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Abstract: Rebek imides (3), formed
from Kemp×s triacid, were developed
in the mid-1980×s as model receptors for
adenine derivatives. We report here the
first account of their hydrogen-bonding
preferences upon binding 9-ethylade-
nine (1 a) in the solid state. Structural
analysis begins with simple imides 3 a ± e
that form discrete dimers, while bis-
imide 4 forms ribbon-like structures in
the crystalline phase. The hydrogen-
bonding interface within each of the
representative assemblies features short
intermolecular N(3)imide ¥ ¥ ¥O(8*)imide*
distances (ca. 2.95 ä), indicative of
two-point hydrogen bonding. Imides
3 f ± h could be co-crystallized with 1 a ;

single-crystal X-ray analysis of the re-
sulting complexes reveals hydrogen-
bonding geometries nearly identical to
those observed in nucleobase complexes
of adenine and pyrimidine derivatives.
Imides 3 f and 3 g form 2:1 ternary
assemblies with 1 a ; the complex of the
former, (3 f)2 ¥ 1 a, displays both Wat-
son ±Crick- and Hoogsteen-type hydro-
gen bonding, whereas the complex of
the latter, (3 g)2 ¥ 1 a, shows the Hoogs-

teen motif and imide hydrogen bonding
to N(3) of the purine base (N(3)adenine ¥ ¥ ¥
N(3��)imide� 3.07(1) ä). Imide 3 h forms a
1:1 complex with 1 a (3 h ¥ 1 a ¥CHCl3)
and displays Hoogsteen binding exclu-
sively. All of the 3 ¥ 1 a assemblies show
Cadenine ¥ ¥ ¥Oimide distances (3.38 ± 3.75 ä)
that are consistent with C-H ¥ ¥ ¥O hydro-
gen bonding. Base-pairing preferences
for the Rebek imides are further ex-
plored in solution by 1H NMR one-
dimensional NOE experiments and by
computational means; in all cases the
Hoogsteen motif is modestly favored
relative to its Watson ±Crick counter-
part.

Keywords: Hoogsteen base pairing
¥ hydrogen bonding ¥ molecular
recognition ¥ receptors ¥ Watson ±
Crick base pairing

Introduction

Structural elucidation of double-stranded DNA through
X-ray analysis by Watson and Crick[1] provided the impetus
for exploring simplified nucleobase complexes in the solid
state throughout the 1950×s and 60×s, with particular emphasis
placed at the time on rationalizing base-pairing structure.
Early contributions by Hoogsteen,[2] Rich,[3] Sobell,[4] Frey,[5]

and their co-workers explored the subtle structural differ-
ences between the complexes of substituted adenines (A) with
thymine (T) and uracil (U) derivatives. Through this research
was elucidated a nearly exclusive preference for Hoogsteen
binding within 1:1 base-pair complexes between 9-alkylade-
nines (1 a, 1 b) and 1-methylthymine (2 a) or 1-methyluracil
(2 b-d) in the solid state (Figure 1), independent of lattice
structure or crystallization conditions (vide infra).[6]

Figure 1. 1:1 Complexes between 9-alkyladenines (1a, 1 b) and thymine
(2a) or uracil (2b ± d) derivatives display Hoogsteen (HG) binding in the
solid state. [a] Refs. [2, 5]. [b] Ref. [3a]. [c] Ref. [3d]. [d] Refs. [3b,c]. The
atom numbering scheme shown is used throughout the paper.

Cyclic imide derivatives 3 of Kemp×s triacid[7] were
introduced by Rebek and co-workers in the mid-1980×s as
model receptors for adenine derivatives.[8] Variants of 3
reversibly bind 9-ethyladenine (1 a) through two-point hydro-
gen bonding (Figure 2).[9] Rapid interconversion on the NMR
timescale is observed in solution between free 3 and bound 3
(3 ¥ 1 a) wherein 1:1 complexation occurs through either the
Hoogsteen (HG) or Watson ±Crick (WC) faces, the hydro-
gen-bonding motifs introduced and defined for nucleotide
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Figure 2. Rebek imides 3 can reversibly bind adenine derivatives (e.g.
9-ethyladenine, 1 a) from either the Hoogsteen (HG) or Watson ±Crick
(WC) face. Inset: Atom numbering scheme for 3 in 3 ¥ 1 a complexes.

base pairing. NMR experiments have probed the independent
contributions of hydrogen bonding and aromatic � stacking
(Figure 2, in which X� phenyl,
naphthyl, and anthryl deriva-
tives) to adenine complexation
and addressed the influence of
� stacking on HG and WC
preferences.[8, 9] Meanwhile, re-
duction of the cyclic imide
in 3 to the corresponding lac-
tam has provided insight into
the role of secondary electro-
static interactions in hydrogen-
bonded complex stability.[9i, 10]

The sum of this work has estab-
lished suitably substituted Re-
bek imides as versatile and
functional nucleobase surro-
gates.
Even so, adenine complexes of the Rebek imides have yet

to be studied in the solid state, for which the structures of their
nucleobase congeners have been known for more than
40 years. During the course of recent investigations aimed at
the study of sulfur-aromatic interactions in proteins, we have
employed the Rebek imide receptor system.[11] Crystallization
of imides 3 a ±h and 4 has permitted their detailed solid-state
investigation. While pentyl, cyclohexyl (Cy), and dithianyl
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(Di) derivatives 3 a ± e form simple hydrogen-bonded dimers
in the crystalline phase, 4 forms extended ribbon-like
structures, and receptors 3 f ± h, after readily co-crystallizing
with 1 a, appear as their adenine complexes. These last
systems display a rich array of hydrogen-bonding motifs,
which we discuss herein in terms of the known solid-state
behavior and base-pairing geometries of the nucleobases. A
preference for the Hoogsteen configuration within the
solvated complex 3 h ¥ 1 a ¥CHCl3 inspired parallel studies in
solution by 1H NMR one-dimesional NOE experiments and
in the gas phase by computational means. Results of these
experiments demonstrate that the Hoogsteen preference
persists in the solid, liquid, and gas phases for 1:1 adenine
complexes of the Rebek imides.

Results and Discussion

Synthesis : Schemes 1 and 2 show the preparation of all new
compounds used in our studies. Derivatives 3 a ± e, 3 h ± j, and
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Scheme 2. Preparation of bis-imide 4. Conditions: a) HO(CH2)2-
S2(CH2)2OH, NEt3, DMAP, CH2Cl2, reflux; 26%.

bis-imide 4 were prepared by reaction of the appropriate
alcohol or amine with known acid chloride 6[9f, 12] as described
in the literature for analogous compounds.[9] Imide 3 g was
accessed by direct alkylation of Kemp×s triacid 5[7, 12] with
chloromethyl methyl sulfide following the general procedure
of Kim and co-workers.[13] All compounds were isolated as
crystalline, white solids.

X-ray crystallography

Imides 3 a ± e and bis-imide 4 : A search of the Cambridge
Structural Database (CSD)[14] reveals four examples of Rebek
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Scheme 1. Preparation of novel Rebek imide derivatives from Kemp×s triacid 5. Conditions: a) SOCl2, reflux
(ref. [12]). b) NEt3, DMAP (cat.), CH2Cl2, RT or reflux; 35% (3b), 31% (3 c), 21% (3 d), 12% (3e).
c) ClCH2SCH3, NEt3, CH3CN, RT; 24%. d) NEt3, CH2Cl2, 0 �C to RT; 50% (3 a), 77% (3 h), 80% (3 i), 64% (3j).
DMAP� 4-dimethylaminopyridine.
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imide dimers in the solid state; however, this hydrogen-
bonding motif is not discussed in the corresponding cita-
tions.[15] We describe here the solid-state structures of imide
3 a and bis-imide 4 as many of their features are representative
of these two classes of compounds. The structures of 3 b ± e,
which all form hydrogen-bonded dimers, have been deposited
with the Cambridge Crystallographic Data Centre (CCDC;
see the Experimental Section for details).
We consider first the dimeric structure of 3 a (Figures 3a

and b). The imide function within each molecule of 3 a is
expectedly planar, as it appears in all of our structures–the
largest deviation of the imide atoms (i.e. , C(2), N(3), C(4),

Figure 3. X-ray crystallographic analysis of 3 a. a) The 3 a ¥ 3a dimer. Some
hydrogens have been omitted for clarity. Black dashed lines denote
hydrogen bonds. b) Hydrogen bonding is also observed between the amide
�NH protons and the imide carbonyl oxygens. c) An ORTEP diagram of
the unit cell of 3a, projected along the c axis. Hydrogens and disordered
solvent molecules occupying the channels have been omitted for clarity.
Atom colors: blue N, red O, white H. Thermal ellipsoids are shown at the
50% probability level.

