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We have synthesized a family of conjugated diaminotriazine-functionalized receptors. Variation of distal
functionality modulated the affinity of these receptors for flavin, demonstrating efficient electronic communication
over a distance of 11 Å. The origin of this communication was explored using DFT methodology. These calculations
demonstrate that modulation of recognition in these systems is derived from a complex push–pull type mechanism.

The communication of stimuli arising from molecular recog-
nition events is of fundamental importance in biological
systems 1,2 and synthetic sensors/devices.3 Conversely, the modi-
fication of molecular recognition over extended distances is
central to the regulation of biological processes and the
creation of molecular devices.

To gain a better understanding of these recognition events
and their concomitant activities, we have designed a family
of chemosensors for flavin 4 featuring extended conjugation.
In these acyldiaminotriazine-based receptors 5 variation of
spatially remote substituents modulates the electronic charac-
teristics of the hydrogen bonding surface (11 Å away), and
hence the efficiency of the recognition process. Concomitantly,
the recognition event modulates the electronic properties of the
distal substituents. As a result, these systems serve as both
prototypes and subtle probes for the behavior of molecular
wires, providing insight into their modes of action.6

Results and discussion
Receptors 1a–d were readily prepared starting from the corre-
sponding nitriles through reaction with dicyandiamide and
potassium hydroxide to provide the diaminotriazines 2 (Scheme
1).5a Acylation of the amino groups with isobutyryl chloride
then provided receptors 1a-d. In the case of receptor 1e,
this procedure resulted in the formation of the triply-acylated
product, which was converted to the diacyl receptor using
ammonia (Scheme 1).

In our studies, receptor 1 dimerization 7 was quantified using
1H NMR titration experiments (Fig. 1) in CDCl3.

8 When the
resulting titration curves were fitted to dimerization isotherms,
the dimerization constants (Kdim) were obtained (Table 1).9

Next, receptor 1–flavin 3 complexation (Fig. 2) was quantified
via 1H NMR titration studies. The association constants (Ka)
were obtained by fitting of the titration curves to 1 :1 binding
isotherms, with explicit compensation made for receptor 1
dimerization (Table 1).10

From Table 1, it is apparent that the observed strength of
receptor 1–flavin 3 recognition is directly related to the nature
of the substituents present, with association constants ranging
between 37–82 M�1.11 These changes are the result of alter-
ations in the electrostatic potential/polarizability of the
receptor’s hydrogen bonding surface.

† Titration graphs (dimerization and association) for receptors 1a–e,
NMR, IR and UV-Vis spectra of receptors 1a–e, fluorescence spectra
of receptors 1b and 1e are available as supplementary data. For direct
electronic access see http://www.rsc.org/suppdata/p2/a9/a909634e/

The hydrogen bonding surface of receptor 1 is composed of
two elements: the hydrogen bond donating amides and the
hydrogen bond accepting triazine-N(3) position. Receptors
featuring electron donating substituents enhance the negative
potential/basicity of the triazine ring nitrogen, as shown by
increased maximal shift values (δmax) for the flavin H(3). Con-
currently, the positive potential/acidity of the amide protons is
diminished. The overall trend observed is a consequence of the
enhanced strength of the single hydrogen bond acceptor being
overcome by the diminished strength of the two hydrogen bond
donors. A plot of association energies (�∆Ga) versus Σσm,p

reveals a roughly linear relationship between the free energies of
association and the donor/acceptor abilities of the substituents
present (Fig. 3).12 The slope of this line is approximately 1/3
that of our previously reported system, in which the phenyl ring
was attached directly to the triazine residue.5a

Scheme 1
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Table 1 Binding constants, energetics and limiting shift values for receptor 1–flavin 3 complexes

Host Kdim/M�1 a,b,c ∆Gdim/kcal mol�1 c Ka/M
�1 a,c,d ∆Ga/kcal mol�1 c δmax (H(3))/ppm a,d,e

1a
1b
1c
1d
1e

70 ± 1
71 ± 2
69 ± 1
54 ± 1
78 ± 1

�2.50 ± 0.01
�2.50 ± 0.01
�2.49 ± 0.01
�2.34 ± 0.01
�2.56 ± 0.01

58 ± 2
82 ± 3
73 ± 1
63 ± 2
37 ± 1

�2.38 ± 0.02
�2.59 ± 0.02
�2.53 ± 0.02
�2.43 ± 0.02
�2.12 ± 0.02

13.2 ± 0.08
12.8 ± 0.08
12.6 ± 0.05
13.3 ± 0.11
14.0 ± 0.12

a CDCl3, 23 �C. b Amide peak followed. c Errors represent the standard error of the data fit to the calculated isotherm. d H(3)-peak followed.
e ppm downfield from TMS.

