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Abstract: The crystal structures of a family of six secondary arenedicarboxamides have been determined. Four
rodlike arenedicarboxamides pack in one-dimensional tapes in which the hydrogen-bonded scaffold holds adjacent
arenes at a fixed separation of 5 A. The dihedral angles between the planes of adjacent arenes rafidéafrem 0
to-face) to 68 (edge-to-face). Two naphthalenedicarboxamides pack in two-dimensional sheets. The 2,6-
naphthalenedicarboxamide packs in a highly puckered single-layer sheet with ne-arene close contacts. The
1,4-naphthalenedicarboxamide packs in an unusual bilayer sheet with partial face-to-face overlap of naphthalenes
from adjacent sheets. Force field calculations indicate that electrostatic interactions are dominated by hydrogen
bonding within a single tape or sheet and that the energetics of crystal packing in tapes or sheets are very similar.
Thus, the nonbonded interactions between neighboring tapes or sheets play an important role in the determination of
the packing motif. In the case of the tape structures, adjacent tapes have close-packed edge-to-face or herringbone
arene-arene interactions, whereas the sheet structures digpsgcking and €&0O---H—C hydrogen bonding.

Introduction has been observed for substituted arenes including 9-cyanoan-
thracené, dichlorostilben€, and binaphthy?f.

Leiserowitz and Tuvdlclassified the structures of secondary
dicarboxamides as belonging to either of two motifs. Diamides
which pack in one-dimensional tapes are translationally related,
and each molecule is hydrogen-bonded to two adjacent mol-
ecules with a separatiorf 6 A (motif A, Figure 1a). Diamides
which pack in two-dimensional sheets are glide- grafis-
related, and each molecule is hydrogen-bonded to four adjacent

Hydrogen bonding and aromati@aromatic interactions play
important roles in supramolecular chemistry, in both natural
and artificial system3. Self-assembly of molecular components
using these interactions has been widely investigated and
provides one approach to the development of molecular deVices.
Hydrogen bonding can result in the formation of one-dimen-
sional chains or tapes, two-dimensional sheets, and three-dimen
sional structure$. Aromatic-aromatic interactions are com- molecules (motif B, Figure 1b). A second sheet motif (motif

plicated by the spatially anisotropic nature of the aromatic rings. C, Figure 1c) in which the two diamide carbonyl groups are
At least four distinct crystal packing modes have been identified pointed in the same direction rather than opposite directions
for polynuclear aromatic hydrocarbons. Small arenes such aspag not thus far been observed. The choice between tape and
benzene, naphthalene, and anthracene display herringbone strugseet motifs is known to be sensitive to the size of the
tures, while larger arenes pack as sandwich herringboner, N-substituent, X, and the spacer R (Figure®19. While
pB-structures, according to the classification of Desiraju and giamides with bulky X groups prefer sheet structures due to
Gavezzottf: Polymorphism involving different packing modes  the steric hindrance in the corresponding tapes, sheet structures
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Figure 1. Schematic representations of the hydrogen-bonding motifs
formed by secondary dicarboxamides-MHOC—R—CONH—-X: (a)

a one-dimensional tape (motif A), (b) a two-dimensional sheet with
opposite carbonyl orientations (motif B), and (c) a two-dimensional

sheet with the same carbonyl orientations (motif C).
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C—H---O=C interactions influence the choice of motif and the

molecular geometry within the crystal.

Experimental Section

General Methods *H NMR and 3C NMR (proton-decoupled)
spectra were recorded in DMS@-solution using a Varian Gemini

Lewis et al.

300 spectrometer with TMS as internal standard. Infrared spectra were
recorded on a Mattson FT-IR spectrometer. Elemental analysis were
determined by Oneida Research Services Inc., Whitesboro, NY.
Melting points were determined on a DuPont 910 differential scanning
calorimeter with a DuPont model 200 thermal analyzer. The temper-
ature was increased by 2@/min from 0 to 400°C. The temperature
was calibrated against zinc (mp419.5°C) and tin (mp= 231.9°C)
metal.

Single crystals ofl—6 were obtained by slow evaporation of solvent
from dilute solutions in mixed solvents (3:1 methanbknzene fod,

2, and6 and 5:1 methanetdimethyl sulfoxide for3—5). Data for all

X-ray structures were recorded using an Enraf-Nonius CAD4 diffrac-
tometer with graphite-monochromated MaKadiation ¢ = 0.710 69

A) at —120+ 1 °C. Numerical details pertaining to the collection of
data, data processing, and refinement of the structures are given in Table
1. ORTEP drawings of the molecular structures and crystal-packing
motifs and tables of positional and thermal parameters, bond lengths,
and bond angles foR—4 have been previously reportét. Corre-
sponding data foll, 5, and6 are reported as Supporting Information.

All energy calculations used the Tripos 5.2 force field param®&ters
provided by the SYBYES package for van der Waals and electrostatic
interactions. The van der Waals terms were truncate?l & from a
central molecule, but include entire molecules located partially inside
this distance. Charges were calculated using the Pullman m&thod,
and a dielectric constant of 1.0 was employed. Crystal structures were
used as the starting point for energy minimization, which was continued
until the gradient in energy reached 0.05 kcal/mol or the number of
iterations reached 1000. The interaction energies in a crystal and in a
tape or a sheet were obtained by calculating the energy difference of
the energy-minimized crystal, tape, or sheet with and without the central
molecule.