O(7), O(8); Figure 4) from the least-squares plane defined by
these atoms is 0.02 ä. At the hydrogen-bonding interface an
N(3) ¥ ¥ ¥O(8*)[16] bond length of 2.98(1) ä (Table 1) compares
favorably with the average 2.92(3) ä observed for the four
reported structures in the CSD, as does an O(8) ¥ ¥ ¥O(8*)

distance of 3.40(1) ä (versus
3.60(9) ä). Moreover, the hy-
drogen-bonding angles are
nearly identical. Finally, the
planes of the two imide func-
tions at the dimer junction are
parallel for symmetry reasons;
they are offset by only 0.09 ä.
Such is also the case for imides
3 b ± e.

A packing diagram for 3 a is shown in Figure 3c wherein the
crystal displays rhombohedral (R3≈) symmetry. The pentyl
substituents are sufficient to fill the intervening space
between the dimer units, but unexpectedly, lipophilic channels
are formed about the lattice×s trigonal axis. The distance
across the channels is approximately 8 ä; possible occupants
are disordered n-hexane solvent molecules aligned along the
c axis in their extended chain conformation (ca. 6.5 ä end-
to-end). Atoms composing the solvent molecules and Rebek
imide subunits (e.g., the methyl groups) appear to be
within van der Waals contact along the channel bore. The
molecules of 3 a form an infinite hydrogen-bonded network
throughout the lattice (Figure 3c) by means of weak contacts
between the amide �NH of one imide and the carbonyl
oxygen of an imide from a neighboring pair (O(7) ¥ ¥ ¥Namide�
3.13 ä).
A search of the CSD for Rebek-type bis(imides) does not

reveal any submissions, although several alkyl-tethered cyclic
bis(imides) can be found.[17] Bis-imide 4 is not unlike these
examples, although it boasts more robust three-dimensional
structure and added functionality within the imide compo-
nent. Figure 5a shows an ORTEP diagram of the C2-symmet-
ric bis-imide 4, wherein an 86.8(2)� dihedral angle is observed
about the disulfide bond (CH2-S-S-CH2) with an S�S bond
length of 2.04(1) ä (the S�S bond is at a crystallographic diad
axis; 1.0� x, y, 0.5� z); these values are consistent with other
disulfides in the solid state.[18]

Figure 5b shows the crystal packing diagram for 4. Begin-
ning at the hydrogen-bonding interface, the bonding distances
and angles are nearly identical to those observed for the dimer
of imide 3 a (Table 1). However, unlike within the 3 a
assembly, the hydrogen-bonded imide functions in the crystal
of 4 deviate by 1.02 ä from a coplanar configuration. In other
words, the imide surfaces are parallel, but lie 0.51 ä off the
assembly×s inversion center. The packing of 4 is reminiscent of
many ™ditopic∫ receptors that self-associate by hydrogen
bonding–the individual molecules of 4 form ™molecular
tapes∫[19] and the tapes align in a parallel fashion throughout
the crystal lattice.

Complexes of Rebek imides with 9-ethyladenine : In all cases,
co-crystals of Rebek imides and 9-ethyladenine could be
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Figure 4. Atom numbering
scheme used for imide dimers
3a ± e and bis-imide 4.

Table 1. Hydrogen-bonding distances [ä] and angles [�] for imide 3 a and
bis-imide 4 compared to known Rebek imide structures from the Cam-
bridge Structural Database (CSD).[a]

CSD[b] 3a[c] 4[c]

N(3) ¥ ¥ ¥O(8*) 2.92(3) 2.98(1) 2.91(1)
O(8) ¥ ¥ ¥O(8*) 3.60(9) 3.40(1) 3.49(1)
N(3) ¥ ¥O(8*)�C(4*) 125.5(19) 132.1(2) 126.0(2)
C(4)�N(3) ¥ ¥ ¥O(8*) 113.3(27) 107.7(2) 110.6(2)

[a] See Figure 4 for atom labeling. [b] Average distances calculated from
the crystallographic data using Cerius2 v. 4.5 (Molecular Simulations, Inc.).
See ref.[15] for the CSD reference codes. Standard deviations are shown in
parentheses. [c] Calculated from the crystallographic data using SHELXTL
(see the Experimental Section for details). Estimated standard deviations
are shown in parentheses. Symmetry operations * for the symmetry
equivalent atoms: 3 a : 1.6666� x, 1.3333� y, 0.3333� z ; 4 : 0.5� x,
0.5� y, �z.
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Figure 5. X-ray crystallographic analysis of bis-imide 4. a) An ORTEP
diagram of 4. Hydrogens have been omitted for clarity. Thermal ellipsoids
are shown at the 50% probability level. b) A crystal packing diagram of 4,
projected along the c axis. Some hydrogens have been omitted for clarity.
Atom colors: yellow S, blue N, red O,
white H.

obtained by slow infusion of
hexane into chloroform solu-
tions of the two components.

Complex (3 f)2 ¥ 1a : The 2:1
complex formed between sim-
ple methyl ester 3 f[9] and 1 a
(Figure 6a) bears remarkable
structural similarity to the nu-
cleobase complex featuring
1-methyl-5-iodouracil (2 e) and
1 a (Figure 6b).[4d] In the latter,
both the Hoogsteen and re-
versed Watson ±Crick binding
modes are observed. Interest-
ingly, a search of the CSD
reveals that 2:1 imide binding
to adenine in theHG/WCmotif
(normal or reversed pairing) is
rather uncommon for isolated
nucleobases, the above iodo-
uracil complex being one of
the only examples.[20] Similar
to (2 e)2 ¥ 1 a, the planes defined
by the two recognition surfaces
within (3 f)2 ¥ 1 a deviate from a
coplanar relationship. At the
HG face, 3 f and 1 a are twisted
with respect to one another by

about 10.0� (versus 9.4� in (2 e)2 ¥ 1 a), a value that increases to
approximately 19.6� at theWC face (versus 15.7� in (2 e)2 ¥ 1 a).
Such deviations presumably arise to relieve bending in the
hydrogen bonds.[21]

The prima facie structural similarities between the two
complexes are borne out in their hydrogen-bonding param-
eters (Table 2). Short N(7) ¥ ¥ ¥N(3�) and N(1) ¥ ¥ ¥N(3��) distan-
ces (ca. 2.9 ä) are observed at both faces of the purine base
within (3 f)2 ¥ 1 a. The same is also true for the N(10) ¥ ¥ ¥O(8�)
and N(10) ¥ ¥ ¥O(7��) values (ca. 2.9 ä). The intermolecular
C(8) ¥ ¥ ¥O(7�) and C(2) ¥ ¥ ¥O(8��) distances (ca. 3.7 ä), although
longer than those observed within (2 e)2 ¥ 1 a, are still within a
range appropriate for favorable C�H ¥ ¥ ¥O interactions. The
stabilizing nature of such contacts has long been debated in
the context of organic crystal structures,[22] rationalized in
terms of secondary electrostatic interactions within hydrogen-
bonded complexes,[10] and most recently discussed in terms of
base-paired nucleotide[23] and transmembrane helix struc-
tures.[24] In combination with H ¥ ¥ ¥O�C angles near the ideal
120� (122� for the HG face, 130� for the WC face) we take
these parameters as being consistent with C�H ¥ ¥ ¥O hydrogen
bonding in (3 f)2 ¥ 1 a.
Figure 6c shows the packing diagram of (3 e)2 ¥ 1 a projected

along the b axis. The crystal structure consists of layers of
ternary complexes related by two-fold rotation symmetry.
Stacking (ca. 3.4 ä) is observed between the Hoogsteen
hydrogen-bonding face of one ternary complex and the �

