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Introduction

Arrays of hydrogen bonds have attracted wide interest as
building blocks for stimuli-responsive polymers and assem-
blies with nanoscale dimensions.[1] The incorporation of
these subunits as side chains in polymers can overcome the
natural tendency of macromolecules to phase separate due
to immiscibility and create blends that would not normally
form.[2] Hydrogen-bond arrays with orthogonal sequences
have also been employed to generate multiblock copolymer
architectures.[3] Weakly interacting arrays or subunits must
often be appended in large numbers, which may significantly
change the target-polymer properties. Therefore, strongly in-
teracting arrays are often desirable, because they may be
used in lower-mole percentages to obtain the desired
effect.[4] Designing these systems can be highly challenging
due to a number of complications, such as intramolecular
hydrogen bonding,[5] preorganization,[6] and secondary inter-
actions[7] that can greatly affect the binding strength and fi-
delity[8] of the resulting complexes. Considering the contem-
porary and growing interest in supramolecular polymers and
relatively few currently available designs of neutral hydro-
gen-bonded arrays, there is still a clear need for strongly
binding, complementary and self-complementary building
blocks that may act in a specific and orthogonal manner to
those currently available.

Recently, we introduced a new type of hydrogen-bond
array that self-assembles to form a double helical complex[9]

from two complementary or self-complementary strands.[10]

In a similar manner to traditional coplanar hydrogen-bond
arrays, we have found that the stability of these complexes
is highly dependent on both the number and, more impor-
tantly, the sequence of hydrogen-bond donors and acceptors
in the array. The dependence is aptly demonstrated by the
two complexes depicted on the left side of Figure 1.

The complex formed by the two contiguous arrays pre-
senting AAA and DDD sequences is several orders of mag-
nitude more stable than that produced by the dimerization
of the alternating ADADA array pictured below it, even
though it is stabilized by one less hydrogen bond. The effect
is a consequence of strong secondary hydrogen-bond inter-
actions between the two strands upon complex formation.

Based on these results, we considered whether the two de-
signs could be amalgamated to generate a hybrid structure
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Figure 1. AADD array (right) as a hybrid of alternating ADADA and
contiguous AAA–DDD sequences (left). K values were determined in
CDCl3 at room temperature.
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with both contiguous and alternating donor/acceptor ele-
ments, and how stable the resulting complexes would be. In
view of the importance and wide utility of coplanar AADD
arrays in the development of supramolecular polymers and
materials,[11] we anticipate an array based on our double-hel-
ical design containing this sequence could be utilized in sim-
ilar applications, if the dimerization constant is comparable.
Herein, we describe the synthesis and characterization of a
series of four AADD hydrogen-bond arrays that form self-
complementary double-helical complexes exhibiting Kdimer

values from 102 to >107
m
�1.

Results and Discussion

Design and synthesis : The four AADD arrays synthesized
were chosen to elucidate the importance of several factors
that were anticipated to affect dimer formation and stability.
The presence or absence of a methyl substituent (R2) on the
thiazine donor was intended to indicate the importance of
sterics in preventing any potentially undesired intramolecu-
lar hydrogen bonding with the adjacent pyridyl acceptor
(Scheme 3). Similarly, the installation of a trimethylene
tether between the two donor heterocycles (R3) was antici-
pated to improve dimerization as a result of its preorganiz-
ing effect on the array�s conformation. The installation of
electron-donating R1 (�CH3) and electron-withdrawing R4

(�CO2Et, �NO2) group were expected to improve the ac-
ceptor and donor character of their respective heterocy-
cles.[10c]

The final AADD arrays were generated by using a con-
vergent approach, in which two halves of the molecule were
synthesized and joined to provide a thioether intermediate
that is further oxidized and cyclized to give the thiazinediox-
ide ring system.[12] The reaction scheme involves readily
available and inexpensive starting materials and conversions
are executed in moderate-to-excellent yields by using six
linear steps.

Synthesis of the dipyridine fragment 4 was initiated by
monolithiating 2,6-dibromo-3,5-lutidine[13] and acylating the
resulting anion by using an appropriate dimethylamide to
give 1 (Scheme 1). Palladium coupling with 2 a/b led to 3 a–c
that are easily brominated to yield dipyridyl fragments 4 a–c.

