a'~dibromo—o—xylene!4 (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 additional sodium bis(trimethyisilyl)amide (11 mL of 1.0 M solution in
THF) was added. The reaction mixture was stirred for 1 h and warmed to 20 °C. After an additional 24 h, the
reaction was allowed to warm to room temperature. The reaction was quenched by cautious addition of brine
(200 mL) followed by extraction with EtOAc (3 x 200 mL). The organic extracts were combined, dried
(MgS0Qy), filtered, and concentrated to give a brown oil (3.40 g). The oil was taken up in THF (20 mL), water
(I mL) and TFA (2 mL) were added, and the solution was stirred vigorously. After 1 h, the mixture was diluted
with THF (50 mL) and extracted with 2 M NaOH (20 mL) followed by water (20 mL). The organic layer was



L. J. Williams et al. / Tetrahedron 55 (1999) 14281-14300 14295

dried (MgS0Oy), filtered, and concentrated to give a red oil. Flash chromatography (50-100% EtOAc/hexanes)
afforded 1.36 g (6.6 mmol, 73%) of 8a, Ry 0.08 (20% EtOAc/hexanes) as a clear, yellow oil. 'H NMR (CDCl3)
8127 (3,t,J=9.0Hz), 1.80(2,5).2.84(2,d,J =16 Hz),3.54 (2, d, J = 16 Hz), 4.20 (2, q, ] = 9.0 Hz), 7.17
(4, m); 13C NMR (CDCl3) 8 13.9, 45.9, 60.9, 64.6, 124.5, 126.5, 140.2, 176.2.

Ethyl 2-Amino--5,6-dimethylindan—2-carboxylate (8b).8 By a similar procedure, 8b was prepared from ethyl
N—(diphenylmethylene)glycinate (2.40 g, 9.00 mmol) and 1,2-bis(chloromethyl)}-4,5-dimethylbenzene!4 (2.03
g, 10.0 mmol). Flash chromatography (50-100% EtOAc/hexanes) afforded 1.43 g (6.1 mmol, 68%) of 8b, R¢
0.10 (20% EtOAc/hexanes) as a clear, yellow oil. 'H NMR (CDCl3) 8 1.27 (3,t, ] = 7.0 Hz), 1.87 (2, s), 2.21
(6,5),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); 13C NMR (CDCl3)
814.7,20.3,46.4,61.7.65.7, 126.4, 135.4, 138.5, 177.1.

Ethyl 2-Amino-4,7 -dimethoxyindan—2—carboxylate (8¢).8 To a solution of ethyl N—
(phenylmethylene)glycinate!5 (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, 2,3-bis(bromomethyl)-1,4-
dimethoxybenzene!6 (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 temperature. After 2 h, the reaction was
quenched by addition of water (500 mL) followed by extraction with EtOAc (3 x 500 mL). The organic extracts
were combined, dried (MgSQy), filtered, and concentrated to give a red oil (3.40 g). The oil was suspended in
ether (10 mL) and 2 M HCI (10 mL) and the mixture was stirred vigorously. After 2 h, the layers were
separated and the organic layer was washed with water (10 mL). The aqueous phase and wash were combined,
neutralized with NaHCO3, and extracted with CHCI3 (3 x 15 mL). The organic extracts were combined, dried
(MgSOy). filtered, and concentrated to give a light yellow oil. Flash chromatography (5% methanol/ CH,Cly)
afforded 928 mg (3.5 mmol, 35%) of 8¢, Ry 0.60 (10% methanol/ CH,Cly) as a clear, colorless oil. 1H NMR
(CDCl3) 6 1.24 (3,t,J = 7.1 Hz), 1.96 (2, br s), 2.88 (2, d, J = 16.2 Hz), 3.42 (2, d, J = 16.2 Hz), 3.74 (6, s),
4.18 (2, q. J = 7.1 Hz). 6.62 (2, s); 13C NMR (CDCl3) & 14.1, 43.5, 55.5, 61.2, 64.6, 109.1, 129.8, 150.3,
176.4.