Figure 6. The hydrogen-bonding arrangements within 2:1 9-ethyladenine (1 a) complexes with 5-iodouracil (2e)
and 3 f are nearly identical. a) The (3 f)2 ¥ 1a complex. The ethyl group of 1a is disordered in the crystal structure.
Distances shown are in ä. b) The (2 e)2 ¥ 1 a complex as described by Sobell and co-workers (ref. [4d], IMUEAD,
reproduced and modified with permission of the J. Mol. Biol.). c) The unit cell of (3 f)2 ¥ 1a projected along the b
axis. d) � Stacking between 1 a and the Hoogsteen hydrogen-bond interface. The van der Waals surfaces are
shown in transparent yellow. Some hydrogens have been omitted for clarity.
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surface of a neighboring adenine molecule 1 a ; overlap
between the relevant van der Waals surfaces is shown in
Figure 6d. This motif, � hydrogen-bond stacking, appears in
many other hydrogen-bonded assemblies in the solid state,
although its contribution to hydrogen-bond complex stability
has not been well investigated.[25]

Complex (3g)2 ¥ 1a : X-ray analysis of the co-crystals formed
from 3 g and 1 a also reveals 2:1 complex formation. Figure 7a
shows the isolated ternary assembly, wherein the Hoogsteen
motif is prominently displayed. The planes defined by the
imide and adenine surfaces are markedly twisted (22.2(7)�) at
theHG face, perhaps representing a compromise between the

Figure 7. Single-crystal X-ray analysis reveals the adenine-binding ar-
rangement within the (3g)2 ¥ 1a complex. a) Imide hydrogen bonding to
both the Hoogsteen face and to the N(3) of adenine derivative 1a is
observed. b) Packing diagram with a view along the crystallographic a axis;
the unit cell dimensions are outlined. Some hydrogens have been omitted
for clarity.

hydrogen-bonding forces oper-
ating at either end of the mol-
ecule (vide infra). For compar-
ison of hydrogen-bonding pa-
rameters we employ the
benchmark 1:1 Hoogsteen com-
plex formed between 1-methyl-
thymine (2 a) and 9-methylade-
nine (1 b); data were collected
by Frey and co-workers using
neutron diffraction techni-
ques.[5] The N(7) ¥ ¥ ¥N(3�) and
N(10) ¥ ¥ ¥O(8�) distances are
nearly identical in the two com-
plexes (ca. 3 ä), as are each of
the hydrogen-bonding angles
(Table 3). Similar to both 2 a ¥

1 b and (3 f)2 ¥ 1 a, a short C(8) ¥ ¥ ¥O(7�) distance (3.61(1) ä)
is observed with an H ¥ ¥ ¥O�C angle of 115�, values again
representative of C�H ¥ ¥ ¥O hydrogen bonding.

The (3 g)2 ¥ 1 a complex features a second hydrogen-bonding
motif involving N(3) of 1 a as the acceptor and the�NH group
of a neighboring imide as the donor (N(3) ¥ ¥ ¥N(3��)�
3.07(1) ä). Pairing geometries involving this face of the
adenine have recently been calculated to be more stable than
either the Watson ±Crick or Hoogsteen arrangements for
unsubstituted adenine-thymine base pairs in the gas phase.[26]

Despite these predictions, a search of the CSD[27] does not
reveal any examples of imide �NH hydrogen bonding to the
N(3) position of adenine in the context of nucleobase
complexes,[28] although the pattern is well known within
adenine complexes with barbiturate derivatives (e.g., para-
banic acids, cyanuric acids, and hydantoins).[28, 29] That the
N(3) ¥ ¥ ¥N(3��) distance of 3.07(1) ä observed in the (3 g)2 ¥ 1 a
complex is appropriate comes through comparison to the
CSD structures:[27] the mean N ¥ ¥ ¥N(3)adenine distance calcu-
lated from our survey is 3.05(15) ä. Finally, the deviation
from planarity between 3 g and 1 a at the N(3) face is a large
27.1(7)�, a geometry that likely optimizes the N(3) ¥ ¥ ¥N(3��)

Table 2. Hydrogen-bonding distances [ä][a] and angles [�][a] at the Hoogsteen and Watson ±Crick faces for
assemblies (2e)2 ¥ 1a and (3 f)2 ¥ 1a.[b]

Hoogsteen face (2e)2 ¥ 1a[c] (3 f)2 ¥ 1 a[d] Watson ±Crick face (2e)2 ¥ 1a[c] (3 f)2 ¥ 1 a[d]

N(7) ¥ ¥ ¥N(3�) 2.82 2.94(1) N(1) ¥ ¥ ¥N(3��) 2.80 2.91(1)
N(7) ¥ ¥ ¥N(3�)-C(2�) 121.1 118.4(5) N(1) ¥ ¥ ¥N(3��)-C(2��) 120.7 116.2(5)
N(7) ¥ ¥ ¥N(3�)-C(4�) 110.0 114.6(5) N(1) ¥ ¥ ¥N(3��)-C(4��) 113.4 116.6(5)
C(5)-N(7) ¥ ¥ ¥N(3�) 139.5 138.1(6) C(2)-N(1) ¥ ¥ ¥N(3��) 113.6 117.9(5)
C(8)-N(7) ¥ ¥ ¥N(3�) 114.2 118.7(5) C(6)-N(1) ¥ ¥ ¥N(3��) 126.6 122.2(5)
N(10) ¥ ¥ ¥O(8�) 3.06 2.86(1) N(10) ¥ ¥ ¥O(7��) 3.16 3.02(1)
N(10) ¥ ¥ ¥O(8�)-C(4�) 133.8 141.2(5) N(10) ¥ ¥ ¥O(7��)-C(2��) 118.2 122.5(5)
C(6)-N(10) ¥ ¥ ¥O(8�) 126.1 128.7(5) C(6)-N(10) ¥ ¥ ¥O(7��) 115.1 112.8(5)
C(8) ¥ ¥ ¥O(7�) 3.32 3.75(1) C(2) ¥ ¥ ¥O(8��) 3.35 3.66(1)
C(8) ¥ ¥ ¥O(7�)-C(2�) 106.7 105.1(5) C(2) ¥ ¥ ¥O(8��)-C(4��) 109.5 106.6(5)
N(7)-C(8) ¥ ¥ ¥O(7�) 84.5 78.2(5) N(1)-C(2) ¥ ¥ ¥O(8��) 83.7 77.3(5)
N(9)-C(8) ¥ ¥ ¥O(7�) 160.8 167.1(6) N(3)-C(2) ¥ ¥ ¥O(8��) 147.2 153.6(6)

[a] Calculated from the crystallographic data using Cerius2 v. 4.5 for (2 e)2 ¥ 1 a and SHELXTL for (3 f)2 ¥ 1a.
[b] See Figures 1, 2, and 6 for atom labeling. [c] Ref. [4d]. [d] Estimated standard deviations are shown in
parentheses.

