FABERBAEAEZERHBEBAR T ERRRS
356 35 3R 86 36 36K 6 3506 36 3 OREEOMONE OO0 K
3% %
% EFERBOUBRLTHBLALAR %
x X
SHE 3E K 356 36 30K 36 K66 30K ORI OO K

s Mangastz [Jgan:tz
&4 CNSC 90 — 2113 — M — 002 — 055 —
PATHAR]: 90 #£ 8 A 1 BE 91 # 7 B 31 8

HEFXIHA B 2 &
£ EEHFAC
HELBAER EEE - RER CBREE CHE LR SIE - Ay

ESEE EERTaY UEES
(AL B Sk th £ S5 8 4R E —
(ALK E 8 £ A7 o ks — 5
8% BR80T @ O RS R R Z B XS — 1
CREA AR ERAFEREE — 5

HAITEM B L &4 B K2 1t & %

¢ ¥ R B 91 & 12 A 23 8



EEBRBEBBRETRBARMA
NSC-90-2113-M-002-055
JA s 3

AR AR

E—E 5 RRMALEBS EHE N TET MUgeneralizedsF
4% azaindoles A & adenine£7 4 #7 #1 B 8 # # #] ¥ % L & Fvamino-
imino tautomerism/E A H £ &8 E & o & % b &A1 2000F5 45 3%

% 09345 (J. Phys. Chem. B 2000, 104, 7818, J. Phys. Chem. A

2000. 104, 8863) ° AR BRI B KfF A LB ARG SER

3+ — % %| % ¥ aminopyridine#7 4 #7 * # A B % proton donor/acceptor
HAEM > 135] $ RAEAEEE o 3B S ARG LS A B R HRE

FoiE B R 2 M e S Y R (L.Am. Chem. Soc. 2002, 124,




4287 )

— R AN ELS L
K= Eentropy 89 %% > 124 $ 84260 B &4 ¥ RSEHARED
=4 RFEREZNBER L. RMBRBIREIL—FRAE % fise
P8 LA A &3t 6 Ak 89 4% -F2,7-Bis-(1H-pyrrol-2-yl)ethynyl-1,8-
naphthyridine 5% 3 %9 3% 2| & & £ B8 45 1 9 #¥iglucose #9 2 £ (Org.

Lert. 2002, 4, 3107 ).

H’O" ?
/-\\J/O - /
(A H-- ,0\39 H .-H
0. / ;0
\H H [~/
o
o
multiple hydrogen-bonds CgHyy
Aaps 410 nm induced charge polarization Aabs 435 nm
hem 475 Nm hem 535 nm

A—RPGAEE T > RALEREMERAA3-RAL



# j#fazaindoles® B8 &) & 2 A2 47 1 o — ARazaindolesty B & & £
tetramer®) S X > R A B BILBITEY FRB - KAV A3-
methyl-7-azaindoles &) 4 % £ £ 4 % /% (298-8 K) #y steady-state L4 & 48
HONRA O N EERRLE —EARD OB E RBEEEE THS
¥azaindoles ™ & # ¥ A #& B ££3-methyl-7-azaindole 5.ER/& ¥ &5 ' F

FH R P K 4 51.76 kcal/mol ([, Phys. Chem. A 2002, 106,

8006) ° B E Ry X4 E T #4544 % /& Hone-step reaction © &4 £

£ F & T+ 4 H7-azaindole B8 E FH 8 H Loy F 3 -

thermally availabley-------f-z===--
energy 0 N oo !

| d
);%N—HMHN\ /i )/:%NIIHHH—N /i

AE ~ 0.58 kcal/mol for 3MAI-h
~ 1.73 kcal/mol for 3MAI-d




73— @ > 20015 KA A 42416 % 64 9748 A 363 1 azaindoles &9 3-
cyano#7 £ HGCADRA RLA T 0 FHASEH AL « & T mimick
EALRRE T RER % > fphysiological gk ¥ 478 F#4 £ %
o Bl B o RITH R BRI A AT BB F R B s
BIOR)BACHE AT FRBREALIOps 24, LA EBEN R
(deuterium) FEJ{i % 2 & (~3.5 ns)) o 4] B B BB 209 §) /) B4
CBRMAFRGGBRRE FRBETEARECB—BARRHH S P
W B —EAENEE AR R ARk E Rk AR
W) RILEITEH F8% - 8% —+ 4 R frazaindolesE K ¥ ¢4 H F
BE-—EREIBATEGRRARETHS ARG E R BRI &
REWF S - ittautomert) £ £ MR RiE - AR A > #
EHMRFRRYORIE CAl M HE+ S FERAEKFTREY

F 32 69 3% B (J_Am. Chem. Soc. 2001, 123, 3599) - & &iLC 8 ik

— A AR B KL 0 s5 R AT F8848 > Kt #¥%5—18

3CAIn FEREAT THBHROTRISEAARYF > BTEEALL



U & 1:2 3CAI/H,0 cyclic complex £ #1484 T 4% %] - &L d
molecular dynamics & ab. initio#y 3+ HRAF B BB T AER T 418
H,0 catalyzed % 8 H FR B A4 > BARMETR LR BER
BH—8E e ERBSFERRIWRAREAT T EFBAE
FHAERES G EEM - B AT iR F £ 2J. Am. Chem. Soc.
BE

B B — 18 KA K & A A A A Wik R F(femtosecond) F 41
% 4 - 3t B #| A fluorescence upconversion#y 4% 47 A #7 i f-carboline
HHBRENE FRES NS EFRATTHBRES-12ps"
it 4 % B-carboline 3B ¥ H FRMBAEFE LA RS kcal/mol £ 4 © M
R & — ¢&in-plane ° large amplitude # 3k 8 4% X AT A5 ©

LERMHUBEETTFHEBAMATLLERERANRE AN L
AEBHEEBY WAL - FHARGFANEFFRT —
F2002 ## 5 # (% CRBREIBER)ZIZERX, 525w XL

HEFEZP.



82

83

84

85

86

87

88

89

90

91

92

“Self-Complementarity of Oligo-a-aminopyridines: A New Class of Hydrogen-Bonded
Ladders” M. K. Leung*, A. B. Mandall, C. C. Wang G. H. Lee, S. M. Peng*, C. L.
Cheng, G. R. Her, I. Chao, H. F. Lu, Y. C. Sun, P. T. Chou*J. Am. Chem. Soc. 2002, 124,
4287-4297.

“Comment on “Highly Efficient White Organic Electroluminescence from a Double-Layer
Device Based on a Boron Hydroxyphenylpyridine Complex” PiTai Chou*, Chung-Chih
Cheng, Chau-Shuen Chiou, Guo-Ray Wu Angew. Chem. Int. Ed. 2002, 41, 2273.
“Proton-transfer tautomerism in 10-hydroxybenzo[h]quinolines; Heavy atom effects and
non-hydrogen-bonded photorotamer formation in 77 K glassy matrices” PiTai Chou”,
Guo-Ray Wu, Yun-I Liu, Wei-Shan Yu and Chau-Shuen Chiou, J. Phys. Chem. A 2002,
106, 5967.

“Excited-State Double Proton Transfer on 3-Methyl-7-Azaindole in a Single Crystal;

Deuterium Isotope/Tunneling Effect” W. S. Yu, C. C. Cheng, C. P. Chang, G. R. Wu, C.
H. Hsu, P. T. Chou*, J. Phys. Chem. A 2002, 106, 8006-8012.

“Double Proton vs. Charge Transfer in 4-(N-substituted amino)-1H-Pyrrolo(2, 3-
b]Pyridines” P. T. Chou*, Y. I. Liu, F. T. Hung, W. S. YuJ. Phys. Chem. B 2002, 106,
12713-12722..