Synthesis of the indole-containing fragments was straight-
forward by using a modification of the protocol that we pre-
viously employed.[14] The cyclic heptanoyl indole 9 was gen-
erated in a similar manner to that of the acyclic skatoles 6
by using a Japp–Klingemann–Fischer indole synthesis
(Scheme 2).[15] These intermediates were then brominated
and converted to their corresponding mercaptans by substi-
tution with thioacetate and subsequent hydrolysis to give 8
and 11. It is notable that the manipulations to produce both
8 and 11 from the initial diazonium salts can be executed
without the aid of chromatography if desired, considerably
simplifying their syntheses.

The AADD arrays were assembled by connecting the two
fragments to form thioethers 12 (Scheme 2). The thioethers
were then oxidized to their analogous sulfones 13 and ulti-
mately condensed with NH4OAc to give the final products
14 (Scheme 3). Although the syntheses of only four arrays
are presented herein, the synthetic approach is amenable to
give derivatives incorporating a wide variety of R1–R4,
should they be desired.

X-ray analysis of AADD complexes : Single crystals suitable
for X-ray diffraction analysis were grown for all four of the
AADD arrays synthesized. Of the four sets of crystals ana-
lyzed, satisfactory solutions were obtained for those contain-
ing 14 a�, 14 c§, and 14 d†.[16] The solid-state structures are
instructive and shed light on the solution studies that follow.

The unsubstituted array 14 a crystallizes in space group
P21/c including two molecules per asymmetric unit
(Figure 2). The two molecules form zigzag one-dimensional

Scheme 1. Synthesis of the dipyridyl containing fragments of the AADD
arrays. a) tBuLi/Et2O (1.2 equiv), �78 8C, 0.5 h, N,N-dimethyl acetamide
(1 equiv; 3a) or N,N-dimethylpropionamide (3 b), �78 8C, 1.5 h, 80–85 %;
b) [PdACHTUNGTRENNUNG(PPh3)4] (3 mol %), toluene, reflux 18 h, 85–95 %; c) Br2 (1.2 equiv)
and HBr in acetic acid (2 equiv, 33%; 3a) or AlCl3 in Et2O (2 %; 3b),
12–18 h, 70–82 %.

Scheme 2. Synthesis of the indole-containing fragments of the AADD
arrays. a) (i) KOH, EtOH, H2O, 0 8C to RT; (ii) HCOOH, reflux 2–20 h,
80–90 %; b) phenyltrimethylammonium tribromide (1 equiv), dry THF,
40 8C, 1–12 h, 75–80 %; c) (i) KSAc (1 equiv), DMF, 4–12 h; 90–95 %; (ii)
cysteamine HCl (1 equiv), NaHCO3 (1.2 equiv), MeCN, 24 h, 85–92 %.
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tapes in the lattice through bifurcated hydrogen bonds be-
tween the sulfone oxygen atoms of one array and the indole
proton of an adjacent molecule (O1···N8=2.92 �, O1···H8=

2.12 �, O1···H8�N8= 1588, O2···N8= 3.47 �, O2···H8 =

2.80 �, O2···H8�N8=1398 ; O3···N4=3.16 �, O3···H4A=

2.43 �, O3···H4A�N4=1398, O4···N4= 3.18 �, O4···H4A=

2.46 �, O4···H4A�N4 =1398). Aside from this intermolecu-

lar interaction, the two molecules have very similar confor-
mations and do not exhibit the double helical dimer charac-
ter that might be expected. Instead, the two molecules both
display an electrostatically favorable intramolecular contact
between the N�H proton of their thiazine donor and the ni-
trogen atom of their lutidine acceptor (N2···H3 A=2.16 �,
N2···H3 A�N3=1128 ; N6···H7= 2.23 �, N6···H7�N7=1078)
resulting in interplanar angles between these two heterocy-
cles of only 22 and 248 (N2-C12-C13-N3 and N7-C38-C37-
N6 respectively). Presumably, this feature is a direct impedi-
ment to the dimerization motif anticipated.

However, the addition of a methyl group (R2) to the
other three derivatives 14 b–d was intended to prevent such
an unwanted interaction. In fact, none of these three struc-
tures exhibited an intramolecular hydrogen-bond analogous
to 14 a. Instead, all three took up the expected double-heli-
cal dimer arrangement in the solid state.