Table 3. Hydrogen-bonding distances [ä][a] and angles [�][a] at the Hoogs-
teen face for assemblies 2a ¥ 1 b, (3g)2 ¥ 1a, and 3h ¥ 1a ¥CHCl3.[b]

2 a ¥ 1b[c] (3 g)2 ¥ 1 a[d] 3h ¥ 1a ¥CHCl3[d]

N(7) ¥ ¥ ¥N(3�) 2.93 2.90(1) 2.84(1)
N(7) ¥ ¥ ¥N(3�)-C(2�) 115.2 113.9(5) 113.0(3)
N(7) ¥ ¥ ¥N(3�)-C(4�) 118.3 118.3(5) 119.6(3)
C(5)-N(7) ¥ ¥ ¥N(3�) 135.7 135.5(6) 140.1(3)
C(8)-N(7) ¥ ¥ ¥N(3�) 119.9 119.4(5) 116.2(3)
N(10) ¥ ¥ ¥O(8�) 2.87 2.98(1) 3.03(1)
N(10) ¥ ¥ ¥O(8�)-C(4�) 137.8 134.3(5) 136.7(3)
C(6)-N(10) ¥ ¥ ¥O(8�) 132.1 130.2(5) 128.2(3)
C(8) ¥ ¥ ¥O(7�) 3.66 3.61(1) 3.38(1)
C(8) ¥ ¥ ¥O(7�)-C(2�) 106.2 106.6(5) 109.5(3)
N(7)-C(8) ¥ ¥ ¥O(7�) 77.7 77.6(5) 82.1(3)
N(9)-C(8) ¥ ¥ ¥O(7�) 169.1 152.2(6) 163.4(3)

[a] Calculated from the crystallographic data using Cerius2 v. 4.5 for 2 a ¥ 1b
and SHELXTL for (3g)2 ¥ 1a and 3h ¥ 1 a ¥CHCl3. [b] See Figures 1 and 2
for atom labeling. [c] Ref. [5]. [d] Estimated standard deviations are shown
in parentheses.
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hydrogen-bond distance while minimizing unfavorable steric
repulsions between 3g and the N(9) ethyl substituent. The twist
direction at the N(3) face is opposite from that of 1 g at the
HG face. Consequently, the ternary assemblies are pseudo-
centrosymmetric. This symmetry is also evident in the packing
diagram of (3 g)2 ¥ 1 a, shown in Figure 7b, wherein the ternary
complexes are related in the crystal lattice by c-glide planes.

Complex 3h ¥ 1a ¥ CHCl3 : Imide 3 h readily co-crystallizes
with 9-ethyladenine (1 a) and one molecule of chloroform to
form a solvated 1:1 hydrogen-bonded complex (Figure 8).
Here the Hoogsteen base-pairing configuration is exclusively
observed. It is known that 1:1 adenine complexes with
thymine and uracil derivatives prefer Hoogsteen pairing in
the solid state (vide supra).[2±5, 30] A search of the CSD reveals
that the Hoogsteen preference for 1:1 complexes with adenine
is not limited to the nucleobases, but is also observed in
flavin ¥ adenine complexes.[31] It is the disparity between this
hydrogen-bonding configuration and that what is observed in
double-stranded DNA that was disconcerting to many
crystallographers, and remains the impetus for ongoing
solution-phase and gas-phase computational experimentation
(vide infra). Identification of the Hoogsteen motif in G
quartets[32] and G-DNA,[33] nucleobase triplexes,[34] and even
unconstrained parallel DNA duplexes[35] more than suggests
that it holds functional as well as structural significance. The
appearance of the Hoogsteen motif within our comparatively
simple 1:1 complex speaks for the generality of this binding
mode, at the very least reiterating its unique prevalence within
1:1 imide ¥ adenine complexes in the solid state.
The hydrogen-bonding angles and distances at the Hoogs-

teen face of 1 a are given in Table 3. The similarities between
2 a ¥ 1 b and (3 g)2 ¥ 1 a are transparent–the values are nearly
identical. Notably, the shortest C(8) ¥ ¥ ¥O(7�) distance
(3.38(1) ä) among the three Rebek imide complexes is
observed in 3 h ¥ 1 a ¥CHCl3, wherein an H ¥ ¥ ¥O�C angle of

126� defines the contact. Moreover, the planes formed
between the imide and adenine surfaces are essentially
coplanar (angle of deviation� 1.6(2)�). Whether this indicates
a particularly favorable geometry for the Rebek imide
relative to the nonplanar arrangement, as is observed at the
WC face of (3 f)2 ¥ 1 a, is unclear, although it surely represents
an optimization of the electrostatic contacts at the hydrogen-
bonding interface.
For 3 h ¥ 1 a ¥CHCl3, the crystal packing diagram (Figure 8b)

shows stacking between the adenine and the hydrogen-bond
surface of an adjacent complex (ca. 3.5 ä), as observed in
(3 f)2 ¥ 1 a, while the individual 3 h ¥ 1 a complexes align in an
anti-parallel fashion, presumably to alleviate unfavorable
dipole ± dipole interactions (Figure 8a). In the context of
DNA-antibiotic conjugates[36] both � stacking and dipole ±
dipole interactions are believed to direct the formation of
the Hoogsteen configuration.[37] We do not rule out such
effects as being important contributors to the Hoogsteen
selectivity observed in the 3 h ¥ 1 a ¥CHCl3 complex.

Solution studies

The nucleobases have enjoyed a rich history of study in
solution, where much has been learned of their association
behavior in a variety of media.[38] However, limitations in
experimental techniques and instrumentation have made
determination of relative HG/WC amounts qualitative at
best.[39] More recently, Weisz and co-workers have explored
the relative populations of theHG andWC configurations for
A±U base pairs through low-temperature NMR studies.[38b]

Their results indicate a preference (ca. 80%) for Watson ±
Crick bonding at 125 K in CDClF2/CDF3 solvent mixtures, but
comparable, although not quantifiable, amounts of HG and
WC complexes at ambient temperature. Upon observing
Hoogsteen binding for the 1:1 3 h ¥ 1 a ¥CHCl3 complex, we
were naturally interested in determining whether the HG

preference in the solid state
may reflect intrinsic differences
in energetic stability between
the competing HG and WC
motifs.[40] The solution-phase
analogy of the Rebek imides
to the pyrimidine nucleobases
well-established,[9] and their
solid-state structural analogy
demonstrated here, provided
the momentum for these stud-
ies. On the practical front, the
known 1:1 binding stoichiome-
try of the Rebek imides for
adenines in solution combined
with the NOE protocols report-
ed by Rebek and co-workers
for assessing relative HG/WC
populations within these com-
plexes by NMR spectrosoco-
py[9c, 9d, 9f] suggested the ready
solution-phase evaluation of
our systems.

Figure 8. Single crystal X-ray analysis of 3 h ¥ 1a ¥CHCl3. a) Adenine binding via the Hoogsteen face. Disorder
within the sulfur-containing sidechain of 3h gives rise to two conformers (major, 82%; minor, 18%, pale bonds).
b) An ORTEP diagram of the unit cell. Thermal ellipsoids are shown at the 50% probability level. Atom colors:
green Cl, yellow S, blue N, red O, white H. Some hydrogens have been omitted for clarity.
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1H NMR binding studies : The association constants and
thermodynamic parameters describing the binding of the
imides 3 f ±h, and controls 3 i and 3 j, to 9-ethyladenine (1 a) in
CDCl3 are given in Table 4. The Ka×s were determined by
nonlinear least-squares analysis of 1H NMR titration data and
the thermodynamic parameters (�H0 and �S0) were accessed
by using van×t Hoff plots. The average values determined for
3 f ± h binding to 1 a (i.e., Ka ca. 55��1, ��H0 ca.
6.7 kcalmol�1, ��S0 ca. 14 e.u.) are in excellent agreement
with the reported literature values for other Rebek imide
analogues.[9g] For the assemblies 3 f ¥ 1 a and 3 h ¥ 1 a, 1:1
binding stoichiometry was confirmed by Job plot analysis
(data not shown).