Syntheses Secondary dicarboxamidés-6 were prepared from the
corresponding dicarboxylic acids using standard procedfiréhe
dicarboxylic acid precursors of—3 (Aldrich) and 5 and 6 (TCI
America) were used as received, and thad efas synthesized by the
method of Lee and Marvéf. The dicarboxylic acids were converted
to the corresponding diacid chlorides by reaction with thionyl chloride,
and the diacid chlorides then reacted with methylamine gas (Fluka) or
40% aqueous solution (Aldrich) to give the corresponding dicarboxa-
mides.

N,N’-Dimethyl-1,4-phenylenediacetamide (1).Mp = 214°C. H
NMR (DMSO-<ds): 6 7.94 (d,J = 3.9 Hz, 2H), 7.15 (s, 4H), 3.33 (s,
4H), 2.56 (d,J = 4.1 Hz, 6H). 3C NMR (DMSO-ds): 6 170.5, 134.4,
128.8, 42.0, 25.6. IR (KBr): 3307, 1649, 1563, 1167 ¢émAnal.
Calcd for GoH16N2Oy: C, 65.43; N, 12.72; H, 7.32. Found: C, 65.88;

N, 12.72; H, 7.35.

N,N’'-Dimethyl-4,4'-biphenyldicarboxamide (2). Mp = 324 °C.

H NMR (DMSO-dg): ¢ 8.54 (d,J = 4.4 Hz, 2H), 7.95 (dJ) = 8.3
Hz, 4H), 7.83 (d,J = 8.2 Hz, 4H), 2.81 (dJ = 4.1 Hz, 6H). 1°C
NMR (DMSO-ds): 6 166.1, 141.5, 133.7, 127.7, 126.7, 26.3. IR
(KBr): 3287, 1642, 1543, 1411, 1318 ckn Anal. Calcd for
CieH16N20,: C, 71.62; N, 10.44; H, 6.01. Found: C, 71.64; N, 10.40;
H, 6.12.

N,N'-Dimethyl-4,4-stilbenedicarboxamide (3). Mp = 338°C. H
NMR (DMSO-dg): 6 8.48 (d,J = 4.4 Hz, 2H), 7.86 (dJ = 8.3 Hz,
4H), 7.71 (d,J = 8.0 Hz, 4H), 7.42 (s, 2H), 2.79 (d,= 4.3 Hz, 6H).
13C NMR (DMSO+g): 6 166.1, 139.4, 133.5, 129.2, 127.5, 126.5, 26.3.
IR (KBr): 3308, 1631, 1543, 1459, 1317 ct Anal. Calcd for
CigH1eNLO2: C, 73.45; N, 9.52; H, 6.16. Found: C, 73.68; N, 9.43;
H, 6.22.

N,N’'-Dimethyl-4,4'-diphenylacetylenedicarboxamide (4).Mp =
293°C. H NMR (DMSO<ds): ¢ 8.57 (d,J = 4.7 Hz, 2H), 7.89 (d,

(11) Lewis, F. D.; Yang, J.-S.; Stern, C. . Am. Chem. Sod 996
118 2772.

(12) Clark, M.; Cramer lll, R. D.; Opdenbosch, N. ¥..Comput. Chem.
1989 10, 982.

(13) A product of Tripos, Inc.

(14) The Pullman method, a combination of methods of Del Re and
Huckel, can be found in the SYBYL program.

(15) (a) Burdett, K. A.Synthesid991, 441. (b) Salunkhe, M.; Wu, T.;
Letsinger, R. LJ. Am. Chem. S04992 114 8768. (c) Stella, L.; Raynier,
B.; Surzur, J. MTetrahedron Lett1977 2721.

(16) Lee, B. H.; Marvel, C. SJ. Polym. Sci., Chem. EA982 20, 393.
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Table 1. Crystallographic Data

J. Am. Chem. Soc., Vol. 118, No. 481 26®b

1 2 3 4 5 6
formula G2H16N202 Ci16H16N202 Ci1gH18N202 Ci1gH16N202 C14H14N20 C14H14N202
formula weight 220.27 268.31 294.35 292.34 242.28 242.28
crystal system monoclinic monoclinic monoclinic triclinic monoclinic triclinic
size (mm) 0.54x 0.20x 0.18 0.49x 0.15x 0.15 0.33x 0.32x 0.08 0.45x 0.26x 0.09 0.30x 0.43x 0.51 0.50x 0.20x 0.10
color of crystal colorless colorless colorless colorless colorless colorless
a(h) 13.345(6) 9.831(4) 9.889(2) 5.853(2) 6.276(3) 7.984(3)
b (A) 4.891(2) 19.812(4) 22.248(3) 8.417(4) 9.708(2) 8.729(2)
c(A) 9.073(3) 7.049(2) 6.970(2) 17.354(5) 9.873(4) 9.445(3)
a (deg) 90 90 90 118.14(3) 90 104.27(2)
b (deg) 103.33(3) 101.40(2) 102.85(2) 94.51(3) 95.91(4) 99.97(2)
y (deg) 90 90 90 98.26(4) 90 104.71(2)
space group P2,/c P2i/c P2i/c P1 P2,/c P1
z 2 4 4 2 2 2
densityaica(g/cn?) 1.269 1.324 1.308 1.320 1.345 1.347
m(Mo Ka), cnTt 0.87 0.88 0.86 0.87 0.92 0.92
range of trans. factors 0.98-0.99 0.99-0.99 0.98-0.99 0.98-0.99 0.96-0.97 0.96-0.99