2—[(N—Carbo-2,2—dimethylethoxy)amino Jindan—2—carboxylic Acid (9a). To a solution of 8a (230 mg, 0.87
mmol), NaHCOj3 (79 mg, 0.94 mmol) and NaCl (230 mg, 3.9 mmol) in water (2.5 mL) and CH2Cl; (2.5 mL)
was added di——butyl dicarbonate (248 mg, 1.14 mmol). The resultant biphasic mixture was heated to reflux.
After 2 h, the mixture was cooled to room temperature, the organic layer was removed, and the aqueous layer
was extracted with CHCl3 (3 x 3.5 mL). The organic extracts were combined, dried (MgSQy), filtered, and
concentrated to give a light yellow oil. Flash chromatography (30% EtOAc/hexanes) afforded 285 mg (0.781
mmol, 90%) of ethyl 2-[(N-carbo-2,2—-dimethylethoxy)amino]indan--2—-carboxylate, Ryf 0.35 (30%
EtOAc/hexanes) as a white solid, mp 143-144 °C. IR em~! 3330, 1730, 1705; lH NMR (CDCl3) 8 1.26 (3, ¢t,J
=17.1 Hz), 1.42 (9, s), 3.20 (2, d, J = 16.5 Hz), 3.65 (2, d, J = 16.5 Hz), 4.22 (2, q, ] = 7.1 Hz), 5.06 (1, br s),
7.19 (4, m); 13C NMR (CDCl3) § 14.2, 28.3, 43.9, 61.5, 66.0, 80.0, 124.6, 127.0, 139.8, 155.0, 173.5.

To a solution of ethyl 2—[(N—carbo-2,2—dimethylethoxy)amino}indan—2—carboxylate (300 mg, 1.03
mmol) in water (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 water (5 mL), and treated with
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2 M HCI to produce a solution acidic by pH paper. The aqueous mixture was extracted with Et;O (3 x 20 mL).
The organic extracts were combined, dried (MgSQy), filtered, and concentrated to give 266 mg (0.955 mmol,
93%) of 9a, Ry 0.30 (10% methanol/CH,Cly), as a white solid, mp 170-172 °C (dec). IR cm™! 3380, 3300—
2800 (br), 1760, 1675, 1525; IH NMR (CDCl3) 8 1.39 (9, s), 3.26 (2,d, J = 16.5 Hz), 3.66 (2, d, ] = 16.5 Hz),
5.12 (1, brs), 7.18 (4, m); 13C NMR (CDCl3) 6 28.2, 43.9, 65.7, 80.6, 124.5, 127.0, 139.6, 155.7, 178.5.

Anal. Caled for C1sH19gNOy4: C, 64.97; H, 6.91. Found: C, 64.54; H, 6.63.

2-[(N-Carbo-2,2-dimethylethoxy)amino ]-5, 6--dimethylindan—2—carboxylic Acid (9b). By a similar procedure,
8b (1.11 g, 4.74 mmol) afforded 1.30 g (3.9 mmol, 82%) of ethyl 5,6-dimethyl-2-{(N~carbo-2,2-
dimethylethoxy)-aminoJindan—2-carboxylate, R¢ 0.40 (20% EtOAc/hexanes) as a clear, colorless oil. IR cm™!
3395, 1740, 1720; 'H NMR (CDCl3) 8 1.25 (3, t, J = 7.0 Hz), 1.41 (9, s), 2.21 (6,), 3.11 (2, d, J = 16.4 Hz),
3.56 (2, d, ] = 16.4 Hz), 420 (2, q. J = 7.0 Hz), 5.23 (1, br s), 6.96 (2, 5); '3C NMR (CDCl3) 6 13.9, 19.5,
28.0,43.4,61.2,66.0, 79.5, 125.4, 134.9, 137.2, 154.9, 173 .4.