NOE experiments : The 1H NMR NOE protocol described by
Rebek et al. is shown schematically in Figure 9. Irradiation of
the cyclic imide�NH of 3 results in an intermolecular NOE to
HC(8) and HC(2) , arising from the HG and WC complexes,

Figure 9. Graphical depictions of the NOE experiments performed on the
1:1 3 ¥ 1a assemblies (see refs. [9c,d,f]). Irradiation of the imide�NH results
in an NOE to HC(8) in the Hoogsteen (HG) complex and HC(2) in the
Watson ±Crick (WC) complex.

respectively. We performed these experiments on our 1:1 3 ¥
1 a complexes and several model compounds at 300 MHz in
CDCl3; the results are shown in Table 5. In essentially all cases
the Hoogsteen mode is favored modestly relative to its
Watson ±Crick counterpart. Interestingly, the HG to WC
ratio is ca. 1.7:1 for the assembly involving the simple methyl
ester 3 f (3 f ¥ 1 a). Presumably here the small methyl substitu-
ent does not substantially bias the HG/WC equilibrium and
the latter motif is preferred for more subtle reasons. This is

not expected to be the case for phenyl derivative 3 j ¥ 1 a,
investigated for comparison. Here � stacking provided
by the aryl group to the surface of 1 a appears to bias the
equilibrium (Figure 2) toward the HG configuration, for
which greater � overlap exists between the purine base and
aromatic ring.
Nevertheless, we recognize the limitations of the NOE

technique and interpret our data both cautiously and con-
servatively. At best the results suggest amodest preference for
the HG configuration. Systematic errors in the analysis are
prevalent,[41] although several would appear to underestimate
the HG contribution. For example, due to the fast chemical
exchange between the imide �NH and amino �NH2 protons
of 1 a, all exchangeable protons are irradiated under the
steady-state (irradiation time� 2 s) conditions of the one-
dimensional NOE experiments. An independent measure-
ment reveals that amino irradiation results in a greater
enhancement to the HC(2) position than to HC(8) (Table 5, last
entry). Similar effects would be expected upon imide binding
to the N(3) position of 1 a.[42] Additionally, as the distance
between the imide �NH proton and either HC(8) or HC(2)
contributes to their enhancement magnitude (NOE� r�6)
we note that these values at the HG andWC faces are likely
not identical. For example, at the WC face of the solid-state
complex (3 f)2 ¥ 1 a the HC(2) ¥ ¥ ¥HN(3��) distance is approximately
2.70 ä. The average HC(8) ¥ ¥ ¥HN(3�) distance at the HG faces in
the solid-state for the three complexes is longer (2.94 ä);
again, a Hoogsteen underestimation results. Although we are
reluctant to directly compare the solid-state and solution-
phase structural data, the cumulative contributions of these
effects may be detectable.

Computations

High-level computational work has shown the Hoogsteen
mode to be the more stable binding arrangement for isolated
adenine ± thymine base pairs[43] and within A±T tetrads,[44] on
the order of 0.4 ± 1 kcalmol�1 and 2.3 kcalmol�1 more stable
than the corresponding Watson ±Crick configuration in the
gas phase, respectively. For comparison, we have performed
molecular mechanics (Amber*), semiempirical (PM3),[45] and
ab initio (MP2/6 ± 31G*) calculations on both the succinim-

Table 4. Association constants Ka and thermodynamic parameters de-
scribing the 1:1 binding[a] of 3 f ± j to 1 a in CDCl3 (295 K).

Complex Ka
[M�1][b]

��G0

[kcalmol�1]
��sat

[c] ��H0

[kcalmol�1][d]
��S0

[e.u.][d]

3 f ¥ 1 a 62[e] 2.4 5.2 6.9 15
3g ¥ 1 a 46 2.3 4.7 6.6 14
3h ¥ 1 a 46[f] 2.3 4.7 6.5 14
3 i ¥ 1a 40 2.2 5.0 5.8 12
3j ¥ 1 a 60 2.4 5.3 6.3 13

[a] 1:1 Binding stoichiometry confirmed by Job plot analysis. [b] Deter-
mined by nonlinear least-squares curve fitting of 300 MHz 1H NMR
titration data. Uncertainty in Ka estimated as 15%. Values are uncorrected
for the presence of the imide dimer; see ref. [9g]. [c] Downfield complex-
ation-induced chemical shift observed for the imide �NH proton upon
binding to 1 a. [d] Determined by van×t Hoff analysis; e.u.� entropy units.
[e] A value of 50��1 is reported in ref. [9g]. [f]Weak intramolecular
hydrogen bonding between the sulfur atom and imide �NH is observed.
The corrected Ka using the procedures outlined in ref. [9h] is ca. 50��1.

Table 5. Calculated Hoogsteen (HG) and Watson ±Crick (WC) ratios for
1:1 complexes based on one-dimensional steady-state NOE difference
spectroscopy (irradiation of the imide �NH resonance; 300 MHz, CDCl3,
25 �C).[a]

Complex HC(8) [%][b] HC(2) [%][b] HC(8)/HC(2) (HG/WC) %HG

3 f ¥ 1 a 2.0 1.2 1.7 63
3g ¥ 1 a 2.0 1.9 1.1 52
3h ¥ 1 a 1.8 1.3 1.4 58
3 i ¥ 1a 2.8 1.8 1.6 62
3j ¥ 1 a 3.2 1.6 2.0 67
1a[c] 0.02 0.15 ± ±

[a] Under the experimental conditions the imide�NH (of 3 f ± j) and amino
�NH2 protons (of 1a) are in fast chemical exchange and simultaneously
irradiated (irradiation time� 2 s). [b] Determined by integration with the
irradiated �NH peak calibrated as �100% (absolute intensities have
significant error, ca. 50%). [c] Direct irradiation of the amino �NH2
protons.
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ide ¥ 9-methyladenine (7 ¥ 1 b) model system (Figure 10) and
the 1-methylthymine ¥ 9-methyladenine (2 a ¥ 1 b) base pair.[46]

The results are presented in Table 6.

At all three levels of theory the Hoogsteen motif is favored
by about 0.4 ± 1 kcalmol�1 for both classes of complexes.[47]

Energy-minimized structures of the HG and WC configura-
tions of the 7 ¥ 1 b complex at the HF/6 ± 31G* level of theory
are shown in Figure 10. The reliability of the single-point
energy determinations comes indirectly through the results
obtained for the 2 a ¥ 1 b base pairs. The ��EHG value (i.e.,
interaction energy) for the A±T base pair of 12.1 kcalmol�1

compares well with the value reported by Kollman and Gould
of 11.8 kcalmol�1 using similar computational protocols
(���E(HG-WC)� 0.8 kcalmol�1 in the same calculations),[43b]
and, fortuitously, with the gas-phase �H298 value
(13.0 kcalmol�1) determined by mass spectrometry.[48] Inter-
estingly, although the N(10) ¥ ¥ ¥C(8�) and N(7) ¥ ¥ ¥N(3�) dis-
tances are reproduced well compared to our imide X-ray
structures (Figure 10), the C(8) ¥ ¥ ¥O(7�) distances are not
(average calculated distance� 4.2 ä; average observed dis-
tance� 3.6 ä). Intrinsic differences do of course exist be-
tween solid- and gas-phase structures (as a consequence of
packing), and between the structures of 7 and 2 a. However, it
also seems clear that the C�O ¥ ¥ ¥H�C contact is not well-
defined at the Hartree-Fock level in the succinimide com-

plexes (nor well-parameterized
at the molecular mechanics lev-
el[10]).[49] Nevertheless, we are
optimistic that these discrepan-
cies are neutralized upon com-
paring the interaction energy
differences between the com-
plexes.[50]

Conclusion

Investigation of Rebek imide
derivatives 3 a ± e and 4 in the

solid state has offered considerably more than confirmation of
solution-phase binding phenomena. The diverseness of func-
tionality amenable to incorporation within the Rebek imide
scaffold suggests that these platforms may themselves be
versatile ™supramolecular synthons∫ for crystal engineer-
ing.[51] In particular, molecules such as bis-imide 4, which
crystallize from solution as tape-like polymeric assemblies,
offer opportunities in materials design.[19] In fact, there is still
much to learn about the behavior of even simple hydrogen-
bonded assemblies in the solid state. For example, one of the
molecule targets posed at the 2001 Workshop on Crystal
Structure Prediction[52] organized by the Cambridge Crystal-
lographic Data Centre featured a cyclic imide, the crystal
structure of which was successfully predicted by only 3 of the
18 participants.
Adenine complexes of the Rebek imides display a variety of

base-pairing motifs that can be directly compared to their
nucleobase congeners. This is especially true of the 2:1 (3 f)2 ¥
1 a complex, wherein Watson ±Crick and Hoogsteen binding
are observed, and the 1:1 solvated complex 3 h ¥ 1 a ¥CHCl3,
featuring exclusive Hoogsteen binding. In each of these cases
the hydrogen-bonding distances and angles, as well as more
subtle parameters, such as mean plane twist angles and imide
configurational arrangement, are nearly identical to their A ±
U and A±T congeners, respectively. Crystallization of the 2:1
complex (3 g)2 ¥ 1 a has permitted identification of a new
hydrogen-bonding motif in the solid state for nucleobase
analogues; namely, one involving pyrimidine-type imide�NH
binding to the N(3) position of adenine. The rarity of this type
of hydrogen bonding in natural systems likely originates from
steric hindrance provided by the bulky sugar residue attached
to N(9)adenine in nucleosides. Single N�H ¥ ¥ ¥N(3)adenine hydro-
gen bonds in biological systems, however, are fairly com-
mon.[53] In the same vein, the recently solved structure of the
large ribosomal subunit suggests a role for the N(3) of adenine
(A2486/A2451) as a general base during peptide bond
formation.[54]