(analytical abs correction)
2grange 2.6-53.9 2.0-55.9 2.0-45.9 2.0-49.9 2.0-45.9 2.0-53.9
F(000) 236.00 568.00 624.00 308.00 256.00 256.00
no. obsd [ > 3.00s()) 870 1441 1225 1736 741 2147
no. variables 106 230 208 264 111 220
R (%) 4.7 5.0 4.1 3.6 3.3 3.8
Ry (%) 41 3.9 35 3.7 34 4.2
goodness of fit 2.47 1.82 1.64 2.02 3.62 3.76
largest diff peak (e/A3) 0.19 0.26 0.16 0.21 0.18 0.29

J =85 Hz, 4H), 7.67 (dJ = 8.5 Hz, 4H), 2.79 (dJ = 4.5 Hz, 6H).
13C NMR (DMSO-g): 6 165.7, 134.5, 131.4, 127.4, 124.4, 90.5, 26.3.

Table 2. Dihedral Angles of Amide Groups and Phengarbonyl
Planes

IR (KBr): 3323, 2349, 1631, 1553 crh Anal. Calcd for 4 5 6
l(_{llggl;;lj\.lzoz. C, 73.95; N, 9.58; H, 5.52. Found: C, 73.72; N, 9.47; amide 0-C—N—C (deg) 1.6 57 33 07 50 05
B 45 41 25 0.7

N,N'-Dimethyl-2,6-naphthalenedicarboxamide (5).Mp = 318°C.
H NMR (DMSO-dg): 6 8.66 (d,J = 4.5 Hz, 2H), 8.44 (s, 2H), 8.06
(d, 3 = 8.4 Hz, 2H), 7.95 (dJ = 8.7 Hz, 2H), 2.83 (dJ = 4.5 Hz,
6H). °C NMR (DMSO-dg): 0 166.4, 133.2 (2C), 128.9, 127.0, 124.7,
26.4. IR (KBr): 3273, 1639, 1553, 1318 cfn Anal. Calcd for
C1H14NLO,: C, 69.40; N, 11.56; H, 5.82. Found: C, 69.40; N, 11.55;
H, 5.93.

N,N'-Dimethyl-1,4-naphthalenedicarboxamide (6).Mp = 268°C.
H NMR (DMSO-ds): 6 8.53 (d,J = 4.7 Hz, 2H), 8.178.21 (m,
2H), 7.57 - 7.60 (m, 2H), 7.56 (s, 2H), 2.85 @= 4.6 Hz, 6H). °C
NMR (DMSO-dg): 6 168.6, 136.4, 129.8, 126.8, 125.7, 123.9, 26.1.
IR (KBr): 3325, 1639, 1523, 1397, 1302, 1156 ¢m Anal. Calcd
for CisH14NOo: C, 69.40; N, 11.56; H, 5.82. Found: C, 69.57; N,
11.55; H, 5.87.

Results and Discussion

Molecular Structure. Crystals of the arenedicarboxamides
1—-6 were grown by slow evaporation of solvent under ambient
conditions. They crystallize in either monoclinic or triclinic

space groups (Table 1). Three views of their crystal structures

are shown in Figures-27. Crystals of6 grown from three
different mixed solvents were found to have the same unit cell

765 22.6 255 105 248 50.9
447 37.7 49.2 66.1

phenyk-carbonyl (deg)

a A methylene group separates the phenyl and carbonyl plares in
bTwo distinct conformers exist in the crystal, and one has a larger
angle than the other.

hydrogen-bonding scaffold allows rotational motion around the
intramolecular amideamide axis even at120 °C.

The biphenyl in2, trans-stilbene in3, and diphenylacetylene
in 4 all adopt conformations similar to those observed in the
vapor or solution phas€. Both biphenyl andransstilbene are
nonplanar with phenytphenyl dihedral angles of 35.5nd
28.7°, respectively, whereas diphenylacetylene is planar. The
parent arenes &4 are all planar in the cryst&. The planarity
of biphenyl and stilbene has been attributed to close-packing
forces. Evidently, these forces do not determine the molecular
conformation of2 and3 in the solid state.