Thus far, we have demonstrated that electronic variations
within the receptor system alter the strength of the resultant
host–guest complex. To study the converse effect of binding
events on the electronics of the receptor system, we explored
the application of computational methodology. In previous
research,13 ab initio techniques that do not take into account
electron correlation interactions have been shown to lack the
precision required to accurately describe electronic properties
related to hydrogen bond formation. In contrast, hybrid density
functional theory (DFT) methods,14 for example B3LYP,
require a fraction of the computational time of post Hartree–
Fock calculations, while better describing the atomic character-
istics. In recent studies, we have shown that wavefunctions
generated through B3LYP methods accurately replicate key
experimental parameters for systems featuring hydrogen
bonding.15

To establish the validity of the B3LYP wavefunction to our
host–guest systems, we calculated the enthalpy of interaction
for hydrogen bond complex formation for the 1b�3 and 1e�3
complexes. B3LYP calculations accurately predict enhanced
recognition by receptor 1e, with the calculated difference of
0.83 kcal mol�1 obtained for the relative stability of these com-
plexes agreeing quite well with the experimental value of 0.47
kcal mol�1.16

The interplay of electronics and recognition at the hydrogen
bonding surfaces of receptors 1b and 1e was examined through
the use of atomic charges. When individual components of the
hydrogen bonding surfaces of receptors 1b and 1e were studied,

Fig. 1 Dimerization of receptor 1.

Fig. 2 Receptor 1–flavin 3 complex.

we observed that the hydrogen bond accepting triazine-N(3)
position of the dimethylamino-substituted receptor 1e was
more negative than that of 1b. The changes in atomic charge
upon binding are, however, the same. The enhanced basicity
of 1e (as experimentally established by the greater limiting
shift value for the flavin imide for the receptor 1e–flavin 3
complex) is thus an electrostatic effect. In contrast, the
atomic charges for H(16) and H(17) at the hydrogen bonding
surface are identical for receptors 1b and 1e. In the receptor
1b–flavin 3 complex, however, there is a greater positive change
in the potential of these protons upon binding. This indicates
that polarizability dominates this aspect of the recognition
process.

Further insight into electronic effects arising from host–guest
interactions in the receptor 1–flavin 3 systems can be obtained
by comparing the atomic charges of the triazine receptor before
and after complex formation (Table 2). For the chloro-receptor
1b, dramatic increases in electron density are observed in the
distal aromatic ring upon binding to 3. These increases arise
from the electron-releasing effect of hydrogen bonding to the
amide H(16/17) protons. In strong contrast, there is little
change observed in the atomic charges of 1e upon bonding to
flavin 3. For this system, the dimethylamino substituent in 1e
behaves as an “electron buffer”, maintaining essentially equal
atomic charges throughout the structure. This arises from the
electron-releasing nature of the dimethylamino substituent,
providing electrons “on demand” to the electron-deficient tri-
azine nucleus.

Further understanding of the “push–pull” modulation
observed with receptor 1e can be obtained from surface electro-
static potentials (Fig. 4). The changes observed in the surface
potentials of the receptors 1b and 1e upon binding are almost
identical. This arises from the greater sensitivity of the surface
potential to the more diffuse π electron density. As a result, the
σ-withdrawing chlorine atom has a lesser effect on the surface
electrostatic potential, while the π-donating amino group has a
greater effect.

Fig. 3 Plot of association energies versus Σσm,p for receptor 1–flavin
3 complexes.
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In conclusion, we have developed a family of model chemo-
sensors for flavins. These receptors demonstrated significant
modulation of recognition arising from functionality over 11 Å
distance from the hydrogen bonding surface. This electronic
communication was explored using the B3LYP hybrid density
function, allowing the interdependence of electronic and
recognition effects to be explored. Future research will build
upon these fundamental insights, and will be reported in due
course.

Experimental
General methods

Chemicals were purchased from Aldrich and Fisher and used
as received. Thin layer chromatography (TLC) and column
chromatography were carried out on glass pre-coated TLC
plates with silica gel 60 and silica gel 60 (230–400 mesh),
respectively. All reactions were performed under an argon
atmosphere. Microanalyses were performed by the University
of Massachusetts (Amherst) Microanalysis Service. Infrared
spectra were measured on a Perkin-Elmer Model 783 Spectro-
photometer. 1H NMR spectra were recorded on a Bruker/IBM

Fig. 4 Electrostatic potential maps projected over the electron
density surfaces for (a) receptor 1b only; (b) receptor 1b–flavin 3 com-
plex; (c) receptor 1e only; (d) receptor 1e–flavin 3 complex.