“Syntheses and Spectroscopic Studies of Spirobifluorene-bridged Bipolar Systems;
Photoinduced Electron Transfer Reactions “ Y. Y. Chien, K. T. Wong*, P. T. Chou* and
Y. M. Cheng Chem. Commun. 2002, 2874.
“2,7-Bis-(1H-pyrrol-2-yl)ethynyl-1,8-naphthyridine: A Highly Selective Fluorescent Probe
for Glucopyranoside”, Jen-Hai Liao, Chao-Tsen Chen*, He-Chun Chou, Chung-Chih
Cheng, Pi-Tai Chou*, and Jim-Min Fang*, Org. Lett.. 2002, 4, 3107-3110.
“Photoinduced Electron Transfer Reactions Across Rigid Linear Spacer Groups of High
Symmetry” K. Y. Chen, T. J. Chow,* P. T. Chou, Y. M. Cheng and S. H, Tsai,
Tetrahedron Lett. 2002, 43, 8115.

“The Ground and Excited-State Acetic Acid Catalyzed Double Proton Transfer in 2-
Aminopyridine” F. T. Hung', W. P. Hu', T. H. Li, C. C. Cheng and Pi-Tai Chou’, J. Phys.
Chem. A 2002, in press.

“Dynamics of Ground-State Reverse Proton Transfer in the 7-Azaindole/Carboxylic acid
System” W. P. Hu*!, R. M. You,' S. Y. Yen,' F. T. Hung’, W. S. Yu’ and P. T. Chou*”’
Chem. Phys. Lett. 2002, in press.

“Studies of the Triplet States of Proton-Transfer Tautomers in Salicylaldehydes”

P. T. Chou’, C. Y. Wei, G. R. Wu and W. S. Yu, Chem. Phys. Lett. 2002, in press.




8006 J. Phys. Chem. A 2002, 106, 8006—8012

ARTICLES

Excited-State Double-Proton Transfer on 3-Methyl-7-azaindole in a Single Crystal:

Deuterium Isotope/Tunneling Effect
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Pi-Tai Chou**$§

Department of Chemistry, National Chung-Cheng University, Chia-Yi, Taiwan, Republic of China, Department
of Chemistry, Fu Jen Catholic University, Shin Chuang, Taiwan, Republic of China. and Department of
Chemistry. National Taiwan University. Taipei, Taiwan, Republic of China

Received: February 12, 2002; In Final Form: June 8, 2002

Unlike 7-azaindole consisting of the tetrameric configuration, 3-methyl-7-azaindole (3MAI exists solely as
intact double hydrogen-bonded dimeric forms in a single crystal. Both steady-state and time-resolved
measurements down to 8.0 K reveal remarkable deuterium isotope effects on the rate of excited-state double
proton transfer (ESDPT) in the N(1)-deuterated 3MAI (3MAI-d) single crystal. The rates of ESDPT for the
3MAI-d dimer resolved at <150 K are mainly governed by the proton tunneling mechanism. At <12 K. the
nearly temperature-independent ESDPT dynamics lead us to qualitatively deduce a barrier height of ~1.73
kcal/mol for the 3MAI-d dimer. The results provide an ideal model to investigate the intrinsic ESDPT dynamics
for 7-azaindole analogues in which the structural information is well documented.

1. Introduction

The excited-state double proton transfer (ESDPT)! 73 in the
7-azaindole (7Al) dimer (Figure 1) has long been recognized
as a prototype to mimic the photoinduced mutation of the DNA
base pair.** Much research has focused on the dynamics of
ESDPT, especially in solution phase.® !¢ Early studies have
revealed that the rate of proton transfer is within 0.3—1.0 x
1012 571 for the 7AI dimer in nonpolar solvents.®” Recently,
0.2-ps and l.1-ps dynamics were resolved by Takeuchi and
Tahara® and first assigned to the rates of internal conversion
and proton transfer, respectively, based on a concerted ESDPT
model. Subsequently. Chachisvilis et al.? reported the 1-ps and
12-ps dynamics and interpreted on the basis of nonconcerted
double proton-transfer reaction, but it was then claimed that
the 12-ps component is due to the vibrational cooling.!” Then,
Fiebig et al. reassigned the 0.2-ps and 1-ps components to the
two-steps double proton transfer'’ and concluded that both
trajectories of the symmetric and asymmetric vibrational motion
coupled with the solvent dynamics must be considered for the
ESDPT in the solution phase. Only when the internal energy is
small. such as at sufficiently low temperatures, can one examine
the process of tunneling and nonconcertedness. Despite different
viewpoints on the mechanism. both claimed observation of the
kinetic isotope effects on the rate of ESDPT at ambient
temperature.

Temperature-dependent ESDPT dynamics on 7Al were once
suggested to be inaccessible due to the formation of thermo-
dynamically more favorable oligomers at low temperature. '3
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Figure 1. Differences in photophysical properties for the 7Al-
associated structures: a. the dual hydrogen-bonded dimer (in solution)
and b. tetrameter (in a single crystal).

In a 77 K methylcyclohexane glass containing concentrated 7AL
the dominant steady-state emission maximum at ~460 nm was
reported to originate from phosphorescence of the oligomers
in which the cooperative double proton transfer is prohibited. 1%
Recently, via a clever approach of applying sufficiently low
7Al concentrations, Catalan and Kasha'® were able to resolve
the dimeric form at low temperature and to study its corre-

10.1021/jp020411x CCC: $22.00 © 2002 American Chemical Society
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Figure 2. Structures of 3MAI and their corresponding proton-transfer
isomer as well as methylated derivatives.

sponding proton-transfer spectroscopy. Instead of the exclusive
proton-transfer tautomer fluorescence in the 7Al dimer, the
appearance of normal dimeric fluorescence at <200 K for the
deuterated 7A1 rendered a convincing deuterium isotope effect
on the ESDPT dynamics' (hereafter N(I)-protonated and
deuterated-7Al analogues are denoted by the suffix -4 and -d.
respectively). However. from the thermodynamic point of view,
the hydrogen-bonding equilibrium should be dominated by the
enthalpic factor and hence favors the oligomer formation at
sufficiently low temperatures (e.g., 77 K and lower). 1t is thus
rather difficult to deternine the lower-limit temperature at which
the existence of dual hydrogen-bonded dimer is free from the
interference of oligomers. This in combination with possible
perturbations resulting from solvent dielectric relaxation and/
or viscosity (e.g.. solvent cage) may further smear and com-
plicate the ESDPT dynamics.

From yet another approach, the hydrogen bond in the solid
state can be well-characterized.!® It has been demonstrated that
the hydrogen-bonding structure in the single crystal provides
an ideal model for investigating proton-transfer dynamics free
from the solvent perturbation.'s’” Unfortunately. the crystal
structure of 7Al reveals tetrameric units of approximate S,
symmetry. in which molecules are associated by means of four
complementary N—H- - *N hydrogen bonds'® (Figure 1b). As
a result the cooperative ESDPT is prohibited. Recently, we have
found that chemical modification at the C(3)-position of 7AlL
forming 3-iodo-7-azaindole (31AI). exhibited a dimeric structure
in the single crystal. Steady-state approaches have shown the
dominant ESDPT process even at 10 K for the 31Al-/ dimer,
resulting in a unique tautomer emission.'® Unfortunately, studies
on ESDPT dynamics of 31Al particularly the deuterium isotope
effect, were rather difficult due to its photochemical hability
as well as fast $;—T, intersystem crossing enhanced by the
iodine heavy atom effect.’?" Thus, chemical modifications on
7Al suitable for investigating intrinsic ESDPT in the single-
crystal became one of our focuses. In this study 3-methyl-7-
azaindole (3MAI, Figure 2) was synthesized, of which the
photostability is superior to that of 3IAl. Furthermore, unlike
3TIAT where the association of iodine substituents induces strong
perturbation due to the enhanced spin—orbit coupling and
resonance effects. the much more inert methyl substitution in
3MALI provides an ideal model to mimic the intrinsic ESDPT
dynamics of the 7Al dimer.