Dihedral angles for the amide groups and the phenyl
carbonyl planes of—6 are reported in Table 2. ThHémethyl
amide groups are essentially planar, withh O—N—C dihedral

parameters, indicating that the observed crystal structure is@ngles less than°sas observed for othe¥-methyl amides.

probably the most stable form in the solid state. Each molecule The arene-carbonyl dihedral angles display large deviations
in the crystal has the same geometry, except in the cade of from planarity, as seen in other secondary areneaniides.
for which there are two crystallographically independent Nonplanarity diminishes the resonance interaction between the

conformers which mainly differ in their arenr@mide dihedral
angles (ide infra). There are several interesting aspects of the
molecular structures df—6. All of the bond lengths and bond

arene and carbonyk systems, but is a prerequisite for the
formation of N—H---O bonds of optimal length by translational
symmetry. Each diamide molecule inand5 is centrosym-

angles are normal except for the unusually short ethylene bondmetric and thus has the same arenarbony! dihedral angles,

length in3 (1.313(4) A vs the standard 1.337(6}7A). By
analogy to similar observations for otheans-stilbene deriva-
tives, this is most likely an artifact caused by dynamic averaging
originating from the torsional vibration of the-Ph bond!®

whereas the asymmetric unit comprises the entire molecule in
the cases a2, 3, and6, giving rise to two nonequivalent arene

(19) (a) Traetteberg, M.; Frantsen, E. B.; Mijlhoff, F. C.; Hoekstra, A.
J. Mol. Struct.1975 26, 57. (b) Rubio, M.; Mercha, M.; Orfi, E.; Roos,

The large deviation from normal bond length suggests that the B. O. Chem. Phys. Lettl995 234, 373. (c) Saebg, S.; AlrilpJ.; Boggs,

(17) International Tables for X-ray CrystallographyKynoch Press:
Birmingham, 1968; Vol. lIl.

(18) Ogawa, K.; Sano, T.; Yoshimura, S.; Takeuchi, Y.; ToriumiJK.
Am. Chem. Sod 992 114 1041.

J. E.; Stark, J. GJ. Mol. Struct.: THEOCHEML989 200, 361.

(20) (a) Hoekstra, A.; Meertens, P.; Vos, Acta Crystallogr 1975 B31,
2813. (b) Hargreaves, A.; Hasan Rizvi,/A&ta Crystallogr.1962 15, 365.
(c) Mavridis, A.; Moustakali-Mavridis |Acta Crystallogr.1977 B33 3612.

(21) Toriumi, Y.; Kasuya, A.; Itai, AJ. Org. Chem199Q 55, 259.
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(b)

Top View
Figure 2. Three views of the packing arrangement fousing both
of the space-filling and wire-frame models: (a) the offset, face-to-face
xylene groups in the tapes, (b) side view of the tapes looking down
the long axis & direction) of the molecule (amide groups omitted for
clarity) showing the herringbone packing of the xylene groups
(hydrogen bonds expressed as the dotted lines), and (c) top view of
the tapes looking down the hydrogen-bonding axisdirection) of
adjacent tapes.

carbonyl dihedral angles. Two distinct centrosymmetic con-
formers exist in the crystal od. Thus, the asymmetric unit
contains half of each conformer in which one has arene
carbonyl dihedral angles of 10.%and the other 492(Figure
5a). The sums of the two nonequivalent dihedral angl@s-i

are all in the range 6067°. The largest dihedral angles are
observed foB, presumably due to nonbonded repulsion between
the carbonyl group and H-5 or H-8. It should be noted that a
methylene group separates the phenyl ring and carbony in
and thus the arenecarbonyl angles are not comparable to those
in 2—6.

Hydrogen Bonding. Dicarboxamided—4 adopt the transla-
tion-related packing motif A (Figure 1a), forming one-
dimensional hydrogen-bonded tapes (Figure$2 The naph-
thalenedicarboxamidesand6 adopt the glide-related motif B

Lewis et al.

Top View

Top View

Figure 3. Three views of the packing arrangement fr (a) an
ORTEP drawing of the tapes, (b) side view of the tapes showing the
edge-to-face phenylphenyl geometries using both the space-filling
and wire-frame models (hydrogen-bonding axis expressed as a dotted
line and amide groups omitted for clarity), and (c) top view of the
tapes looking down the hydrogen-bonding asislifection) of adjacent
tapes.

Table 3. Structural and Solid State Infrared Data for
Amide—Amide Hydrogen Bonds

1 2 3 4 5 6

N(H)-+-O (A) 284 279 280 287 283 292

2.82 2.85 2.89 2.93
(N)H-++0 (R) 195 198 193 203 197 2.06

1.99 2.05 2.14 2.22
N—H-+-O (deg) 179 155 159 139 164 137

159 162 160 160
H-+-0=C (deg) 176 142 146 139 144 141

161 168 161 159
mean deviation 0.0029 0.0006 0.0099 0.0523 0.0292 0.0170

from planarity (A)

0.0317 0.0364 0.1090 0.0094
Uc—o (cm2) 1639 1630 1631 1631 1639 1639
Un-+ (cm™?) 3298 3285 3308 3323 3273 3325

aTwo values are shown in cases where the crystal possesses two

and the unusual pseudoglide (due to the pseudocrystallographitonequivalent hydrogen bonds.

mirror symmetry of the molecule itself) related motif C (Figure
1), respectively, to form two-dimensional sheets (Figures 6 and
7). Structural parameters and solid state IR data for the

hydrogen bonds are summarized in Table 3. Both of the
hydrogen bonds id and5 are equivalent, whereas two slightly
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Top View Top View

b Top View Top View

Figure 4. Three views of the packing arrangement fir (a) an Figure 5. Three views of the packing arrangement #r (a) an