Table 2 Atomic charges on triazine receptor (selected atoms)

Atomic center 1b 1b�3 ∆q 1e 1e�3 ∆q

C(7)
C(8)
C(9)
C(10/14) a

C(11/13) a

C(12)
H(16/17) a

N(3)
N(15) or Cl(15)

�0.37
0.75
0.16

�0.22
�0.12

0.06
0.39

�0.90
�0.11

�0.35
0.73
0.24

�0.28
�0.28

0.00
0.46

�0.93
�0.10

0.02
�0.02

0.08
�0.06
�0.17
�0.06

0.07
�0.03

0.01

�0.38
0.73
0.14

�0.19
�0.28

0.24
0.39

�0.92
�0.12

�0.37
0.71
0.14

�0.18
�0.28

0.21
0.44

�0.95
�0.09

0.01
�0.02

0.00
0.01
0.00

�0.03
0.05

�0.03
0.03

a For these atoms, the value reported is the average of the two
calculated.

AC200 (200 MHz) spectrometer. All spectra were recorded
using either CDCl3 or DMSO-d6 as solvent.

Synthesis of diaminotriazines 2a–e

To a solution of potassium hydroxide (337 mg, 6 mmol) in
pentan-1-ol (20 mL), dicyandiamide (3.03 g, 36 mmol) and the
starting nitrile (30 mmol) were added. This was then stirred for
24 h at 140 �C. After cooling, the resulting solid was suspended
in boiling water, filtered and dried. Diaminotriazines 2a–e thus
obtained exhibited satisfactory NMR spectra in DMSO-d6 and
were therefore used without further purification. The yields
obtained were as follows: 2a (46%); 2b (32%); 2c (31%); 2d
(57%); 2e (63%).

Synthesis of acylated diaminotriazines 1a–d

To a suspension of the diaminotriazine (4 mmol) in pyridine
(10 mL), isobutyryl chloride (2.10 mL, 20 mmol) was added at
room temperature. This was then stirred at 75 �C for 24 h before
removal of the pyridine (under a stream of air). The resulting
solid was dissolved in CH2Cl2 (20 mL), washed with a saturated
solution of NaHCO3 (20 mL) followed by H2O (20 mL), dried
(Na2SO4) and the CH2Cl2 evaporated under reduced pressure.
The resulting solid was purified by column chromatography on
silica gel with 5 :1 hexanes–ethyl acetate and recrystallized from
MeOH. 1a (13%): mp 184–184.5 �C; IR (KBr) 3260, 3180, 2980,
1740, 1685, 1640, 980 cm�1; 1H NMR (CDCl3) δ 1.30 (12H, d,
J = 6.9 Hz), 3.34 (2H, septet, J = 6.9 Hz), 7.04 (1H, d, J = 15.9
Hz), 7.40–7.45 (3H, m), 7.61–7.66 (2H, m), 8.13 (1H, d, J = 15.9
Hz), 9.15 (2H, br s). Anal. Calcd. for C19H23N5O2: C, 64.57; H,
6.56; N, 19.82. Found: C, 64.59; H, 6.47; N, 19.96%. 1b (27%):
mp 203.5–204 �C; IR (KBr) 3250, 3180, 2970, 1745, 1670, 1640,
990, 825 cm�1; 1H NMR (CDCl3) δ 1.30 (12H, d, J = 6.9 Hz),
3.33 (2H, septet, J = 6.9 Hz), 7.01 (1H, d, J = 15.9 Hz), 7.39
(2H, d, J = 8.7 Hz), 7.56 (2H, d, J = 8.7 Hz), 8.08 (1H, d,
J = 15.9 Hz), 9.28 (2H, br s). Anal. Calcd. for C19H22N5O2Cl: C,
58.84; H, 5.72; N, 18.06. Found: C, 58.80; H, 5.63; N, 18.01%.
1c (14%): mp 212–213 �C; IR (KBr) 3250, 3180, 2970, 2870,
1735, 1675, 985 cm�1; 1H NMR (CDCl3) δ 1.29 (12H, d, J = 6.9
Hz), 3.29 (2H, septet, J = 6.9 Hz), 3.86 (3H, s), 6.89 (1H, d,
J = 15.9 Hz), 6.94 (2H, d, J = 8.7 Hz), 7.58 (2H, d, J = 8.7 Hz),
8.09 (1H, d, J = 15.9 Hz), 8.88 (2H, br s). Anal. Calcd. for
C20H25N5O3: C, 62.65; H, 6.57; N, 18.26. Found: C, 62.70; H,
6.69; N, 18.37%. 1d (24%): mp 219.5–220 �C; IR (KBr) 3250,
3170, 2970, 1735, 1685, 1635, 970 cm�1; 1H NMR (CDCl3)
δ 1.30 (12H, d, J = 6.5 Hz), 3.25 (2H, septet, J = 6.5 Hz), 3.93
(3H, s), 3.94 (3H, s), 6.91 (1H, d, J = 15.5 Hz), 6.92 (1H, s),
7.17–7.20 (2H, m), 8.08 (1H, d, J = 15.5 Hz), 8.91 (2H, br s).
Anal. Calcd. for C21H27N5O4: C, 61.00; H, 6.58; N, 16.94.
Found: C, 60.78; H, 6.44; N, 16.86%.