2. Experimental Section

2.1. Materials. Synthesis of 3-methvi-7-azaindole (3MAl). A
precursor 7-azaindole-3-carboxaldehyde has to be prepared prior
to the synthesis of 3MAL which was synthesized according to
the previous report.?’ Subsequently, a solution of semicarbazide

J. Phys. Chem. A, Vol. 106, No. 35, 2002 8007

hydrochloride (1.35 g) and sedium acetate trihydrate (2.3 g)
was added to a solution containing 7-azaindole-3-carboxalde-
hyde (0.80 g) in 80 mL of boiling water. After the appearance
of a transitory yellow coloration. a white solid gradually
precipitated. The mixture was then heated on the steam-bath
for ~15 min, then cooled to vield semicarbazone (1.1 g).
Semicarbazone (1.1 g) was added to a solution containing
sodium (0.96 g) in dry diethylene glycol (40 ml.). The solution
was refluxed at 2035 °C under nitrogen atmosphere for 1h, and
the mixture was cooled and poured into ~230 mL of water
containing 3.1 g of glacial acetic acid. The resulting solution,
which contained solid in suspension, was extracted with ether.
The extracts were then washed with water, dried, and evapo-
rated. The crude product was chromatographed on silica gel
(eluent: ethyl acetate) to obtain 0.41 g (55%) 3MAL *H NMR
(400 MHz), 0 9.66 (s, 1H), 8.28 (dd, J/ = 1.6. 4.8 Hz. 1H).
7.89 (dd. J = 1.4, 7.6 Hz, 1H). 7.08(s, 1H), 7.04 (dd, J = 4.4,
8.0 Hz. 1H), 2.31(s, 3H). A single crystal of 3MAI-A with
dimensions of ~0.50 » 0.45 x 0.45 mmn’ was obtained by slow
evaporation in a CH;OH solution. To obtain the 3MAI-d single
crystal. a similar recrystalization procedure was repeated three
times in the CD;0OD solution under the N atmosphere. After
monitoring the disappearance of the N(1)—H proton in 'H NMR
(in CDCl;). we concluded that ~95% of the N—H proton had
been deuterated. The transfer of 3MAI-d to the cryostat was
handled in a N filled drybox fo avoid the D/H exchange on
the surface of the crystal.

The compound 1,3-dimethyl-7-azaindole (3MM(1)Al Figure
2) was synthesized by adding sodium hydride (57%. 60 mg) to
the THF solution containing 3MAI (0.15 g). followed by the
addition of methy! iodide (30 mg). 'H NMR (CDCl;. 400 MHz),
8 2.32 (s. 3H), 4.10 (s. 3H), 7.0 (s, 1H), 7.17 (1, 1H), 8.05 (d.

J = 72 Hz, 1H), 833 (d. / = 3.2 Hz, 1H). The compound

3,7-dimethyl-1H-pyrrolo[2,3-bipyridine (3MM(7)AL Figure 2)
was synthesized by the reaction of 3MAI (0.12 g) and CHal
(0.58 g) in THF under a N; atmosphere. NaOH (2.5 N. 3 mL)
was then added and the mixture was stirred for ~20 min to
obtain 3MM(7)A1 (60 mg). ‘H NMR (CDCl3, 400 MHz), 6 2.37
(s, 3H), 4.74(s, 3H); 7.37(t. 1H): 7.55(s, 1H): 7.98(d, J = 7.64
Hz, 1H): 8.34(d. / = 6.8 Hz, 1H).

2.2, Measurements. A closed-helium-cycle crvostat (Oxford.
Model CCC1104) was used for the temperature-dependent study
in the range of 298—8 K. The solid sample (i.e.. single crystal)
was placed tightly between two thin quartz plates that came
into close contact with the Indium part of the cooling compart-
ment to ensure maximum thermal conduction. The solid sample
was excited by the fourth harmonic (266 nm) of the Nd:YAG
laser under a front-face configuration. The resulting fluorescence
was detected by an intensified charge coupled detector (1CCD,
Princeton Instrument. Model 576G/1) coupled with a polychro-
mator in which the grating is blazed with a maximum of 500
nm. Occasionally, to obtain excitation spectra the output of an
Nd:YAG (355 nm, 8§ ns. Continuum Surlite I1T) pumped optical
parametric oscillator was tuned between 650 and 720 nm and
was then frequency doubled by a BBO crystal to obtain a tunable
325—2360 nm excitation frequency. The intensity of the laser
pulse was measured by a joule meter, which was then normal-
ized to obtain the corrected excitation spectra. A combination
of filters was used in front of the exit polychromator to isolate
the emission wavelengths of interest. The crystal orientation
was 43% with respect to the direction of the excitation light.

Detailed fluorescence lifetime measurement has been de-
scribed in the previous report.” Briefly, a third harmonic of
the Ti—Sapphire oscillator (100 fs. 82 MHz. Spectra Physics)
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Figure 3. a. The projection of 3MAI-£ dimer in a unit cell of the
single crystal. b. Two types of spatially arranged dimeric forms,
specified as dimer 1 and 2. Bond distance and angle are in angstroms
and degree (degrees), respectively.

coupled with a pulse picker (NEOS, model N17389) was used
as an excitation source, giving a tunable wavelength in the range
0f 255—275 nm with a repetition rate of 8 MHz. An Edinburgh
OB 900-L single-photon counter was used as a detecting system.
The resolution of the time-correlated photon-counting system
is limited by the detector response of ~30 ps. The fluorescence
decays were analyzed by the sum of exponential functions with
an iterative convolution method reported previously,?* which
allows partial removal of the instrument time broadening and
consequently renders a temporal resolution of ~15 ps.

3. Results

3.1. Structure of 3MALl in a Single Crystal. As shown in
Figure 3, the crystal structure of 3MAI-4 is composed of a cyclic
dimer via dual N—H-+*N hydrogen bonds. Parallel cyclic dimers
are stacked via the interaction between their ring sr-systems to
form alternating slabs. The orientation of the parallel molecules
in one slab is nearly perpendicular to those in adjacent slabs.
The space group is p2;/C, and Z = 8. Thus. there are two kinds
of crystallographically independent molecules. Each of them
forms a hydrogen-bonding dimer by the operation of the
imversion center, while there is no symmetry relation between
the two forms of dimers. To examine whether these two kinds

Yu et al.