Although many have recognized the preference for Hoogs-
teen binding in the solid state for 1:1 complexes with adenine,
this observation has not stimulated extensive research to
determine its origins.[38b] We are hopeful that our finding of
the motif in a different class of structures, one that boasts
increased functionality relative to the nucleobases, will foster
new research endeavors, particularly in solution environments
most relevant to natural systems. Meanwhile, we look to

Figure 10. HF/6 ± 31G*-optimized geometries of the Hoogsteen and Watson ±Crick dimers formed from
succinimide (7) and 9-methyladenine (1 b). Distances shown are in ä.

Table 6. Calculated interaction energies (�E)[a] for Hoogsteen (HG) and
Watson ±Crick (WC) geometries of 7 ¥ 1 b and 2 a ¥ 1b hydrogen-bonded
dimers at various levels of theory.

Level of theory Complex ��EHG ��EWC ���E(HG±WC)

[kcalmol�1] [kcalmol�1] [kcalmol�1]

Amber*[b] 7 ¥ 1b 11.20 10.84 0.36
2a ¥ 1 b 8.22 7.33 0.89

PM3[c] 7 ¥ 1b 5.97 5.02 0.95
2a ¥ 1 b 7.59 6.67 0.92

MP2/6 ± 31G*// 7 ¥ 1b 11.51 10.98 0.53
HF/6 ± 31G*[d] 2a ¥ 1 b 12.08 11.06 1.02

[a] For 7 ¥ 1 b, for example, defined as �E7¥1b �E7¥1b � (E7 �E1b). [b] Imple-
mented in MacroModel v. 7.0.[60] [c] Implemented in Spartan v. 5.1.3.[61]

[d] Implemented in Gaussian 98.[62] Values at the MP2 level have been
corrected for basis set superposition error (BSSE) using the counterpoise
correction procedure of Bernardi and Boys[63] and include zero-point
vibrational energy (ZPE) corrections (scaled by 0.91[64]) at the HF/6 ± 31G*
level.
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expand our own efforts toward better understanding the
Hoogsteen preference and its generality in the context of
other systems.

Experimental Section

Materials and general methods : Compounds 1a,[55] 3 f,[9f] 5,[12] and 6[12] were
prepared as described in the literature. Details of the syntheses of 3b ± e
can be found in the Supporting Information. Reagents and solvents were
purchased from Aldrich, Fluka, or Acros and used without further
purification unless otherwise specified. CH2Cl2, NEt3, diisopropylamine,
and n-butylamine were distilled from CaH2 prior to use. THF was distilled
from sodium/benzophenone prior to use. CH3CN was distilled from K2CO3
and stored over 4 ä molecular sieves in an N2 atmosphere. Flash
chromatography (FC) was performed on SiO2 ± 60 (40 ± 63 �m) from Fluka.
Preparative thin-layer chromatography (PTLC) was performed on 2 mm
Merck plates precoated with silica gel 60 F254. Thin-layer chromatography
(TLC) was performed on DURASIL G/UV254 glass plates from Macher-
ey-Nagel with visualization by UV light or staining (KMnO4). Melting
points (m.p.) were determined on a B¸chi SB-540 melting point apparatus
and are uncorrected. Infrared spectra were recorded with a Perkin ±Elmer
FT-IR1600 spectrophotometer. Abbreviations used are s (strong), m
(medium), and w (weak). 1H and 13C NMR spectra were recorded on
Varian Gemini200 (200 MHz), Varian Gemini300 (300 MHz), or Bruker
AMX400 (400 MHz) spectrometers as specified. Chemical shifts (�) are
given in parts per million relative to residual protonated solvent (CHCl3:
�H� 7.26, �C� 77.00). Abbreviations used are s (singlet), d (doublet),
t (triplet), q (quartet), quin (quintet), br (broad), and m (multiplet).
Elemental analyses were performed at the ETH-Z¸rich by the Mikrola-
boratorium in the Laboratorium f¸r Organische Chemie. MALDI-FTMS
spectra were recorded on an Ion Spec Ultima FT-ICR mass spectrometer
with DHB (2,5-dihydroxybenzoic acid) as a matrix.

Crystal growth : Crystals suitable for X-ray analysis were obtained by the
slow infusion of hexane into chloroform solutions [filtered through
Millipore (Bedford, MA) syringe filters] containing either the receptor 3
alone (ca. 0.01�) or both the receptor 3 (ca. 0.01�) and 9-ethyladenine (1a ;
ca. 0.02�). Excess 1 a often crystallized within hours as needles,[56] whereas
the 3 ¥ 1 a complexes appeared over 3 ± 10 days.

X-ray crystal structure determination and refinement : X-ray data were
collected on either a Syntex P21 diffractometer with MoK� radiation
(graphite monochromator, �� 0.71073 ä) or a PICKER-STOE diffrac-
tometer with CuK� radiation (graphite monochromator, �� 1.54178 ä).
The structures were solved with the SHELXS program.[57] The structures
were refined by full-matrix least-squares on F 2 with the SHELXL
program.[58] Details are provided in Table 7. Crystallographic data (exclud-
ing structure factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC-167546 (3 a), CCDC-167549 (3 b), CCDC-
167550 (3 c), CCDC-167547 (3 d), CCDC-167548 (3e), CCDC-167545
((3 f)2 ¥ 1a), CCDC-167542 ((3 g)2 ¥ 1 a), CCDC-167543 (3 h ¥ 1 a ¥CHCl3),
and CCDC-167544 (4). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(�44)1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
Association constant (Ka) determination : NMR titrations were performed
at 295 K on a Varian Gemini300 spectrometer (300 MHz) in CDCl3 (stored
over 4 ä molecular sieves) purchased from Glaser, Basel. The receptor 3
concentration was kept constant at 0.010� and a solution of receptor 3
(0.010�) and 1a (0.10�) was added in increments by syringe to the NMR
tube. The imide �NH chemical shift was recorded after each of 12
additions. Binding isotherms were created using Associate v. 1.6,[59] which
provided Ka , �G0, and ��sat . Values reported are the average of 2 ± 3
independent runs.

Determination of thermodynamic parameters by van�t Hoff analysis : Van×t
Hoff plots were created by monitoring the imide �NH chemical shift
response to temperature given a fixed concentration of receptor 3 (0.010�)
and 1 a (0.010� ± 0.020�). Concentrations were chosen such that 20 ± 80%
of the saturation curve was sampled. Samples were equilibrated for 30 ±
45 minutes initially (253 ± 258 K), for 10 ± 15 minutes between 258 ± 303 K,
and for 5 minutes thereafter until the maximum temperature was obtained
(323 K). Values reported are the average of 2 ± 3 independent runs.

One-dimensional steady-state NOE difference spectroscopy : Measure-
ments were performed on a Bruker ARX300 spectrometer (300 MHz) with
an irradiation time of 2 s. CDCl3 was purchased from Glaser, Basel and
passed over aluminum oxide prior to use. Sample concentration: 3 0.02�,
1a 0.04� (samples were not degassed).