ORTEP drawing of the tapes, (b) side view of the tapes showing the ORTEP drawing of the tapes, (b) side view of the tapes showing the
edge-to-face phenylphenyl geometries using both the space-filling herringbone packing of the diphenylacetylene groups using both the
and wire-frame models (hydrogen-bonding axis expressed as a dottedspace-filling and wire-frame models (hydrogen-bonding axis expressed
line and amide groups omitted for clarity), and (c) top view of the as dotted lines and amide groups omitted for clarity), and (c) top view
tapes looking down the hydrogen-bonding asislifection) of adjacent of the tapes looking down the hydrogen-bonding axis of adjacent tapes.

tapes.
P The intermolecular NCHs+--CHs—N contacts in the ideal-

ized planar sheet motifs B and C shown in Figure 1 must be
accomodated by distortion of the sheet structure if the group R
is not sufficiently long. This is accomplished by puckering of
the sheet irb and by distortion of the hydrogen-bonded network
in 6, which results in nonlinear NH---O hydrogen bonding.
Linear N—H---O bonding requires that the pseudoglide plane

for N-methyl mono- and dicarboxamides. The-N---O angle pass through the carbonyl C atoms, as the case in Figure 1c.

for 1is linear, but those for the other dicarboxamide are between E:clilr ?jlfgtgr?czy?rt]irg'e gIz;/rzrt]i(?HSbétv?(Secetgen:eri]ter:&cr)ilﬁcuIzgﬁj% lide
13® and 164. The H:-O=C angles are all larger than 120 es would be oa p7 5 A (2 (Ld5t 1 2% poel 6%)p+ pye 9
Mean deviations from planarity are small for all of the hydrogen R) However. the i.ntr.a molecula{r distarlme between th.e wo
bonds. Hydrogen bonding is known to decrease both ti®C : ’ . A A). which

and N-H IR stretching frequencies. While there are variations Fafboﬂy' C atoms is only ca. 5.8 A 2 1.5+ 2.8 A), whic

in these frequencies fak—6 (Table 3), no consistent pattern |Cs:|_(|)b_vl|\louly not Iorf enoughlto ﬂccommgdaﬁ thel(BHy"'
emerges which might be indicative of differences in the relative N groups. As a result, the pseudoglide plane passes
hydrogen bond strengths. The arenedicarboxamides are highly"0ugh the N and O atoms (Figure 7a), leading to nonlinear
insoluble in less polar solvents than dimethyl sulfoxide or N 1O bonds.

alcohols, and thus it was not possible to obtain solution IR data ArenefArene and_ Are_ne—CarbonyI Interactions. The
for comparison with solid state IR and structural data. neighboring phenyl rings in a hydrogen-bonded tapk aflopt
an offset, parallel geometry (Figure 2b). The plane-to-plane

(22) Taylor, R.; Kennard, OAcc. Chem. Re<984 17, 320. distance is 3.11 A; however, there are no short contac®g

different hydrogen bonds are observed in the other arenedicar-
boxamides.

The optimum geometry for amieeamide hydrogen bonding
has linear and coplanarfH---O bonds oriented in the direction
of the oxygen splone pairs>?2The N(H}--O distances are all
within the range of values observed by Leiserowitz and Tuval
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Figure 6. Three views of the packing arrangement far (a) a
puckered sheet, (b) side view of the sheets showing the offset, face-
to-face naphthalerenaphthalene geometries of adjacent sheets (amide Top View
groups omitted for clar'ity) using both the spage-filling and wire-frame Figure 7. Three views of the packing arrangement Gor(a) a sheet,
models, and (c) top view of the sheets looking down the hydrogen- (1) side view of the sheets showing the pairwise, face-to-face
bonding axis ¢ direction) of adjacent sheets. naphthalenenaphthalene geometries and the bilayer structure of
adjacent layers (hydrogen-bonding axis expressed as dotted lines amide
A) between the carbon atoms of neighboring rings. In contrast, groups omitted for clarity) using both the space-filling and wire-frame
the neighboring phenyl rings in the hydrogen-bonded tapes of models, and (c) top view of the sheets looking down the hydrogen-
2—4 adopt edge-to-face geometries (Figures-38b), which are bonding axis of adjacent sheets.
schematically depicted in Figure 8a (farand 3) and Figure
8b (for4). The averaged centroittentroid distances between
adjacent phenyl rings are in the orc¢4.95 A)~ 2 (4.92 A)
> 4 (4.77 A), and phenytphenyl dihedral angles are in the
order4 (67.9) > 2 (35.5) > 3 (28.1°). Neighboring arene
molecules in adjacent tapes @f-3 also adopt edge-to-face
geometries (Figures 2¢ic). The centroie-centroid distances
between phenyl rings in adjacent tapes are 5.15, 4.48, and 4.4
A, respectively, and the dihedral angles are 7936.%, and
28.1°. As a consequence of different symmetry relationships
between the tapes, arenes in adjacent tapeé afe offset, (23) Jorgensen, W. L.; Severance, D.JL.Am. Chem. S0od99Q 112,