TABLE 1: Bond Lengths [Angstroms] and Angle [Degrees]
for 3MAI-h in a Single Crystal

Dimer 1

N(1)-C(5) 1.3322) N(1)-C(l) 1.335(2)
N(Q2)—C(5) 1.365(2) N(2)—C(7) 1.368(2)
C(1)~CQ) 1.3872) C(2)-C(3) 1.377(2)
C(3)-C(4) 1.3942) C(4)-C(5) 1.416(2)
C(4)—C(6) 14252) C(6)—C(7) 1.367(2)
C(6)-C(8) 1.502(2) N(2)—H(2) 0.856(2)
N(1A)+-H(2) 2.131(2) N(1A)+N(2) 2.980(2)
C()-N(1)-C(1) 113.95(14) C(5)-N(2)—C(7)  108.30(14)
N()-C(1)-C(2) 124.99(16) C(3)-C(2)-C(1)  119.98(16)
C(2)—CB3)—-C@ 117.77(15) CG)~C@)—C(5)  116.74(14)
CR)-C@)—C(6) 135.71(15) C(5)—C(4)-C(6)  107.54(14)
N()—C(5)-N(2) 125.88(14) N()-C(5)-C(4)  126.57(14)
N(2)—C(5)-C(4) 107.54(14) C(7)-C(6)-C(d)  105.41(14)
C(7)—C(6)-C®) 12849(16) C(4)—C(6)—C(8)  126.10(15)

C(6)—C(7)—-N(2) 111.22(15) N(1A)--*H(2)-N(2) 170.90

Dimer 2
N(3)—C(13) 1.335(2) N(3)-C(9) 1.335(2)
N(4)—C(13) 1.366(2) N(4)—N(15) 1.368(2)
C(9)—-C(10) 1.390(2) C(10)—C(11) 1.376(2)
C(11)—-C(12) 1.386(2) C(12)—C(13) 1.415(2)
C(12)—C(14) 1.434(2) C(14)—C(15) 1.365(2)
C(14)—C(16) 1.500(2) N(4)—H(4) 0.865(2)
N(3A)---H(4) 2.121(2) N(3A)***N(4) 2.979(2)

C(13)-N(3)—C(9)  113.75(14) C(13)~-N(4)—C(15) 108.42(14)
N(3)-C(9)-C(10)  125.03(16) C(11)—C(10)—C(9) 119.82(15)
C(10)~C(11)=C(12) 117.89(15) C(11)~C(12)-C(13) 117.01(14)
C(11)-C(12)-C(14) 135.84(14) C(13)—C(12)—C(14) 107.15(13)
N(3)-C(13)-N(@)  125.77(14) NG3)—C(13)-C(12) 126.50(14)
N(4)-C(13)-C(12) 107.71(14) C(15)—C(14)—C(12) 105.55(14)
C(15)-C(14)—C(16) 128.67(17) C(12)—C(14)—C(16) 125.77(15)
C(14)—C(15)—N(4) 111.16(15) N(3A)---H(4)-N(4) 1714

of hydrogen-bonding dimers (specified as dimer | and dimer
2) are in the same circumstances in the single crystal, we have
closely examined these two components in the X-ray data. The
results of X-ray structural analyses are shown in Figure 3 and
Table 1. The sameness in configuration of these two hydrogen-
bonded dimers under different spatial arrangements can be
supported by several critical bond lengths and angles shown in
Table 1. For example, N(1A)++*N(2) and N(1A)*+-H(2)N(2) were
calculated to be 2.980 and 2.131 A. respectively, for dimer 1.
In addition. the angle of N(1A)---H(2)N(2) was calculated to
be 170.9°. In comparison, similar results of 2.979 A {(N(3A)--
N(4)) and 2.121 A (N(3A)++-H(4)N(4)) with an N(3A)---H(4)N-
(4) angle of 171.4°were obtained for dimer 2. These. in
combination with similar bond angles and bond distances among
the rest of the atoms between dimer 1 and 2 (see Table 1)
indicate that within the standard deviation these two hydrogen-
bonding dimers are in the same configuration and hence should
behave in practically the same way.

To ensure the same crystal structure in both fluorescence and
X-ray measurements, we first determined the structure by X-ray
spectroscopy. followed by performing temperature-dependent
fluorescence spectroscopy and dynamics of the same single
crystal. During the fluorescence measurement an ultrahigh
vacuum was maintained in the cryostat so that the D/H isotope
exchange was negligible. In the case of 3MAI-d. great care was
taken to perform the X-ray measureiment in dry air conditions,
and the results are attached in the Supporting Information.
Comparing X-ray data shown in Table | and Supporting
Information, it is obvious that single crystals of 3MAI-4 and
3MAI-d used in the fluorescence studies are isomorphous. The
X-ray crystallography was also performed at —80 °C. The results
showed negligible differences in structure from that obtained
at 295 K, indicating no temperature-dependent structural
transformation for 3MALI in a single crystal.
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Figure 5. The fluorescence and fluorescence excitation spectra of
3MM(1)AI (—) and 3MM(7)AI (- -) in the crystal form at ambient
temperature.

3.2. Spectroscopy and Dynamics in the Single Crystal. In
contrast to a normal fluorescence (Anux ~ 370 nm) observed in
7AL"Y 3MAI-A in a single crystal exhibited a unique, large
Stokes-shifted fluorescence (Aynas ~ 500 nm) throughout 298—
8.0 K (Figure 4). In comparison, 3MM(1)AI (see Figure 2),
which serves as a nonproton-transter model for 3MAI, revealed
a fluorescence with a peak maximum at 410 nm (zy ~ 0.9 ns)
in the solid state. Conversely, 3MM(7)AL a model compound
of the proton-transfer tautomer, exhibited room-temperature
fluorescence maximized at 510 nm (Figure 5, 7o ~ 2.1 ns), of
which the spectral and dynamical features resemble those
observed in the 3MAI-A single crystal. These steady-state
approaches unambiguously lead to two concluding remarks: |
ESDPT is apparently operative in the 3MAI-A single crystal,
resulting in a 500-nm proton-transfer tautomer emission. 2. Due
to the lack of any observable normal emission, the rate of
ESDPT must be fast even at a temperature of as low as 8.0 K.
The latter viewpoint was supported by the subsequent time-
resolved measurement. When monitored at the 500-nm emission
band, the risc component of the tautomer fluorescence was t0o
fast to be resolved (<< 15 ps) throughout 298—8.0 K. Con-
versely, the decay of the tautomer emission can be well fitted
by single exponential kinetics. The lifetime-revealed slight
temperature dependence, varying from 2.7 (298 K) to 7.4 ns
(8.0 K). From the standpoint of a temperature-independent
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Figure 6. (—) The fluorescence of 3MAI-d crystal as a function of
temperature at a. 298, b. 200, c. 165, d. 135, e. 110, f. 85, g. 35, h. 12,
and i. 8 K. The excitation spectrum of the 3MAI-d crystal monitored
at the F; (e ) and F, bands (o o). The excitation wavelength was tuned
from 360 to 325 nm. (- -) The absorption spectra of 3MAI-d in a solid
form at room temperature. Inset: The plot of tautomer emission
intensity at 500 nm versus the temperature (in Kelvin).

fluorescence radiative decay rate, the result simply indicates
the decrease in nonradiative deactivation rates (vide infra), which
is consistent with the steady-state measurement, showing that
the intensity of the tautomer emission increased as the temper-
ature decreased (see Figure 4a—f).

Remarkable temperature-dependent fluorescence spectra were
observed for the 3SMAI-d single crystal. Dual emission became
obvious at <200 K, in which a normal emission band (specified
as the F, band) maximized at 395 nin gradually appeared (Figure
6). Conversely, the 500-nm tautomer emission (specified as the
F- band) intensity versus temperature was slightly irregular (see
insert of Figure 6); it increased upon decreasing the temperature
from 298 to 190 K. followed by a decrease in the intensity at
150—120 K. At < 12 K the intensity as well as the ratio of
dual emission was nearly temperature independent. By tuning
the excitation wavelength, the resulting excitation spectrum,
within experimental error, was independent of the emission
wavelength monitored at either the F; or Fa band. which is also
effectively identical with the absorption profile (see Figure 6).