Ethyl 2-[(N—carbo-2,2-dimethylethoxy)amino]-5.6—dimethylindan—2-carboxylate (504 mg, 1.51
mmol) was similarly hydrolyzed to afford 460 mg (1.51 mmol, 99%) of 9b, R 0.36 (10% methanol/CH;Cly), as
a white solid, mp 268-270 °C (dec). IR cm~! 3400-2500 (br), 3300, 3250, 1720, 1650; 'H NMR (acetone-ds)
5 1.37 (9, s), 2.18 (6, 5), 3.22 (2,d, ] = 16.0 Hz), 3.51 (2. d, ] = 16.0 Hz), 6.51 (1, br 5), 6.93 (2, 5); 13C NMR
(acetone-dg) 8 19.6, 28.5, 43.8, 66.6, 79.1, 126.2, 135.3, 138.8, 156.1, 175.3.

2—[(N—carbo-2, 2—dimethylethoxy)amino |4, 7-dimethoxyindan—2-carboxylic Acid (9¢). By a similar procedure,
8c (230 mg, 0.87 mmol) afforded 285 mg (0.781 mmol, 90%) of ethyl 4,7-dimethoxy-2—[(N—carbo—2,2—
dimethyl—ethoxy )amino}indan—2-carboxylate, Ry 0.35 (30% EtOAc/hexanes) as a white solid, mp 150-153 °C.
IR em~! 3370, 1710, 1740; 'H NMR (CDCli3) 8 1.25 (3, t. ] = 9.0 Hz), 1.41 (9, s), 3.18 (2, d, ] = 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); !3C NMR (CDCl3) 8
14.1,28.2,41.8,55.8,61.5, 65.8, 80.0, 109.1, 129.1, 150.0, 154.9, 173.6.

Ethyl 2—{(N-carbo—2.2—-dimethylethoxy)amino]-4,7-dimethoxyindan—2—carboxylate (307 mg, 0.84
mmol) was similarly hydrolyzed to afford 270 mg (0.80 mmol, 95%) of 9¢, Rf 0.36 (10% methanol/CH;Cly), as
a white solid, mp 261-263 °C (dec). IR cm™~! 3400-2600 (br), 3340, 1720, 1650; 'H NMR (CDCl3) 8 1.40 (9,
s),3.21 (2,d,J=17.8 Hz), 3.61 (2,d, ] = 17.8 Hz), 3.78 (6, 5), 5.19 (1, br 5), 6.64 (2, 5); 13C NMR (CDCl3) &
28.1,29.3,41.4,55.6, 65.8, 81.0, 109.2, 129.5, 150.4, 155.5.

Anal. Calcd for C17H23NOg: C, 60.52; H, 6.87. Found: C, 61.12; H, 7.08.

N—-[2—(Carboethoxy)indan-2-yl]-2—[(N~carbo-2, 2-dimethylethoxy)amino Jindan-2-carboxamide (10a). To a
solution of 8a (483 mg, 1.82 mmol), 9a (483 mg, 1.43 mmol), and triethylamine (300 uL) in DMF (7.25 mL)
was added BOP reagent!7 (632 mg, 1.43 mmol). After stirring at room temperature for 24 h, the solution was
diluted with EtOAc (50 mL) and water (25 mL). The organic layer was removed and the aqueous layer was
extracted with EtOAc (2 x 50 mL). The organic extracts were combined and sequentially washed with 3 M HCI
(2 x 50 mL), water (50 mL), saturated NaHCO3 (2 x 50 mL), water (50 mL), then dried (MgSQy), filtered, and
concentrated to give a light yellow solid. Recrystallization from EtOAc/hexanes (1:3) afforded 685 mg (1.17
mmol, 82%) of 10a, Rr 0.40 (46% EtOAc/hexanes), as a white solid, mp 200-203 °C. IR cm~! 3350, 3280,
1745, 1690, 1660; 'H NMR (CDCl3) 8 1.20 (3,1, J = 8.0 Hz), 1.23 (9, 5), 3.25 (4, d, J = 16.0 Hz), 3.64 (4, d, J
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=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); 13C NMR (CDCl3) § 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.
Anal. Caled for C27H32N205: C, 69.81; H, 6.94. Found: C, 69.38; H, 7.05.