: 4768.
parallel (Figure 5b,c) and have only one-© contact shorter (24) (a) Linse, PJ. Am. Chem. S0d993 115 8793. (b) Linse, PJ.

tha_n 3.6 A (Table 4). Itis interesting to nqte_that, in spite of Am Chem. 504992 114, 4366. (c) Pettersson, I.; Liljefors, T. Comput.
their different arenearene geometries within a tape, the Chem.1987 8, 1139.

edge-to-face phenylphenyl alignments i and3 are consistent
with the preference for edge-to-face vs face-to-face phenyl
phenyl geometry of benzene dimers in the gas and liquid phases
and the herringbone structures in the cry3tat® A phenyk
phenyl dihedral angle of 60has been found to be the most
common in the distribution of phenylalaninphenylalanine
d}lihedral angles observed for globular proteifisThe intertape
dihedral angle irl and intratape angle id are similar to that

for phenylalanine-phenylalanine or the perpendicular benzene

herringbone-like three-dimensional pheaphenyl alignments y (25) (é’i)JJaf&leay K. C; \Tzlenémhinge%rmlsfé%gvgnsn'lilg';(tg\l)ogiCk'dS'J E;
. F— . arris, S. J.; Kiemperer, . em. Y. y . eed, J.
in 1 and4 are very similar (Figures 2b and Sb). M.; Dixon, T. A.; Klemperer, W.J. Chem. Phys1979 70, 4940. (c) Law,

The crystal structures of—4 could readily accommo- K. S.; Schauter, M.; Bernstein, E. R. Chem. Phys1984 81, 4871. (d)

tA P Bornsen, K. O.; Selzle, H. L.; Schlag, E. W. Chem. Phys1986 85,

da:le oﬁget,llfage to face phemyshenyl geometries as shown 1726.(e) Laatikainen, R.; Ratilainen, J.; Sebastian, R.; Santd, Am.
schematically in Figure 8c (fd2 and3) and Figure 8d (fo#). Chem. S0c1995 117, 11006.

Both the herringbone packing of areneslirand 4 and the (26) Singh, J.; Thornton, J. MFEBS Lett.1985 191, 1.
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Figure 8. Schematic representations of the edge-to-face (a) phenyl

phenyl geometries in a tape f@rand 3 and (b) diphenylacetylere

diphenylacetylene geometries férand the hypothetical offset, face-

to-face arenearene geometries for (& and3 and for (d)4.

dimer. The smaller dihedral angles observedZand 3 are
determined by the optimum intramolecular phenghenyl
dihedral angles of the biphenyl and stilbene groups.
example, in the case of bipheng| an “optimized” edge-to-
face geometry could be obtained for biphenyl intramolecular
dihedral angles of either@Figure 8b) or 99 (Figure 8a). The
estimated energy required for converting biphenyl to either its
planar or perpendicular conformation4s2 kcal/mol?” which
may be higher than the energy gain which would result from
an increase in the edge-to-face interaction.

Intermolecular G-C close contacts<3.6 A) for 1—6 are
summarized in Table 4. There are no close arearene

For

contacts between adjacent naphthalenes within the two-

dimensional sheets & or 6 (Figures 6a and 7a), as might be

J. Am. Chem. Soc., Vol. 118, No. 48] 20%%

only short intratape contact involving an aromatic hydrogen is
that observed id. Particularly notable are the two very short
contacts between the aromatic H-2 and H-3 and the two carbonyl
oxygens of a dicarboxamide in the adjacent layeb ¢Table
4). The lengths and angles for these contacts (Table 4) are
consistent with Desiraju’s criteria for strong-€i---O hydrogen
bonding?® Both C—H---O hydrogen bonds are possible only
when both carbonyl oxygens point in the same direction, as is
the case for motif C, but not for motif B (Figure 1). However,
face-to-face interactions between naphthalenes in adjacent tapes
would be possible in motif B, as shown schematically in Figure
9, as well as motif C. Thus, it is possible that-8---O
hydrogen bonding rather than naphthalenaphthalene interac-
tions (Figure 7b) is responsible for the observation of the unusual
motif-C bilayer structure 06. As a consequence of the motif-C
packing of6, the nonbonded contact between the two adjacent
methyl groups (X in Figure 1c) in the same layer is 0.12 A
shorter than the sum of the van der Waals radii (Table 4).

Tapes vs Sheets (Force Field Calculations)As mentioned
previously, the formation of tape vs sheet structures by
secondary dicarboxamides can be influenced byNHseibstitu-
ent X as well as the nature of the linker R (Figure 1). The use
of the smallN-methyl substituent in this investigation permits
us to focus on the role of arerarene interactions in crystal
packing. The observation of tape motifs for4 with arene-
arene geometries ranging from offset, face-to-face to edge-to-
face and two different sheet motifs férand 6 indicates that
the crystal structures of the arenedicarboxamides are highly
dependent upon arene structure. One possible explanation for
the occurrence of sheet motifs férand6 is that the arene is
effectively “wider” than the rodlike arenes &f-4 (Figure 10).
While this might prevent packing in an edge-to-face tape (Figure
8b), it should not interfere with packing in a face-to-face tape
(Figure 8d). In fact a tape structure similarXavith face-to-
face naphthalenes has been reported for a secondary diamide
derivative of 2,6-naphthalenedicarboxylic acid with different
N-substituent8? In addition, it was recently reported that the
N,N-dimethyl amide ofp-phenylenediacrylic acid, which is a
rodlike arene, packs in sheets (Figure ¥b)Evidently, the
choice of crystal-packing motifs is dependent upon the interac-
tions between adjacent tapes or sheets as well as the interactions
between molecules within a single tape or sheet.