In accordance with the steady-state approach. a remarkable
deuterium isotope effect on the ESDPT dynamics was also
observed in the 3MAI-d single crystal. While the rise component
of the F; band was beyond the instrument response of ~ 15 ps
at 298—8.0 K, at <130 K the decay was resolvable and revealed
drastic temperature dependence. As shown in Figure 7A and
Table 2. the results clearly showed a decrease of the single-
exponential decay rate constant, ko>, upon decreasing the
temperature. For instance, k" measured to be 3.8 x 107 57!
at 8 K is smaller than that of 2.6 x 10'Y s7! measured at 100
K by ~7-fold. Conversely, the fluorescence dynamics of the
F» band resolved at <130 K could only be fitted by dual
exponential kinetics, which consist of a rise and a decay
component as indicated by the fitted negative and positive
preexponential factors, respectively. When monitored at 520
nmin region free from the interference of the normal emission.
the absolute values for both rise and decay precxponential
factors, within experimental error, are similar (see Table 2).
Slight differences are possibly attributed to the existence of ~5%
of nondeuterated 3MAI-/ in which fast ESDPT takes place.
Therefore, the fitted preexponential value for the decay com-
ponent is greater than that for the rise component. Table 2 also
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Figure 7. A. The time-dependent fluorescence decay dynamics of the
3MAI-d crystal monitored at the F, band (380 nm) at various
temperatures of a. 150, b. 100, ¢. 70, d. 40, e. 20, and f. 10K. B. The
rise dynamics of the F; band (520 nm) monitored at a. 190, b. 150, c.
70, and d. 10 K.

TABLE 2: Temperature-Dependent Fluorescence Relaxation
Dynamics for 3MAI-d in a Single Crystal

fluorescence lifetime
F3 (Amax = 500 nm)?

temperature  Fy (Amax =395 nm)

(K) T (ns) 71 (ns) a T, (ns) as

150 NA 6.66 1.000
100 0.038 0.040 —0.208 6.80 0.239
70 0.061 0.060 —0.205 7.15 0.235
40 0.127 0.130 -0.010 728 0.014
20 0.210 0226 —0.011 7.33  0.017
10 0.260 0260 -0011 736 0013
8 0.263 0.265 —0.011 7.38 0.015

“ The F, band was fitted by dual exponential kinetics expressed as
F)y=aie™ ™" + e 2",

shows an interesting correlation between decay and rise
components for the F; and F> bands, respectively, at various
temperatures, in which the rise time of the F; band, within
experimental error, was the same as the decay time of the F;
band. In summary, the time-resolved measurement in combina-
tion with steady-state approaches led us to conclude that both
F (normal emission) and F, (tautomer emission) bands originate
from the same ground-state species, i.e., the normal dimeric
form, and the F; band is apparently the precursor of the F» band.
Thus, the existence of a nonnegligible ESDPT barrier for the
3MAI-d dimer is apparent, and the deuterium isotope effect
becomes significant on the rate of ESDPT at sufficiently low
temperatures. The irregular temperature-dependent tautomer
emission intensity for 3-MAI-d can thus be rationalized by two
competing relaxation processes: 1. As the temperature de-
creases. the decrease of the ESDPT rate results in a smaller
vield of population to the tautomer state, 2. The tautomer
fluorescence quantum yield tends to increase at lower temper-
ature due 1o the decrease of the rate of radiationless deactiva-
tions. Details on the relaxation dynamics will be discussed in
the following section.

Yu et al.
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Figure 8. The plot of In[kops — (ki + kor + k(7)) versus the reciprocal
of the temperature for a. the decay of the F, band (A) and b. rise kinetics
of the F; band (O) in a 3MAI-d single crystal at <150 K. See text for
the definition of k; + ko + kud 7).

4. Discussion

For the F; band. the observed temperature-dependent decay
rate can be expressed as

kobs = kr + knr + knr(T) (1)

where Ay denotes the temperature independent radiationless
decay rate constant, possibly involving internal conversion,
intersystem crossing, etc. The temperature-dependent radiation-
less decay rate constant k,(7) can be further expressed as an
Arrhenius type of thermally deactivated pathway, namely, kq-
(Ty = Ae %/FT where E, is the bamier for the thenmally
deactivated process. As indicated by the time-resolved measure-
ment. the lifetime of the tautomer emission (the ¥» band) was
invariable at <12 K. Thus, it is reasonable to assume that &,,-
(s negligible, and the decay rate of 1.36 x 10% 57T measured

line behavior (see insert of Figure 4), supporting the validity of
the thermal deactivation pathway for the tautomer emission. A
best linear least-squares fit for the insert of Figure 4 gives £,
and the frequency factor to be 0.35 kcal/mol and 5.2 » 10%
$71, respectively.

For the F; band. the observed temperature-dependent decay
rate can be expressed as

kows = ke + ko + k(1) + ko (T) @)

where kn( T)denotes the thermally deactivated pathways except
for the rate of proton transfer Ap(7). It is not feasible to obtain
k, + ko + koA Ty for the normal emission (i.e., the F; band) of
3IMALI in a single crystal because the dynamics of relaxation of
the excited normal species are still dominated by the rate of
double proton-transfer reaction even at low temperatures.
Alternatively, we have attempted to obtain k + hy ~ kodT)
values by performing the temperature-dependent relaxation
dynamics of the 3MM(1)AL crystal in which the excited-state
proton-transfer reaction is prohibited due to the lack of pyrrolic
hydrogen. The results showed a slightly temperature-dependent
decay rate from 4 x 108 57! (150 K) to 1.1 x 16° s7' (8 K.
Taking the ko value of the IMM(1)AI crystal to be & + &
ket T) for the 3MAIL-d dimer, a plot of In[kees — (ke + An +
knT))] versus 1/T is shown in Figure & Apparently, the
contribution of &, + &, + k{7 is rather small in this plot simply
due to its much smaller value in comparison to the rate of double
proton-transfer reaction. If the ESDPT dynamics, ke 7). mainly
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Figure 9. A simplified one-dimensional PES regarding the ESDPT
based on a bound-free potential curve. See text for the detailed
description of notations.

incorporate a barrier crossing, 1.e.. a classical thermally activated
process. straight-line behavior is expected upon plotting Infkqh,
= (A + ka + ka{7))] as a function of the reciprocal of the
temperature. In contrast, the plot depicted in Figure 8a revealed
an asymptote-like curve. which approached a constant value at
<12 K. A similar pattern was also obtained when the rise
dynamics of the F» band (i.e., the tautomer emission) are plotted
against the reciprocal of the temperature (see Figure 8b).

The concave asymptote for the kp(T)-versus-1/T plot in
combination with a nearly constant ESDPT rate at 8—12 K led
us to conclude that the dynamics of ESDPT for the 3MAI-¢
crystal are not governed by a thermally activated process. but
more plausibly proceed through a proton-tunneling mechanism.
To apply such theories, simplified approximation about the
ESDPT potential energy surface (PES) is necessary. Both
steady-state and dynamic approaches indicate that the ESDPT
reaction in the 3MAI dimer is exergonic and irveversible.
Accordingly, a simplified one-dimensional PES regarding the
ESDPT can be represented by a bound-free potential curve
shown in Figure 9, in which the proton-tunneling rate is given
by

k

annel = ¥ exp[ - @fazo V(x)"? dx] 3)

where F(x) is the energy barrier along the reaction coordinate,
v is the bound vibrational frequency, i.e., the reaction-coordinate
frequency of the N—H (or N—D) mode in the case of 3MAIL m
is the effective mass of the proton or deuterium, and ay is the
distance from the center of the barrier to the classical vibrational
turning points. Equation 3 can easily be evaluated if the potential
barrier is further represented by a semiempirical, one-dimen-
sional approach based on a parabolic shape-like activation
energy. ie., Mx) = Eol — x¥ay?) where E, denotes the
maximun barrier height above the zero point energy (ZPE).
The resolvable ESDPT time scales for 3MAI-d are in the range
of few tens to hundreds picoseconds. Thus, it is reasonable to
assume a fast thermal equilibrium prior to the ESDPT reaction.
Further support of this viewpoint can be given by varying the
excitation wavelength from 255 to 275 nm. giving the same
results on the ESDPT dynamics (not shown here). Accordingly.
the tunneling rate for a molecule possessing thermal energy E
above ZPE can thus be expressed as