Array 14 c crystallized in space group P21/c including two
molecules per asymmetric unit. Inspection of the lattice re-
vealed a repeating dimer motif, in which the two unique
molecules intertwine to form a hydrogen-bonded double
helix with approximate C2 symmetry (Figure 3). The two

molecules assemble in an antiparallel fashion that arranges
their hydrogen-bond donors and acceptors in register to pro-
vide four primary hydrogen bonds between them (Table 1,
rows 1–4). Adjacent heterocyclic rings in each molecule are
twisted out of plane from one another to accommodate the
four hydrogen bonds between the two strands (N1B-C12B-
C13B-N2B=338 ; N2B-C17B-C18B-N3B=608 ; N3B-C24B-
C25B-N4B=408 ; N1 A-C12 A-C13 A-N2A =378 ; N2 A-
C17 A-C18 A-N3 A=568 ; N3 A-C24 A-C25 A-N4 A=458).
It is notable that the dihedral angle between the thiazine
and lutidine rings in each strand is significantly larger (60
and 568) than those between the other rings (<468). Wheth-

Scheme 3. Final steps in the synthetic route to AADD arrays 14a–d.
a) 2,6-Lutidine (1 equiv), MeCN, 2–14 h, 80–85 %; b) urea hydrogen per-
oxide (4 equiv), trifluoroacetic anhydride (3 equiv), MeCN, 2–12 h, 80–
95%; c) NH4OAc (6–10 equiv), AcOH, reflux 18–36 h, 70–90 %.

Figure 2. Stick representation of X-ray crystal structure of array 14a with
intermolecular and intramolecular hydrogen bonds indicated (dashed
lines). All C�H hydrogen atoms have been removed for clarity.

Figure 3. Stick representation of the X-ray crystal structure of dimer
[14c·14 c] with intermolecular hydrogen bonds indicated (dashed lines).
All C�H hydrogen atoms have been removed for clarity.
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er this is a result of the steric repulsion caused by the two
methyl substituents on the adjacent thiazine and lutidine
rings, repulsive electrostatics between the two opposing thia-
zine donors (H2 A···H2B=2.57 �) and lutidine acceptors
(N3 A···N3B= 3.11 �), or both is impossible to distinguish
based on the X-ray data only. Short secondary hydrogen-
bond contacts also support the entwined hydrogen-bonded
geometry (Table 1; rows 5–8).[17]

The solid-state structure of 14 d is similar to that of 14 c.
In this case, the array crystallizes in space group C2/c with a
single molecule per asymmetric unit. The molecules are ar-
ranged to form four identical double-helical dimeric com-
plexes, each exhibiting C2 symmetry, in the unit cell
(Figure 4). The two molecules comprising each dimer are,
again, positioned to allow four primary hydrogen bonds
(Table 1, rows 9–10) and four secondary hydrogen bond con-
tacts (Table 1, rows 11–12) to stabilize the complex geome-
try giving rise to noncoplanar orientations of the adjacent
heterocyclic rings (N1-C7-C8-N2=428 ; N2-C14-C15-N3 =

678 ; N3-C18-C24-N4 =238) in each strand.
The major contrast between these two structures is a com-

pression of the interplanar angles between the indole and
thiazine rings (238 vs. 33 and 378) and a concomitant expan-
sion of the interplanar angle between the thiazine and luti-
dine rings (678 vs. 56 and 608) of 14 d versus 14 c. Likely, this
is a result of the trimethylene tether present in 14 d that
greatly restricts the conformational freedom of the two
donor heterocycles to a narrow range of interplanar angles.

1H NMR spectroscopy characterization of AADD com-
plexes : Our attempts to quantify the dimerization by typical
spectrophotometric methods were unsuccessful. Dilutions
examined by using UV/Vis spectroscopy revealed no useful

measureable changes in the spectra (e.g., appear-
ance of a charge-transfer band), nor an isosbestic
point that could be identified. The limited fluores-
cence of the arrays prevented determination by that
method as well. The self-associating behavior of the
AADD arrays was therefore necessarily investigat-
ed by using 1H NMR spectroscopy. The concentra-
tion-dependent chemical shifts of the thiazine and
indole NH protons upon dilution of a concentrated
solution in CDCl3 at room temperature were plot-
ted and successfully fitted to a simple 1:1 dimeriza-
tion model in three of the four cases 14 a, b, and
c.[18]

Examination of the concentration-dependent
1H NMR chemical shifts of 14 a revealed behavior
that may be rationalized by analogy to its X-ray
crystal structure. The dilution of a sample of 14 a
(CDCl3, 298 K) exhibited no change in the chemical
shift of the thiazine proton NHa (d=9.80 ppm) with
respect to concentration. This indicates that in both
the self-complexed and unassociated states, this
proton is intramolecularly hydrogen bonded in a

manner comparable to that observed in the solid state. How-
ever, the indole NHb proton shifted downfield with increas-
ing concentration (Figures 5 and 6) indicating an intermolec-
ular hydrogen-bond interaction as a result of weak self-asso-
ciation (Kdimer =90 m

�1, DG=�11.1 kJ mol�1). Inspection of
molecular models based on the solid-state structure (i.e., in-
tramolecularly hydrogen bonded) does permit the possibility

Table 1. List of primary and secondary hydrogen-bond distances and angles observed
in the solid state structures of 14c and 14d.