Synthesis of acylated diaminotriazine 1e

To a suspension of diaminotriazine 2e (235 mg, 0.9 mmol) in
pyridine (1 mL), isobutyryl chloride (0.48 mL, 4.6 mmol) was
added at room temperature. The reaction mixture was then
stirred at 75 �C for 24 h before removal of the pyridine (under a
stream of air). The resulting solid was dissolved in CH2Cl2 (10
mL), washed with a saturated solution of NaHCO3 (10 mL)
followed by H2O (10 mL), dried (Na2SO4) and the CH2Cl2

evaporated under reduced pressure. The crude triply-acylated
product thus obtained was then re-dissolved in CH2Cl2, 5 drops
of concentrated NH4OH added and stirred at room temper-
ature for 6 h. The reaction mixture was then washed with a
saturated solution of NaHCO3 (10 mL) followed by H2O (10
mL), dried (Na2SO4) and the CH2Cl2 evaporated under reduced
pressure. The resulting solid was purified by column chromato-
graphy on silica gel with 5 :1 hexanes–ethyl acetate and
recrystallized from MeOH. 1e (14%): mp 238–239 �C; IR (KBr)
3240, 2965, 1730, 1675, 1590 cm�1; 1H NMR (CDCl3) δ 1.29
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(12H, d, J = 6.9 Hz), 3.05 (6H, s), 3.22 (2H, septet, J = 6.9 Hz),
6.70 (2H, d, J = 9.0 Hz), 6.78 (1H, d, J = 15.5 Hz), 7.52 (2H, d,
J = 9.0 Hz), 8.07 (1H, d, J = 15.9 Hz), 8.39 (2H, br s). Anal.
Calcd. for C21H28N6O2: C, 63.62; H, 7.12; N, 21.20. Found: C,
63.59; H, 7.22; N, 21.00%.

1H NMR titrations

NMR complexation studies were performed in CDCl3, a non-
competitive solvent, to allow the observation of specific hydro-
gen bonds. Association constants were determined through
non-linear least-squares curve fitting.

Dimerization of receptor 1

Dimerization constants (Kdim) were obtained via NMR concen-
tration studies using previously described protocols. In the case
of receptors 1b and 1d, a 0.1 M receptor solution was used
(initial concentration = 0.00196 M; final concentration = 0.075
M). For receptors 1a and 1c, a 0.05 M receptor solution was
used (initial concentration = 0.00098 M; final concentration =
0.0375 M). Finally, for receptor 1e, a 0.0275 M receptor
solution was used (initial concentration = 0.00054 M; final
concentration = 0.021 M).

Receptor 1–flavin 3 binding

Association constants (Ka) were obtained via NMR studies
using previously described protocols. In the case of receptors
1a–d, a 0.005 M flavin 3 host solution and 0.05 M receptor
solution were used (final concentrations: [Guest]total = 0.025 M;
[Host]total = 0.0025 M). For receptor 1e, a 0.005 M flavin 3 host
solution and 0.0275 M receptor solution were used instead,
due to solubility problems (final concentrations: [Guest]total =
0.0157 M; [Host]total = 0.0021 M).

Computer modeling studies

The calculations were run on a 100 MHz R4000 Iris Silicon
Graphics using Gaussian 94.17 All geometries were initially
optimized at the HF/3-21G* level, followed by a B3LYP/3-
21G* single point calculation. The electrostatic potential
energies mapped onto the electronic density surfaces were
generated by running the single point calculation mentioned
using Spartan 4.118 as a graphical interface for Gaussian 94.
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