kel =V exp[ - J—;?./Zm(Eo - E)] 4
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A rough estimate of a¢ can be obtained from the average
N—H-+*N hydrogen bond distances,™ the estimated displacement
of the proton transfer (denoted d in Figure 9) and classical
turning points for the zero-point motion of the N—H (or N—D)
harmonic vibration from the equilibrium position. For the case
of 7Al, ay, has been estimated to be 0.27 and 0.36 A for N(1)—H
and N(1)=D substituents, respectively.*!'2* The same ay values
were used for SMA] in the following calculation, assuming that
methy! substitution at the C(3) position has negligible perturba-
tion on the dimeric structure. Since the tunneling rate was
measured to be independent of the temperature in the range of
&—12 K, the thermally available energy E can be neglected.
Accordingly, the barrier height £, could be deduced by applying
known reaction-coordinate frequency v, effective mass m and
the estimated ag value to eq 4. For the case of 3MAI-d, taking
v 10 be ~6.0 x 101 571 (~2000 em™"), an £, value of 605
em™! (1.73 keal/mol) was thus deduced. At a relatively high
temperature such as >20 K (see Figure 8) the available thermal
energy is nonnegligible. The actual tunneling rate has to be
calculated by the sum of all possible thermally populated states
and is thus complicated. Given the difference in ZPE of ~400
em™! between N—H and N-D stretching. a barrier height of
ESDPT was further deduced to be ~205 em™ (~0.38 kcal/
mol) for the 3MAI-A4 dimer. Plugging £q of 205 em™!, aolf =
027 A,m =1, and v = 2800 cm™' (8.4 x 10" s7!) 10 eq 4.
the proton tunneling rate, Aymnei» Was calculated to be 4.3 x
101 s~ ! for 3MAIL-h at <12 K. This time scale of kypet ~ ' =
233 fs is too fast to be resolved by our picosecond time-
correlated single photon counting system. On the basis of the
energy barrier of 0.58 and 1.73 kcal/mol. respectively, rates of
ESDPT for 3MAI-A and 3MAIl-d were calculated to be
negligibly small via a thermally activated process at <12 K.

Certainly. it should be noted that the proton tunneling could
rarely be satisfactorily described as a one-dimensional process.
The motion of atoms between which the proton is being
exchanged may have a major effect on the tunneling rate.”*~*-
Although the above results conclude a finite barrier to ESDPT,
it is rather small, and subtle changes in the proton-transfer
distance or energetics could have large effects on the proton-
transfer rates. This recognition has led to the introduction of
two-dimensional approaches in which the second dimension
represents the effective motion of the other atoms during the
proton-transfer reaction. Theoretical approaches™ 3% have re-
vealed that the KIE (kinetic isotope effect) temperature depen-
dence may be caused by thermally excited reactants and/or
products that modulate the barrier width and shape. Although
two-dimensional models may produce a more qualitative insight
into the kinetic isotope effect and the temperature dependence
of the transfer process. they still require the introduction of
empirical parameters and thus cannot render quantitative predic-
tions. For more precise quantitative work it is necessary to
consider all degrees of freedom of the global system for an
overall proton-transfer reaction.

At this stage, we are unable to differentiate the one-step versus
two-step, nonconcerted ESDPT mechanism. Although the
experimental results indicate a single decay and rise component
for normal and tautomer emissions. respectively. it is also
possible that ESDPT takes place via a two-step mechanism. and
the rate in one of the steps is too fast to be resolved by the
picosecond resolution. Altematively, fluorescence upconversion
with femtosecond resolution may provide valuable information.
Unfortunately, the temperature-dependent study in the 3MAI
single crystal is intrinsically difficult due to the photolysis and’
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or thermal reaction upon high repetition rate and high power
taser excitation. Focus on this subject is currently in progress.

3. Conclusion

In conclusion. both steady-state and time-resolved measure-
ments down to 8.0 K have revealed a remarkable deuterium
isotope effect on the rate of ESDPT in the 3MAI-d single crystal.
A barrier height of ESDPT of 1.73 and 0.58 kcal/mol was
estimated for the 3MAI-d and 3MAI-A dimers, respectively, in
a single crystal, and the ESDPT rates are mainly governed by
a protonsdeuterium tunneling mechanism. The results provide
a prototype to mimic the intrinsic ESDPT dynamics of the 7Al-
like dual hydrogen-bonded dimer with complete structural
information, which are believed to bring up a broad spectrum
of interest in the field of proron-transfer studies.
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Proton-Transfer Tautomerism in 10-Hydroxybenzo|/i]quinolines: Heavy Atom Effects and
Non-Hydrogen-Bonded Photorotamer Formation in 77 K Glassy Matrixes
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The low-lying triplet states of 10-hydroxybenzo[h]quinoline (I{BQ) and its halogenated derivatives 7.9-diiodo-
10-hydroxybenzo[h]- quinoline (DIHBQ) in an excited-state intramolecular proton-transter (ESIPT) process
have been investigated. For DIHBQ, which is enhanced by the intramolecular heavy atom eifect. the proton-
transler tautomer (i.e., the keto form) phosphorescence that is maximized at 735 nm (r, = 1.73 s) was
resolved in a 77 K methyleyclohexane (MCH) glass. Further transient absorption and 'O; sensitization
experiments allow us to deduce the population vield and radiative decay rate ol the keto triplet state to be
0.85 and 8.8 s}, respectively. Upon increasing the excitation intensity, photolysis reactions were observed
for both HBQ and DIHBQ in the MCH glass. The reversibility of the photolysis reaction throughout a thawing
and freezing cycle led us to conclude that the rupture of an intramolecular hydrogen bond through the excessive
energy dissipated does occur. The product exhibits a non-hydrogen-bonding type of enol emission that would
otherwise be inaccessible in the hydrogen-bonded enol lorm because of the ultrafast ESIPT. Accordingly.
relative energy levels in different spin munifolds are established during a proton-transfer cycle. The keto-~enol

reverse prolon transfer in the lowest wriplet manilold was estimated to be endergonic by ~7.42 kealimol.

1. Introduction

Insights into the dynamic features of a proton-transfer process
have relied extensively on studies of the excited-state intra-
molecular proton-transfer (ESIPT) reaction.!™ 't The ESIPT
process generally involves transfer of a hydroxyl (or amino)
proton to an acceptor such as nitrogen or a carbonyl oxygen
from a preexisting hydrogen-bonding configuration, forming a
proton-transfer tautomer. This unusual photophysical property
(i.e.. a large amount of Stokes-shifted keto S,"—+S” fluorescence
(hereafier, the prime sign denotes the proton-transfer tautomer)),
with a possible change of the dipole moment in either magnitude
or dircection during the reaction, has been found to have many
important applications. Prototypical examples include dye lasers.
cnergy/data storage devices, optical switches,! biological
probes,'*!% metal-cation chelates,'® and proton-transfer materials
with future perspectives in electroluminescence.’®

Among ESIPT molecules. 10-hydroxybenzo[/1]quinoline (HBQ)
(sce Figure 1) has very unigue spectral properties. The fused
7,8-benzoquinoline structure constrains the O~H- - - N geom-
ctry of the dominant enol fonm to a nearly perfect six-membered
ring hydrogen-bonding configuration. Thus, HBQ possesses a
very strong hydrogen bond in the ground state, as indicated by
a 14.9-ppm downfield-shifted hydroxyl proton (in CDCly) in
the 'H NMR study.!” For many ESIPT systems with relatively
weak intramolecular hydrogen bonds, perturbation from polar.
protic environments ntay modify the ESIPT dynamics, which

* Corresponding author. E-niail: chopizecms.ntedu.tw.
* National Taiwan University.
* The National Chung-Cheng University.
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Figure 1. Structures of HBQ, DIHBQ, and their corresponding
methoxyl derivatives.