5,6-Dimethyl-N—[5, 6—dimethyl-2—(carboethoxy)indan—2-yl]-2—[(N—carbo—2, 2—dimethylethoxy)amino Jindan—
2—carboxamide (10b). By a similar procedure, 8b (782 mg, 2.26 mmol) and 9b (460 mg, 1.51 mmol) were
coupled to give 650 mg (1.25 mmol, 83%) of 10b, Rr 0.20 (20% EtOAc/hexanes), as a white solid, mp 187-188
°C. IR em™! 3365, 3280, 1740, 1685, 1660; 'H NMR (CDCl3) 8 1.20 3, t, ] = 7.6 Hz), 1.21 (9, s), 2.18 (6, 5),
2.19 (6,5),3.12(4,d, ) = 16.2 Hz), 3.56 (4, d, J = 16.2 Hz), 4.16 (2, q, ] = 7.6 Hz), 5.05 (1, br s), 6.93 (4, s),
7.20 (1, br s); 13C NMR (CDCl3) 8 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.

4, 7-Dimethoxy-N~—[4, 7--dimethoxy—2—(carboethoxy)indan-2-yl ]-2—[(N—carbo—2, 2-dimethylethoxy)amino ]-
indan—2—carboxamide (10¢). By a similar procedure, 8¢ (483 mg, 1.82 mmol) and 9¢ (483 mg, 1.43 mmol) were
coupled to give 685 mg (1.17 mmol, 82%) of 10¢, Rf 0.40 (46% EtOAc/hexanes), as a white solid, mp 200203
°C. IR cm™! 3440, 3320, 1745, 1705, 1660; '"H NMR (CDCl3) 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, ] = 18.0 Hz), 3.78 (12, 5), 4.21 (2, q. J = 8.6 Hz), 5.24 (1, br s), 6.59 (2, s), 6.63 (2, 5),
7.10 (1, br s); 13C NMR (acetone-dg) 8 14.3, 28.2, 41.2, 41.6, 55.7, 60.4, 61.5, 66.0, 67.0, 109.8, 109.9, 129.1,
130.3, 130.6, 155.6, 173.8.
Anal. Calcd for C31Hg0N209: C, 63.69; H, 6.90. Found: C, 63.75; H, 7.18.

N-/5,6-Dimethyl-2—(carboethoxy)indan—2-yl]-2—[(N-carbo—2, 2—dimethylethoxy)amino Jindan-2-carboxamide
(10d). By a similar procedure, 8a (260 mg, 1.27 mmol) and 9b (300 mg, 0.98 mmol) were coupled to give 400
mg (0.81 mmol, 83%) of 10d, R¢ 0.27 (20% EtOAc/hexanes). Recrystallization from 60% EtOAc/hexanes gave
colorless crystals, mp 186-188 "C. IR cm~! 3394, 3299, 1727, 1714, 1665; 'H NMR (CDCl3) 3 1.23 (12, m),
2.21(6,s),3.24 (4,d, ] = 16.7 Hz), 3.60 (4, m), 4.19 (2, q, } = 7 Hz), 5.09 (1, br s), 6.94 (2, 5), 7.16 (4, s); 13C
NMR (CDCl3) 6 14.6, 20.2, 28.5, 43.0, 43.9, 61.9, 66.2, 67.5, 80.8, 125.0, 126.2, 127.3, 135.7, 137.8, 140.3,
155.3,173.3, 173.5.
Anal. Calcd. for CogH3gN205: C, 70.73; H, 6.90; N, 5.69. Found: C, 70.54; H, 7.12; N, 5.58.