Structure Atoms N···N
[�]

NH···N
[�]

N�
H···N
[8]

14c pri-
mary

N1B�
H1B···N4A

3.00 2.10 178

N2B�
H2B···N3A

3.17 2.36 165

N2A�
H2 A···N3B

3.11 2.24 175

N1A�
H1 A···N4B

2.92 2.06 172

secondary N1B�
H1B···N3A

3.08 2.68 107

N2B-H2B···N4 A 3.32 2.75 127
N2A�
H2 A···N4B

3.20 2.68 119

N1A�
H1 A···N3B

3.12 2.71 111

14d pri-
mary

N4�H4···N1 2.88 2.18 172

N3�H3···N2 2.97 2.15 175
secondary N3�H3···N1 3.21 2.75 117

N4�H4···N2 3.09 2.69 118

Figure 4. Stick representation of the X-ray crystal structure of dimer
[14d·14 d] with intermolecular hydrogen bonds indicated (dashed lines).
All C�H hydrogen atoms have been removed for clarity.
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of an antiparallel 1:1 self-associated geometry involving hy-
drogen bonding between either the two indole and pyridyl
termini of the oligomers or the indole donors and opposing
sulfone acceptors. Regardless, the dimerization is weak and
does not appear to produce the double helical geometry in-
tended in solution.

The addition of a methyl group (R2 =�CH3) in 14 b–d
changed the solution behavior dramatically. Concentration
of a solution of 14 b or 14 c (CDCl3, 298 K) produced large
downfield shifts of both the NH protons (NHa and NHb) in
either array (Figure 6). Fitting of this data (by using N�Hb)
to the same 1:1 dimerization model gave Kdimer =1400 and
5700 m

�1 (DG=�17.9 and �21.4 kJ mol�1) for 14 b and 14 c,
respectively. As can be inferred from these results, the in-
stallation of the methyl group provided an additional order
of magnitude increase in the stability of the dimer and pre-
vented unwanted intramolecular hydrogen bonding between
the thiazine proton NHa and the lutidine acceptor. The cal-
culated uncomplexed chemical shifts of NHa (dfree = 8.06
(14 b) and 7.72 ppm (14 c)) derived from fitting of the dilu-
tion data were significantly upfield from that recorded for
solutions of 14 a (d=9.80 ppm at all concentrations) and in-
dicative of this lack of interaction in their free states. In
fact, the dmax (NHa) calculated for self-association of 14 b
and 14 c from the dilution data (9.90 and 10.16 ppm, respec-
tively) are very similar to the value for 14 a ; lending further
support for this conclusion. Addition of a moderately elec-
tron-withdrawing substituent (R4 =�COOEt) to the indole
ring in 14 c increased the dimer stability by a modest

amount in comparison to 14 b
(DDG=�3.5 kJ mol�1) and with
a similar magnitude to that ob-
served in a related system that
we have recently reported.[10c]

Through-space contacts ob-
served in a NOESY experiment
with 14 c also corroborated a
solution-state structure similar
to that observed in the solid
state (see the Supporting Infor-
mation).

The structure of 14 d incorpo-
rates three modifications to the
AADD design intended to fur-
ther increase the stability of the
homodimer. First, the two
donor heterocycles of the array
were restricted to a narrow
range of interplanar angles by
using a trimethylene tether
(R3 =�CH2CH2�). Simple mo-
lecular models of the free array
indicated that the dihedral
angle HN-C-C-NH is expected
to be 20�58, preorganizing the
two NH groups in their approx-
imate binding orientations with
respect to one another.[19]

Second, a more powerful withdrawing group was placed on
the indole ring (R4 =�NO2) to improve the hydrogen-bond
donor character of the indole NH group. Finally, two methyl
substituents were placed on the terminal pyridine acceptor
(R1 =CH3) in positions that would not sterically perturb the
conformation of either the free or self-associated arrays, but
improve the hydrogen-bond acceptor character of the het-
erocycle.