In order to compare the nonbonded interactions of arenedi-
carboxamides within a tape or a sheet with those between tapes
or sheets, the Tripos 5.2 force fiétdn the SYBYL!3 package

expected on the basis of the hydrogen-bonding scaffold (Figure has been employed to obtain the electrostatic and van der Waals
1b,c). The planes of the closest naphthalene in adjacent sheetpotential energies of—6. The charges used for electrostatic

of 5 and6 are parallel (Figures 6¢c and 7c). In the caseéof

energy calculations were calculated using the Pullman méthod,

the naphthalenes are offset with a plane-to-plane separation ofand a dielectric constant of 1.0 was assumed. The van der

3.57 A and there are no short-GC contacts €3.6 A, Figure
6b). In contrast naphthalenes in adjacent sheet§ bhve

Waals interactions were truncated at 8 A. The single-crystal
data served as the starting point for the geometry, and the energy

significant overlap (Figure 7b) and have a 3.48 A plane-to-plane of the crystal was minimized until the gradient in energy reached

separation. These arenarene interactions may contribute to
the stabilization of the single-layer structurébimand the bilayer
structure in6. Russell et af® have observed that guanidinium

0.05 kcal/mol or the number of iterations reached 1000. Since
hydrogen bonding is an electrostatic phenomenon, the hydrogen-
bonding energy is included in the electrostatic energy. The

1-naphthalenesulfonate and 2-naphthalenesulfonate adopt singleresults of calculations fat—6 are reported in Figure 11a. The
layer and bilayer structures, respectively. Naphthalenes fromyan der Waals energies largely determine the relative lattice

adjacent layers adopt a face-to-face geometry in the former salt

and a herringbone edge-to-face geometry in the latter.
In addition to arenearene interactions, the arenedicarboxa-
mides display some short=€D---H—C contacts both within a

(29) (a) Taylor, R.; Kennard, Q. Am. Chem. S04982,104, 5063. (b)
Desiraju, G. RAcc. Chem. Red.991, 24, 290. (c) Desiraju, G. RCrystal
Engineering-The Design of Organic Solillsevier: New York, 1989; pp
142-173. (d) Steiner, T.; Saenger, \W..Am. Chem. S04993,115 4540.

single tape or sheet and between adjacent tapes or sheets. The) Shimoni, L.; Carrell, H. L.; Glusker, J. P.; Coombs, M. MAm. Chem.

(27) Takei, Y.; Yamaguchi, T.; Osamura, Y.; Fuke, K.; Kaya,JKPhys.
Chem.1988 92, 577.

(28) Russell, V. A.; Etter, M. C.; Ward, M. OJ. Am. Chem. S0d.994
116, 1941.

Soc.1994,116, 8162. (f) Desiraju, G. RAcc. Chem. Red.996 29, 441.
(30) Weinstein, S.; Leiserowitz, L.; Gil-Av, B. Am. Chem. S04980,
102 2768.
(31) Feeder, N.; Nakanishi, Mol. Cryst. Lig. Cryst. Sci. Technol., Sect.
A 1996 277, 691.
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Table 4. Intermolecular &-C (<3.6 A) and G--H-C (<2.6 A) Close Contact Distances between the Asymmetric Moléanld Its
Neighbors in the Same or Adjacent Hydrogen-Bonded Tapes or Sheets

within tapes or sheets adjacent tapes or sheets

compound distance (A) + sum of VDW atomi---atomj distance (A) + sum of VDW atomi---atinj
10 none 3.35 —0.05 C(1)--C()
3.52 0.12 C(7y-C(7¥
3.43 0.03 C(7y-C(8yF
2 3.56 0.16 C(7y-C(24¥ 3.46 0.06 C(1»-C(2)
3.53 0.13 C(8y-C(13¥f 3.50 0.10 C(4)y-C(12)c
3.55 0.15 C(4y-C(13¥
3.46 0.06 C(5r-C(12¥
3.41 0.01 C(5r-C(15)
3.56 0.16 C(15)-C(16)
3 3.56 0.16 C(4)y-C(13¥ 3.46 0.06 C(1y-C(2)
3.48 0.08 C(5y-C(13F 3.53 0.13 C(4y-C(11¥
3.43 0.03 C(7y-C(16¥ 3.53 0.13 C(4y-C(16¥
3.45 0.05 C(8y-C(15F 3.46 0.06 C(5y-C(15F
3.49 0.09 C(8y-C(16¥ 3.48 0.08 C(5r-C(16¥
3.58 0.18 C(10)-C(17)
4 2.44 -0.18 0(2)--H(5) 3.48,3.54 0.08,0.14 C(%)C(11)
3.59 0.19 C(2y-C(12)
3.59 0.19 C(17-C(17y
5 none none
6 3.56 0.16 C(6y-C(12) 2.45 -0.17 O(1)--H(2)e
3.53 0.13 C(7y-C(12) 2.44 -0.18 0(2)--H(3)
3.28 -0.12 C(12)--C(14) 3.58 0.18 C(3)-C(5F
3.49 0.09 C(2y-C(6)
3.55 0.15 C(4)y-C(8y
3.54 0.14 C(9y-C(9y

a Asymmetric molecules:

(His) Hs H
(ow ()=
1(0117—"{\ 7(17)

4

b The number of close contacts should be doubled for each molecule due to the symmetry of the inversidhAzenierarene carbons.C—H---O
= 151° and H:-:O=C = 109. ¢ C—H---:O = 147 and H--0O=C = 133. fC—H---O = 167 and H:-0=C = 119

may explain the absence of prior examples of packing motif C
(Figure 1). The electrostatic energy®fs larger than that for

1 and comparable to those 24, and thus the preference for
packing in tape vs sheet structures is not determined by the
total electrostatic energy.

The contribution of electrostatic and van der Waals energies
within a tape or sheet to the total lattice energy of the crystal is
reported in Figure 11b. Greater than 90% of the total
electrostatic energy is contributed by the tapes or sheets, except
in the case ofl. This result is hardly surprising since amitdle

: _‘N’M‘ amide hydrogen bonding occurs only within individual tapes
. OM or sheets and dominates the electrostatic energy. The contribu-
&<  Side Viow tion of the tapes or sheets to the total van der Waals energy is

" <35%, and that to the total lattice energy~%50%. These

_.__ B i?ﬁdi_ results imply that interactions between tapes or sheets are as
. : important as those within tapes or sheets. Similar findings have
&= 2, axis related been used to interpret the anomalous packing of adipamide by

Hagler and Leiserowit?? Thus, in cases where both motifs
Figure 9. Schematic representations of the hypothetical single-layer are possible, favorable nonbonded interactions between tapes
and motif-B packings for6 showing the pairwise, face-to-face or sheets play an important role in the choice between tape and
naphthalenenaphthalene overlaps. sheet structures. The edge-to-face arerene interactions and
herringbone packings between adjacent tapek-af (Figures
2—4) may favor the tape vs sheet structure. It appears likely

(32) Hagler, A. T.; Leiserowitz, LJ. Am. Chem. S0d978,100, 5879.

energies and appear to reflect the relative size of ar&vwesA
> 2 > 5=6 > 1) rather than the presence or absence of arene
arene interactions. The smaller electrostatic energ fes 5
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Figure 10. A comparision of the shape of the arenes biphenyl and naphthalene around the-amide axis.

and C—H---O=C hydrogen bonding between the adjacent sheets
may contribute to the stability of the unusual bilayer structure
-110 for 6. Whereas5 does not display €H:--O=C hydrogen
bonding, it has the same calculated density of 1.35 §&s6,
indicating close packing in both compounds. Such close
packing might not be attained %fadopted a tape structure due
to its wider arene shape. Likewise, the sheet structure observed
in N,N-dimethyl amide op-phenylenediacrylic acié! a rodlike
molecule, can be understood because its small viagiide
dihedral angles permit it to pack in a planar sheet motif (Figure
1b) with face-to-facer-stacking between sheets.

Concluding Remarks. The three hydrogen-bonding motifs
available to single crystals of secondary arenedicarboxamides
permit the investigation of arer@rene interactions both within
a single tape or sheet and between adjacent tapes or sheets. On
the basis of the crystallographic and IR data, and the calculated
Compound number energetics of hydrogen bonding, no significant differences are

observed for tape vs sheet motifs. The rodlike arenedicarboxa-
(@) midesl—4 adopt tape structures in which the hydrogen-bonded
scaffold provids a 5 A separation between the long axes of
adjacent arenes. This scaffold permits individual arenes to adopt
conformations similar to those observed in the vapor or solution
phase. It also permits edge-to-face or herringbone interactions
90 L — between adjacent arenes. The arenedicarboxansidexd 6
80 - adopt sheet structures and have same calculated density. Their
wider naphthalene shapes may prevent them from forming tapes
with stabilizing arenearene interactions or close packing
between tapes. The highly puckered motif-B single-layer
% 50 A o A structure o5 may be stabilized by close packing between sheets.
40 A Both intersheet face-to-face arermrene interactions and
. C—H---0O=C hydrogen bonding may contribute to the stability
o o of the uncommon motif-C bilayer structure 6f Such weak
20 interactions have an important role in determining the crystal-
10 packing motif and molecular conformation of molecules whose
partial crystal structure has been preorganized by hydrogen
1 2 3 a4 5 8 bonding?®

Compound number

I W van der Waals B electrostatic

Lattice Energy (kcal/mol)

ovdw% Helec% Afelec+vdw)%

100 L

70

60
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would not possess favorable intertape interactions and would
be loosely packed (Figure 10). Both face-to-facstacking JA962986B