Computational details : Amber* calculations were performed in Macro-
Model v. 7.0.[60] Initial structures for semiempirical and ab initio calculations

Table 7. Crystal data and structure refinement for 3 a, 4, (3 f)2 ¥ 1a, (3 g)2 ¥ 1 a, and 3 h ¥ 1a ¥CHCl3.

3a 4 (3 f)2 ¥ 1a (3g)2 ¥ 1a 3 h ¥ 1 a ¥CHCl3

formula C39H56N4O6[a] C28H40N2O8S2 C33H47N7O8 C35H51N7O8S2 C23H34N7O3Cl3S
Mr 676.9 596.74 669.78 761.95 594.98
crystal system trigonal monoclinic monoclinic monoclinic monoclinic

(�� 120�)
space group R3≈ C2/c C2/c Pc P21/c
a [ä] 28.20(2) 21.66(3) 20.71(2) 8.070(7) 15.486(14)
b [ä] 28.20(2) 8.974(5) 12.819(9) 16.290(20) 23.042(25)
c [ä] 12.775(9) 15.643(13) 26.77(2) 14.938(27) 8.378(9)
� [�] 100.36(10) 92.78(7) 97.46(12) 98.13(8)
V [ä3] 8796(10) 2991(6) 7099(10) 1947.1(46) 2959.5(53)
Z 9 4 8 2 4
�calcd [gcm�3] 1.15 1.325 1.253 1.300 1.335
radiation type CuK� CuK� CuK� CuK� MoK�
� [ä] 1.54178 1.54178 1.54178 1.54178 0.71073
T [K] 293(2) 293(2) 293(2) 293(2) 293(2)
crystal size [mm] 0.2� 0.1� 0.1 0.1� 0.1� 0.05 0.1� 0.08� 0.05 0.4� 0.2� 0.1 0.5� 0.3� 0.2
independent reflections 2010 1530 3648 1741 5219
observed reflections [I � 2�(I)] 1561 1322 2788 1691 1935
index ranges � 23� h� 242 � 21� h� 21 � 20� h� 20 � 8�h� 7 � 18� h� 18

0�k� 27 0�k� 8 0�k� 12 0� k� 14 0� k� 27
0� l� 12 0� l� 15 0� l� 26 0� l� 14 0� l� 9

F (000) 3294 1272 2864 812 1248
goodness-of-fit (on F 2) 0.996 1.053 1.039 1.136 0.859
R1 based on F [I� 2�(I)] 0.0703 0.0460 0.0444 0.0499 0.0530
wR2 based on F 2 (all data) 0.2230 0.1294 0.1267 0.1327 0.1295

[a] Formally, C34H56N4O6 ¥ ca.0.6hexane.
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were obtained using the MMFF94 force field as implemented in Spartan
v. 5.1.3.[61] Semiempirical (PM3) calculations were performed in Spartan
v. 5.1.3. Prior to single-point energy calculations, all structures were fully
optimized at the HF/6 ± 31G* level of theory using the Gaussian 98
(Revision A.7) suite of programs.[62] Single-point energy calculations (MP2/
6 ± 31G*) employed the frozen-core approximation and were implemented
through Gaussian 98. Interaction energies (between generic X and Y) are
defined as �Eint(XY)�EXY� (EX � EY). Counterpoise correction calcula-
tions were made to obtain estimates of the basis set superposition error
(BSSE) for the MP2/6 ± 31G* single-point energies as described by
Bernardi and Boys.[63] Vibrational frequency calculations at the HF/6 ±
31G* confirmed that all optimized structures were true minima and
provided the zero-point vibrational energies (ZPEs). The ZPE values were
scaled by a factor of 0.91.[64] MacroModel v. 7.0 was run on an SGI O2
Workstation, Spartan v. 5.1.3 on an SGI Octane workstation, and Gaus-
sian 98 through an HP V2500SCA server. Coordinates of all refined
structures are provided in the Supporting Information.

Methylsulfanylmethyl 1,5,7-trimethyl-2,4-dioxo-3-azabicyclo[3.3.1]no-
nane-7-carboxylate (3 g): Kemp×s triacid 5 (0.10 g, 0.42 mmol) and dry
CH3CN (5 mL) were added to a flame-dried, 10 mL round-bottomed flask.
The resulting suspension was treated with NEt3 (0.10 mL, 0.75 mmol),
yielding a clear solution, and chloromethyl methyl sulfide (0.038 mL,
0.46 mmol) was added. The mixture was stirred at RT under N2 for 12 h.
The solvent was removed in vacuo, and the residue was diluted with CH2Cl2
(10 mL) and washed with water (10 mL), and the organic extract was dried
over Na2SO4. After evaporation of the solvent, the crude material was
subjected to PTLC (40% EtOAc/hexane) to give the product as a white
solid (0.040 g, 32%). The material was recrystallized from CH2Cl2/hexane
(0.030 g, 24%). M.p. (CH2Cl2/hexane) 181.5 ± 183.5 �C; 1H NMR
(300 MHz, CDCl3, 0.02�): �� 7.60 (s, 1H), 5.09 (s, 2H), 2.72 (d, J�
13.0 Hz, 2H), 2.26 (s, 3H), 1.99 (dt, J� 13.8, 2.1 Hz, 1H), 1.38 (d, J�
13.5 Hz, 1H), 1.26 (s, 6H), 1.24 (s, 3H), 1.20 (d, J� 14.7 Hz, 2H);
13C NMR (75 MHz, CDCl3): �� 176.17, 174.97, 69.59, 44.22, 43.77, 42.14,
39.92, 30.44, 24.16, 15.88; IR (KBr): �	 � 3193 (m), 3094 (m), 2969 (w), 2922
(w), 2867 (w), 1732 (s), 1693 (s), 1466 (m), 1325 (m), 1238 (m), 1212 (s),
1155 (s), 1090 (m), 941 cm�1 (m); HRMS (MALDI, DHB, [M�Na]�) calcd
for C14H21NO4SNa: 322.1089; found: 322.1082; elemental analysis calcd
(%) for C14H21NO4S: C 56.17, H 7.07, N 4.68; found: C 56.19, H 7.18, N 4.71.

General procedure for reaction of 6 with primary amines: Receptors 3a
and 3 h ± j : The acid chloride 6 (0.2 ± 0.8 mmol) and dry CH2Cl2 (10 ±
15 mL) were added to a flame-dried, round-bottomed flask. This solution
was cooled to 0 �C in an ice-water bath and treated first with NEt3
(1.5 equiv) and then with the desired amine (1.3 equiv). The mixture was
warmed to RT and stirred for 12 h. The solvent was removed in vacuo and
the residue was purifed by chromatography on SiO2, either by FC or PTLC.
The white, often crystalline solid obtained upon solvent evaporation was
then recrystallized twice from CH2Cl2/hexane to remove traces of the free
amine.

N-Pentyl 1,5,7-trimethyl-2,4-dioxo-3-azabicyclo[3.3.1]nonan-7-carbox-
amide (3 a): Performed with 6 (0.4 mmol); PTLC 25% EtOAc/CH2Cl2
(0.060 g, 50%). M.p. 163 ± 165 �C; 1H NMR (300 MHz, CDCl3, 0.01�): ��
7.50 (br s, 1H), 5.47 (m, 1H), 3.14 (dt, J� 7.4, 5.4 Hz, 2H), 2.54 (d, J�
14 Hz, 2H), 1.99 (dt, J� 13.2, 1.8 Hz, 1H), 1.50 ± 1.39 (m, 2H), 1.37 (d, J�
13.2 Hz, 1H), 1.33 ± 1.18 (m, 4H), 1.27 (s, 6H), 1.23 (d, J� 14.4 Hz, 2H),
1.19 (s, 3H), 0.88 (t, J� 7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3): ��
176.60, 173.74, 44.51, 44.38, 42.00, 40.01, 39.90, 31.84, 28.96, 28.69, 24.34,
22.18, 13.85; IR (KBr): �	 � 3047 (m), 3215 (m), 3100 (w), 2961 (m), 2933
(m), 2856 (w), 1717 (s), 1682 (s), 1650 (s), 1531 (s), 1468 (m), 1424 (m), 1380
(m), 1239 (m), 1208 cm�1 (s); HRMS (MALDI, DHB, [M�Na]�) calcd for
C17H28N2O3Na: 331.1992; found: 331.1992; elemental analysis calcd (%) for
C17H28N2O3: C 66.20, H 9.15, N 9.08; found: C 66.19, H 9.05, N 8.99.