N-/4, 7-Dimethoxy—2—(carboethoxy)indan-2-yl ]-2—[(N-carbo—2, 2—dimethylethoxy)amino Jindan—2—
carboxamide (10e). By a similar procedure, 8a (782 mg, 2.26 mmol) and 9c¢ (460 mg, 1.51 mmol) were coupled
to give 650 mg (1.25 mmol, 74%) of 10e, Rr 0.20 (20% EtOAc/hexanes), as a white solid, mp 189-191 °C. IR
cm—! 3370, 3280, 1720, 1700, 1680; 'H NMR (CDCl3) 6 1.21 (3,t,J=7.0 Hz), 1.28 (9, s5), 3.24 (4,d, ] = 16.5
Hz), 3.56 (4, d, J = 16.5 Hz), 3.74 (6, s), 4.18 (2, q, ] = 7.0 Hz), 5.18 (1, br s}, 6.59 (2, 5), 7.16 (4, 5), 7.28 (1,
s); 13C NMR (CDCI3) § 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; HRMS (FAB™) calcd for Cy9H37N207 (M + H+) 525.2601, found 525.2601.

N-/5,6-Dimethyl-2—(carboethoxy)indan—2-yl]-2—{ (N—carbo-2, 2—dimethylethoxy)amino |4, 7-dimethoxyindan—
2—carboxamide (10f). By a similar procedure, 8¢ (300 mg, 1.13 mmol) and 9b (300 mg, 0.98 mmol) were
coupled to give 450 mg (0.83 mmol, 84%) of 10f, Ry 0.25 (20% EtOAc/hexanes). Recrystallization from EtOAc
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gave colorless crystals. mp 194-197 °C. IR em~! 3371, 3329, 1724, 1716, 1666: 'H NMR (CDCl3) 8 1.28 (12,
m), 2.21 (6,s),3.23 (4.d,J=17.0 Hz), 3.56 (4, d, ] = 17.2 Hz), 3.75 (6, 5), 4.18 (2, q. ] = 7 Hz), 5.18 (1, br s),
6.60 (2, s), 6.95 (2, s5); 13C NMR (CDCl3) § 14.6, 20.2, 28.4, 41.7, 44.0, 56.0, 61.9, 65.8, 67.5, 80.5, 109.7,
126.2.129.9, 135.6, 137.8. 150.5, 155.3, 173.4.

Anal. Caled. for C31HgoN207: C, 67.39; H, 7.24; N, 5.07. Found: C, 67.01; H, 7.40; N, 4.81.

Cyclo=bis(2-Aminoindan—2-carboxylic Acid) (2). A sample of 10a (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 2 as a white solid, mp 322-324 °C. IR cm~! 3180, 1680; 'H NMR (TFA-d) 63.26 (4,d,J = 16.0 Hz), 3.86
(4,d,J=16.0 Hz), 7.15 (8, m); !3C NMR (TFA—d) § 48.6, 68.9, 126.7, 130.3, 139.2, 175.2.

Anal. Calcd for CooH1gN202: C, 75.45; H, 5.70; N, 8.80. Found: C, 75.12; H, 5.44; N, 8.70.

Cyclo-bis(2-Amino-3, 6—dimethylindan—2-carboxylic Acid) (3). By a similar procedure, 10b (45.8 mg, 0.088
mmol) gave 27.1 mg (0.072 mmol. 82%) of 3 as a white solid, mp >400 °C, after recrystallization from
TFA/DMSO. IR em~! 3170, 1680; 'H NMR (TFA-d) § 2.14 (12, 5) 3.19 (4. d, J = 16.5 Hz),3.78 (4,d, ] =
16.5 Hz), 6.91 (4, s); 13C NMR (TFA-d) § 20.1,48.3. 68.8. 127.5, 136.6, 139.5, 176.1.

Anal. Caled for C24H26N207: C, 76.78; H, 7.00; N, 7.48. Found: C, 76.98; H, 7.29: N, 7.22.