Indeed, the solution behavior of 14 d upon dilution
(CDCl3, 298 K) is very different in comparison to 14 a–c. In
this case, self-association appeared to be complete in all the
solutions examined down to a minimum concentration prac-
ticably measurable by the 600 MHz NMR spectrometer em-
ployed in these studies (Figure 7).[20] Inspection of 1H NMR
spectra obtained at concentrations from 2.5 mm to as low as
1 mm revealed chemical shifts for protons NHa and NHb that
were unchanged within this range. The sharp resonances
and large downfield chemical shift values for these protons
(10.85 (NHa) and 13.60 ppm (NHb)) indicate they are
strongly hydrogen bonded, presumably as a result of dimer
formation. Unfortunately, the absence of any variation in
the proton chemical shifts in the concentration range exam-
ined precludes fitting of the data to the model used in deter-
mining the dimerization constants for 14 a–c. However, if we
conservatively assume 10 % dissociation at 1 mm then a
lower limit of 4.5 �107

m
�1 (DG=�43.7 kJ mol�1) may be cal-

culated for the dimerization of 14 d under these condi-
tions.[11n, 20] To further support the conclusion that 14 d is, in

Figure 5. 1H NMR spectra displaying the concentration dependent behavior of 14 a in CDCl3. (i) 7 � 10�5
m at

298 K and (ii) 2 � 10�3
m solution at 298 K with no shift in the NHa peak.
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fact, dimerized in solution a dilution was also performed in
2 % (v/v) [D6]DMSO/CDCl3. Under these conditions, a typi-
cal 1:1 dilution curve that was fitted as in 14 a–c to give
Kdimer = 8.5 �104

m
�1 (DG=�28.1 kJ mol�1) was observed (see

the Supporting Information). The dimerization constant ex-
hibited by this array in CDCl3 is comparable to the most
stable examples of neutral AADD dimers reported in the
literature to date. Given the limited increases in dimer sta-
bility expected from the incorporation of the electron with-
drawing (R4 =�NO2) and donating (R1 =�CH3) groups to
the underlying skeleton,[10c] a large proportion of this re-
markable increase in stability (DDG��22.3 kJ mol�1 in
comparison to 14 c) must originate from preorganization by
the trimethylene tether. Moreover, it raises the question of
what further increases in Kdimer might be realized in this
system, if either or both of the two other interplanar degrees
of freedom were restrained in a similar manner.

Conclusion

Four new double-helical AADD hydrogen bond arrays
(14 a–d) were designed and synthesized, and their self-com-
plementary dimerization was examined. Intramolecular hy-
drogen bonding prevented one of the arrays (14 a) from
forming the entwined structure expected. The elimination of
this intramolecular interaction through steric interference
(R2 =�CH3) enabled the remaining three arrays (14 b–d) to
assume the double-helical complex geometry intended in
both the solution and the solid state. The stabilities of these
dimers, although demonstrably higher than the desmethylat-
ed example (14 a), vary greatly depending on their pattern
of further substitution. Installation of an electron-withdraw-
ing group to the indole ring system increased Kdimer (14 c) by
a relatively small margin. A much greater increase in stabili-
ty was observed (14 d) upon introduction of a trimethylene
tether between the two donor heterocycles that preorganizes
them for binding. This modification and the incorporation
of electron-withdrawing/donating substituents to polarize
the hydrogen bond donor/acceptor subunits of the array fur-
ther, produced a complex with an extremely high dimeriza-
tion constant (Kdimer�4.5 � 107

m
�1) that parallels the most

stable literature examples based on neutral hydrogen-bond
interactions. These studies demonstrate that this type of
binding motif can generate complexes with comparable in-
teraction strengths to those observed in rigid coplanar
arrays, but with very different topologies. We are currently
investigating the integration of these building blocks into
higher-order assemblies, such as supramolecular polymers
and copolymers.

Figure 6. NMR spectroscopy dilution curves of arrays 14a–c (following
N�Hb) with their respective Kdimer values and free energies calculated
from fitting of the data to a 1:1 dimerization model.[18] Note that in the
case of 14a, only one of two potential dimers is depicted.

Figure 7. (i) 600 MHz
1H NMR spectrum of 14d at 2.5� 10�3

m in CDCl3;
(ii) and (iii) downfield portion of the NMR spectra of 14 d (in ppm) at
100 mm and 1 mm dilutions, respectively.
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Hydrogen Bonds
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Synthesis and Self-Association of
Double-Helical AADD Arrays

Hydrogen bonding with a twist : Four
hydrogen bond-donor/acceptor arrays
containing a self-complementary
AADD sequence were synthesized.
The self-association of the arrays into
a double-helical complex topology was
investigated in nonpolar solution and
the solid state. The results revealed a
lower limit of 4.5 �107

m
�1 (CDCl3) for

the Kdimer of the most stable example
examined (see figure).
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