N-2-(Methylsulfanyl)ethyl 1,5,7-trimethyl-2,4-dioxo-3-azabicyclo[3.3.1]-
nonan-7-carboxamide (3 h): Performed with 6 (0.2 mmol); PTLC 50%
EtOAc/CH2Cl2 (0.047 g, 77%). M.p. (CH2Cl2/hexane) 180 ± 181 �C;
1H NMR (300 MHz, CDCl3, 0.01�): �� 7.64 (br s, 1H), 5.94 (m, 1H),
3.38 (q, J� 6.0 Hz, 2H), 2.60 (t, J� 6.4 Hz, 2H), 2.56 (d, J� 13.5 Hz, 2H),
2.10 (s, 3H), 2.00 (dt, J� 13.5, 2.1 Hz, 1H), 1.38 (d, J� 13.5 Hz, 1H), 1.27 (s,
6H), 1.24 (d, J� 14 Hz, 2H), 1.21 (s, 3H); 13C NMR (75 MHz, CDCl3): ��
176.62, 173.98, 44.46, 44.35, 42.15, 40.00, 37.38, 33.15, 31.76, 24.32, 14.50; IR
(KBr): �	 � 3399 (s), 3210 (m), 3100 (w), 2967 (w), 2932 (w), 2867 (w), 1717
(s), 1679 (s), 1656 (s), 1532 (m), 1244 (m), 1209 cm�1 (s); HRMS (MALDI,

DHB, [M�Na]�) calcd for C15H24N2O3SNa: 335.1405; found: 335.1398;
elemental analysis calcd (%) for C15H24N2O3S: C 57.67, H 7.74, N 8.97;
found: C 57.86, H 7.71, N 8.91.

N-Butyl 1,5,7-trimethyl-2,4-dioxo-3-azabicyclo[3.3.1]nonan-7-carbox-
amide (3 i): Performed with 6 (0.2 mmol); PTLC 30% EtOAc/CH2Cl2
(0.046 g, 80%). M.p. (CH2Cl2/hexane) 163 ± 165 �C; 1H NMR (300 MHz,
CDCl3, 0.01�): �� 7.49 (s, 1H), 5.46 (m, 1H), 3.15 (dt, J� 7.2, 5.6 Hz, 2H),
2.54 (d, J� 13.5 Hz, 2H), 1.99 (dt, J� 13.5, 2.1 Hz, 1H), 1.45 ± 1.29 (m, 4H),
1.37 (d, J� 13.2 Hz, 1H), 1.27 (s, 6H), 1.23 (d, J� 14.4 Hz, 2H), 1.19 (s,
3H), 0.91 (t, J� 7.4 Hz, 3H); 13C NMR (75 MHz, CDCl3): �� 176.60,
173.76, 44.53, 44.38, 42.00, 40.01, 39.66, 31.84, 31.07, 24.34, 19.98, 13.61; IR
(KBr): �	 � 3338 (s), 3200 (m), 3100 (m), 2965 (w), 2929 (w), 2864 (w), 1730
(s), 1697 (s), 1629 (s), 1547 (s), 1198 cm�1 (s); HRMS (MALDI-FTMS,
DHB, [M�Na]�) calcd for C16H26N2O3Na: 317.1841; found: 317.1836;
elemental analysis calcd (%) for C16H26N2O3: C 65.28, H 8.90, N 9.52;
found: C 65.46, H 9.10, N 9.32.

N-4-Heptylphenyl 1,5,7-trimethyl-2,4-dioxo-3-azabicyclo[3.3.1]nonan-7-
carboxamide (3 j): Performed with 6 (0.8 mmol) where the reaction
solution was heated to reflux for 12 h. The crude material was purified
by FC on SiO2 (50 mL, 5% EtOAc/CH2Cl2) and triturated with diethyl
ether to give the product as a white powder (0.20 g, 64%): M.p. (Et2O)
192 ± 194 �C; 1H NMR (300 MHz, CDCl3, 0.02�): �� 7.55 (s, 1H), 7.31 (d,
J� 8.4 Hz, 2H), 7.11 (s, 1H), 7.10 (d, J� 8.4 Hz, 2H), 2.67 (d, J� 14.4 Hz,
2H), 2.55 (t, J� 7.5 Hz, 2H), 2.03 (d, J� 12.9 Hz, 1H), 1.62 ± 1.50 (m, 2H),
1.42 (d, J� 13.2 Hz, 1H), 1.36 ± 1.25 (m, 10H), 1.31 (s, 3H), 1.30 (s, 6H),
0.88 (t, J� 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3): �� 176.37, 171.80,
139.50, 134.74, 128.79, 120.84, 44.55, 44.54, 43.04, 40.19, 35.40, 31.83, 31.66,
31.52, 29.23, 29.18, 24.39, 22.68, 14.10; IR (KBr): �	 � 3371 (m), 3189 (w),
3078 (w), 2956 (w), 2926 (w), 2844 (w), 1717 (m), 1691 (s), 1530 (m),
1212 cm�1 (m); HRMS (MALDI, DHB, [M�Na]�) calcd for C25H36N2O3-
Na: 435.2618; found: 435.2610; elemental analysis calcd (%) for
C25H36N2O3: C 72.78, H 8.79, N 6.79; found: C 72.69, H 8.83, N 6.68.

Dithiobis(ethane-1,2-diyl) bis(1,5,7-trimethyl-2,4-dioxo-3-azabicyclo-
[3.3.1]nonan-7-carboxylate) (4): The acid chloride 6 (0.20 g, 0.78 mmol)
and dry CH2Cl2 (15 mL) were added to a 50 mL flame-dried, round-
bottomed flask. This solution was treated with NEt3 (205 �L, 1.48 mmol),
DMAP (0.23 g, 0.19 mmol), and 2,2�-dithioethanol (90% purity, 50 �L,
0.37 mmol). The mixture was stirred and heated to reflux (ca. 50 �C) under
N2 for 12 h. The solution was then diluted with CH2Cl2 (10 mL) and washed
with HCl (1�, 20 mL) and brine (20 mL). The organic extracts were dried
over Na2SO4, filtered, and concentrated. The crude material was subjected
to PTLC (30% EtOAc/hexane) and further recrystallized (2� ) from
CH2Cl2/hexane (0.12 g, 26%). M.p. (CH2Cl2/hexane) 256 ± 258 �C; 1HNMR
(300 MHz, CDCl3, 0.01�): �� 8.16 (s, 2H), 4.28 (t, J� 7.2 Hz, 4H), 2.90 (t,
J� 7.5 Hz, 4H), 2.69 (d, J� 13.2 Hz, 4H), 2.00 (d, J� 13.2 Hz, 2H), 1.35 (d,
J� 12.9 Hz, 2H), 1.25 (s, 12H), 1.23 (s, 6H), 1.17 (d, J� 14.4 Hz, 4H);
13C NMR (75 MHz, CDCl3): �� 176.67, 175.15, 63.14, 44.35, 43.77, 42.02,
39.97, 36.57, 30.42, 24.28; IR (KBr): �	 � 3213 (m), 3083 (w), 2976 (w), 2933
(w), 1734 (s), 1695 (s), 1456 (m), 1315 (m), 1207 (s), 1159 (s), 1090 cm�1 (m);
HRMS (MALDI, DHB, [M�Na]�) calcd for C28H40N2O8S2Na: 619.2124;
found: 619.2126; elemental analysis calcd (%) for C28H40N2O8S2: C 56.36, H
6.76, N 4.69; found: C 56.42, H 6.87, N 4.75.
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