may cither be prohibited within the cexcited-state lite span or
proceed with a prerequisite of (protic) solvent reorganization. '
In contrast, the occurrence of fast ESIPT in HBQ 1s essentially
free from solvent perturbation. For example, studics in aqueous
solution have shown the occurrence of ultrafast ESIPT in HBQ
throughout a wide pH range of 0~ 14.'% This data, in combina-
tion with HBQ's extraordinarily high photostability,!” leads to

10.1021/jp020288+ CCC: $22.00 © 2002 American Chemical Society
Published on Web 05/31/2002
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a varicty of applications. In one approach, HBQ has becen
suggested to be a suitable radiation-hard scintillate because of
its cnormously large Stokes-shifted emission and high photo-
stability.?” Sytnik ct al. used MBQ to probe cnzyme kinetics
and concluded that HBQ could distinguish static solvent-cage
polarity from dynamical solvent diclectric relaxation.’!* Robert
et al. used HBQ as a tluorescence probe to examine the influence
of organized media such as cyclodextrins in aqueous solution.”!
Studies on comprehensive solvatochromism effects for HBQ
in a varicty of solvents have been performed by del Valle and
Catalan® in an attempt to shed light on the use of HBQ in
probing the solvent dynamics as well as in clucidating the
biological environment. Recently, the femtosecond timne-resolved
approach has shown that the rate of ESIPT for cnol HBQ is
> 150 fs7'. The results, in combination with the lack of a
deuterium isotope effect on the ESIPT dynamics, suggest a
barricrless ESIPT reaction along the potential energy surface.

Despite extensive information regarding ESIPT propertics in
the singlet-state manifold, to our knowledge. all attempts to
resolve the spectroscopy and dynamics of triplet states for HBQ
are still obscured. The peak maximum of the keto-tautomer
fluorescence. depending on the solvent polanty, was reported
1o be >380 nm.'192123 One thus expects the T,"~Sy" energy
gap for HBQ to be in the far-visigde or near-infrarcd (NIR)
regions. On one hand. correlation of fhe forbidden triplet--singlet
radiative decay rate constant kp gen$ally obeys the relationship
kp o |07 1) where D is the transition moment Jength and ¥ is
the average wavenumber of the transition.* kp is then propor-
tional to £2, where £ denotes the energy gap between the T,
and Sy’ states and becomes smaller when £ decreases to the
NIR rcgion. On the other hand, a_theory pertaining to the

radiationless _decay derived by Sicbrand concludes™ that The

RS g

intramolccular radiationless deactivation should increase with
tllgmagot the transifion.— For many ESIPT
molecules 1n particular. vibrational modes associated with
intramolecular hydrogen bonds usually act as good quenchers
for the tautomer emission.”® Thus, detecting phosphorescence
in the NIR region, especially for the ESIPT molecules. may be
hampered by the dominant T, S,” radiationless deactivation
process.

In this study, the spectroscopy and dynamics of triplet states
for HBQ and its halogenated derivatives were investigated. On
the basis of intramolecular heavy atom effects,?” in combination
with an ultrasensitive detecting system, keto-tautomer phos-
phoresce in the NIR region was resolved in 7.9-diiodo-10-
hydroxybenzo[#]quinoline (DIHBQ, Figure 1). Intriguing pho-
tolysis reactions were also observed for both HBQ and DIHBQ
ina 77 K MCH glass, giving rise to the enol-like emission that
would otherwise be unobtainable. As a result, relative energy
levels in different spin manifolds during a proton-transfer cycle
were thus established.

2. Experimental Section

2.1. Materials. 10-Hydroxybenzo[/iJquinoline (HBQ) (TCl
Inc) was twice recrystallized from cyeclohexane followed by
purification using column chromatography (2:1 ethyl acctate’
hexanes). The purity was checked by using the fluorescence
excitation spectrum. Mcthyleyclohexane (Aldrich) was of spec-
trograde quality and was used without further purification. No
fluorescence or phosphorescence impurities were detected in
the blank solvent at either room temperature or 77 K.

DIHBQ was synthesized by adding a solution containing
HBQ (0.01 mol) and glacial acetic acid (4 mL) in chloroforn
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(10 mL.) to a solution of iodine (0.02 mol in 20 mL. methanol)
for a period of 1 h. The precipitate was collected and neutralized
with sodium carbonalce to obtain DIHBQ. 'H NMR (CDCls. 400
MHz): 6 7.659 (1. J = 12.72 Hz. IH). 7.762 (d. J = 9.32 Hz,
1H), 8.084 (4, / = &8 Hz. 1H). 8.338 (d, / = &4 Hz. 1H).
8.572 (s, 1H), 8.853 (d, / = 4.6 Hz. 1H), 16.705 (s, 1H). A
general methylation procedure incorporating methyliodide into
the basic DIHBQ solution to obtain 7.9-ditodo-10-methoxy-
benzo[/ijquinoline (DIMBQ) failed because of the detachment
of iodine from DIHBQ at the reflux temperature. Altematively,
10-methoxybenzof[A]quinoline (MBQ) was first synthesized
through the methylation of HBQ (0.5 g1.?9 DIMBQ was then
obtained by a similar iodination procedure. Crude DIMBQ was
further puriticd by column chromatography (cluent:  cthyl
acctate). 'H NMR (CDCls. 400 MHz): O 4.512 (s, 3H). 7.489
(d.J = 8.0 Hz, 1H). 7.767 (d. ./ = 8.5 Hz, 1H), 7.952 {t. 1H).
8.097 (s. [H), 8.868 (d. J = 7.6 Hz, 1H). 9.630 (d,./= 3.2 Hz,
1H).

2.2, Method. Steady-state absomption and fluorescence spectra
were recorded by a Varian (Cary 3E) spectrophotometer and a
Hitachi (F4500) fluonimeter, respectively. Detailed fluorescence
lifetime measurements have been described in the previous
report.?3 Bricfly, the second harmonic of the Ti—sapphire
oscillator (100 fs, 82 MHz. Spectra Physics) coupled with a
pulse picker (NEOS. model N17389) was uscd as an excitation
source, giving a tunable wavelength in the range of 380—410
nm with a repetition rate of 8 MHz. An Edinburgh OB 900-1.
single photon counter was the detector. giving a temporal
resolution of ~15 ps. For time-resolved phosphorescence
measurcments, an Nd:YAG (355 nm. § ns, Continuum Surlite
1) pumped optical parametric oscillator was tuned between 620
and 800 nm and was then frequency-doubled by BBO crystals
to obtain a 310—400-nm excitation frequency. The resulting
luminescence was then detected by a red-sensitive intensified
charge coupled detector (ICCD, Princeton Instrument, mode!
576G/ 1) coupled with a polychromator m which the grating is
blazed with a maximum at 700 nm.

The transicnt absorption experiment was performed by using
a modified flash lamp (EG&G model LS-1130) as a white-light
probe pulse. A cylindrical lens was used to shape the pumped
Nd:YAG 355-nm pulse to a rectangular size of 10 x 2 mm?.
The white-light probe pulse was collected by an optical fiber,
collimated by a 5-cm focal-length lens, and skimmed to a 2 x
2-mun’ rectangle before entering the sample cell. The pump and
probe pulses were crossed at a 90° angle, with an overlapping
distance of 10 mm. The probe pulsc, after passing through the
sample solution, was focused on the entrance slit (~700 (n)
of the ICCD system.