Cyclo-bis(2-Amino—4.7--dimethoxyindan-2-carboxylic Acid) (4). By a similar procedure, 10¢ (106 mg, 0.18
mmol) gave 74.7 mg (0.17 mmol, 95%) of 3 as a white solid, mp >300 °C, after recrystallization from DMSO.
IR em~ 3170, 1680; 'H NMR (DMSO-dp) & 3.02 (4, d, J = 18.0 Hz), 3.46 (4,d,J=18.0 Hz), 3.74 (12, s),
6.74 (4, 5), 8.70 (2, s); '3C NMR (DMSO-dp) 8 44.0. 54.2, 63.2, 109.1, 129.1, 149.2, 170.8.

Anal. Caled for Co4Hz6N206: C, 65.74; H, 5.89; N, 6.39. Found: C, 65.87: H, 6.12; N, 6.37.

Cyclo[(2—-Amino-S5,6-dimethylindan—2—-carboxylic Acid) (2-Aminoindan—2—carboxylic Acid)] (5). By a similar
procedure, 10d (100 mg, 0.20 mmol) gave 50 mg (0.14 mmol, 71%) of 5 as a white solid, mp 316-318 °C, after
recrystailization from DMSO. IR cm~! 3170, 3037, 2938, 1666, 1426; |H NMR (TFA-d) 5 2.18 (6, s) 3.22 (2,
d,J =13.7 Hz), 3.30 (2, d, J = 13.4 Hz), 3.85 (4, app 1), 6.95 (2, 5), 7.19 (4, 5); 13C NMR (TFA—d) & 20.5,
48.7,48.9,69.1, 69.2,127.0, 127.9, 130.6, 137.0, 139.5, 139.8, 175.4, 175.8.

Anal. Caled. for CooH2oN205: C, 76.30; H, 6.35; N, 8.09. Found: C, 76.39; H, 6.46; N, 8.10.

Cyclo[(2-Amino—4, 7-dimethoxyindan—-2—carboxylic Acid) (2—-Aminoindan—2—carboxylic Acid)] (6). By a similar
procedure, 10e (100 mg, 0.19 mmol) gave 55 mg (0.15 mmol, 76%) of 6 as a white solid, mp 311-312 °C, after
recrystallization from DMSO. IR cm~! 3180, 2947, 1677; 'H NMR (TFA~d) § 3.37 (2,d,J=16.5 Hz), 3.46 (2,
d,J=17.1 Hz), 3.96 (10, br s), 6.98 (2, 5), 7.26 (4, s); }3C NMR (TFA-d) 8 46.0, 48.6, 58.9, 68.7, 68.9, 116.0,
126.8, 130.3, 130.4, 139.3, 152.4, 174.8, 175.3; HRMS (FAB+) calcd for C22H23N204 379.1658, found
379.1658.
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Cyclo{(2-Amino—4, 7-dimethoxyindan--2—carboxylic Acid) (2-Amino-3,6—dimethylindan—2—carboxylic Acid)]
(7). By a similar procedure, 10f (135 mg, 0.24 mmol) gave 63 mg (0.15 mmol, 64%) of 7 as a white solid, mp
344-346 °C, after recrystallization from DMSO. IR cm~! 3040, 2950, 1669, 1494; |H NMR (TFA-d) § 2.20
(6,5)3.26(2,d,1=16.5 Hz), 3.41 (2, d, ] = 16.8 Hz). 3.80-3.92 (10, m), 6.94-6.98 (4, m); 13C NMR (TFA-
d) 8 20.4,46.0,48.5,59.0,68.7,. 69.1, 119.2, 127.8, 130.5, 136.8, 139.6, 152.4, 174.8, 175 .8.

Anal. Calcd. for C24HagN204: C, 70.93; H, 6.40; N, 6.89. Found: C, 70.57; H, 6.50; N, 6.72.
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