Steady-state O ('Ag-*-‘?_”g" (0, 0)) emission spectra in the
region of 1274 nm were obtained by exciting the sample solution
under a front-face excitation configuration using an Ar ion laser
(362 nm, Coherent Innova 90). The emission was then sent
through an NIR Fourier transform interfecrometer (Bruker
Equinox 55) and detected by a liquid nitrogen-cooled Ge
detector (403X, Applied Detector Corporation). For the time-
resolved study, the third harmonic (355 nm) of the Nd:YAG
laser (Continuum Surlite 1) was used as an cxcitation light
source. An NIR fast-response photomultiplier (Hamamatsu
model R5509~72) operated at —80 °C was used as a detecting
system, The response time of the overall detecting system was
determined to be ~20 ns, as measured by the response of the
system to a 1064-nm Nd:YAG laser pulse of 8-ns duration. To
select the emission of interest, a combination of interterence
and band-pass filters was used.
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Figure 2. Absorption and emission spectra of DIHBQ (—) in MCH
at 298 K. Emission spectrum of DIHBQ (see) in 2 77 K MCH glass.
(A) Absorption and emission spectra of DIMBQ in MCH at 298 K.

(B) Fluorescence decay at 610 nm for DIHBQ at 77 K (a) and the
system response function (b) (Aex = 395 nm).

In the oxygen-dependent study, the molar ratio of oxygen in
solution was determined by Henry's law from known O;
concentrations for various solvents at 760 Torr. ¥

3. Results and Discussion

3.1. Photophysics of HBQ and 7,9-DIHBQ. Figure 2 shows
the room-temperature absorption and emission spectra of
DIHBQ in MCH. The S8, (711%) absorption exhibits an onset
at ~440 nm with a peak maximum at 395 mn (€305 = 8100
M~ em™). The luminescence is mainly characterized by a
largely Stokes-shifted emission band maximized at 640 nm. The
excitation spectrum is independent of the monitored emission
wavelength and is effectively identical to the absorption profile
(not shown here). Conversely. DIMBQ, which is considered to
be a non-proton-transfer model with an electronic configuration
similar to that of DIHBQ, exhibits a very weak, normal Stokes-
shifted fluorescence maximum at ~400 nm (sce insct A of
Figure 2). Thus, similar to what was concluded in HBQ, 71723
ESIPT is operative in DIHBQ, resulting in keto-tautomer
emission (see Scheme 1)

Not detecting any enol emission for DIHBQ is consistent with
the occurrence of rapid proton-transfer tautomerism in the lowest
singlet excited state. This viewpoint is further supported by the
fluorescence lifetime measurement where the keto-tautomer
cenussion is well-fitted by a single-exponential decay rate of 220
ps~!. whereas the rise time is beyond the system response of
15 ps. On the basis of approximately unity ESIPT efficiency
for DIHBQ. the quantum yield of the keto-tautomer emission
was determined to be 1.8 x 107% by comparing its emission
intensity to that of HBQ (zy & 300 ps, ®yps &~ 2.1 x 1077 in
cyclohexane?®). In comparison to the spectra of HBQ. both
absorption and fluorescence spectra of DIHBQ exhibit signifi-
cant red shifts of ~1000 and 400 cm™!, respectively, in
cyclohexune. The bathochromic shift could be qualitatively
rationalized by the clectron-donating properties of iodine
substituents through the resonance cffect. reducing the m—*
encrgy gap in both the enol and keto species.

In a 77 K MCH glass, an ESIPT rcaction with an ultrafast
rate still takes place in DIHBQ, as was supported by two
observations: (1) a unique keto-tautomer fluorescence peak that
was maximized at 610 nm (Pr = 6.8 x 107}) was resolved in
a steady-state approach (Figure 2) and (2) the fluorescence
lifetime was deduced to be ~600 ps. whereas the rise time is
still beyond our system response of 15 ps (see inset B of Figure
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Figure 3. Time-dependent T,"—S,’ phosphorescence spectra of DIHBQ
in a 77 K MCH glass acquired at various delay times of (a) 100 ns, (b}
400 ns, (c) 700 ns, (d) 1.0 us, (e) 1.5 us, (f) 2.0 us, (g) 3.5 us, (h) 5.0
#s, (1) 7.5 ps, and (j) 10 us with respect to the pump pulse. Insct: Decay
profile of 735-nm emission intensity. Note that the spectral feature at
>800 nm may not be authentic because of the nonlinear spectral
response of the ICCD.

SCHEME 1: Relative Energy Levels (in cm™!) for the
Enol and Keto Tautomers of DIHBQ Estimated from
Either Experimental or Theoretical Approaches®
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2). The tluorescence peak maximum of 610 nm is blue-shified
by ~800 cm™! with respect to that observed at 298 K. A similar
hypsochromic shift has been reported for HBQ ina 77 K MCH
glass'” and was tentatively atiributed to the solvent cage effect.
To obtain the presumably ultraweak T, —S,” phosphorescence.
the high-voltage gate of the ICCD was operated at a delay time
of >50 ns to climinate the fast decay component attributed to
the keto-tautomer fluorescence, Upon low-power excitation (<1
mJ/em?, vide infra), phosphorescence at > 600 nm was resolved.
and its spectral evolution as a function of the delay time is shown
in Figure 3a—j. The long-lived emission that is maximized at
735 nm undergoes single-exponential decay kinetics, of which

the lifetime was fitted to be 1.75 168 (kave = 5.7 x 107 571, see
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inset of Figure 3). The cxcitation spectrum that is tuned in the
380—405 nm region revealed the same spectral profile as that
monitored at the keto-tautomer fluorcscence (not shown here),
indicating that both emissions originate from a common ground
state. In comparison, DIMBQ exhibited a phosphorescence band
that was maximized at 495 nm (7, & 1.2 ms) in a 77 K MCH
glass. The results unambiguously show that the 735-min emission
originates from the keto-tautomer T, S, phosphorescence. By
opening the 1CCD gate width as wide as 10 us to cover >99.9%
of the phosphorescence decay, the observed yield of keto-
tautomer phosphorescence, ®% . was measured to be 1.3 x
1073, Under identical experimental conditions, our attempts to
resolve the keto-tautomer phosphorescence for HBQ failed. It
is thus reasonable to conclude that the phosphorescence yicld
of HBQ. if it exists. should be <«1.3 x 1075,

Theoretically, the observed yicld for the Keto-tautomer
phosphorescence can be expressed as . = @ O <D:f
where @, denotes the yield of the ESIPT and is assumed to be
~100% cfficient because of the ultrafast rate of ESIPT, ®F_is
the population yield of the Keto-tautomer triplet state, and (b;‘
represents the kuo phosphorcsccncc yield and is cquivalent to
kl k:‘ . where k and /\ON, respectively, denote the radiative and
maasuud du‘n rate constants of the keto phosphorescence. The
quantitative measurement of (Dm by using triplet—triplet en-
ergy transfer to an organic molcculc is not feasible for DIHBQ
mainly because of the lack of sensitizers with known low-lying
triplet-state energies and absorption cross sections that could
allow energy evaluation from quenching (i.e., energy transfer)
experiments. Alternatively, we performed an oxygen photosen-
sitization experiment to circumvent this obstacle. This method
is feasible in determining the vield of the triplet state of organic
molecules if the tollowing assumptions hold: (i) The T,—Sa
cnergy gap is greater than the energy required to sensitize singlet
oxygen (Oy 'A;~*Z7, (0,0) of ~7850 cm™"). (ii) Sensitization
of oxygen by the 8y state is negligible because of its relatively
much shorter life span. (iii) The decay of the triplet state should
be dominated by the T,—*0; cnergy transfer. Assumiptions (i)
and (ii) hold for DIHBQ because of the keto T{'~So’ energy
gap of ~13605 ¢cm™! and fast decay of the keto-tautomer
emission at room temperature (c.g., ~220 ps in MCH at 298
K).

Conventionally, the Oz quenching dynamics for the triplet
state can be obtained through the triplet—triplet absorption
mecasurements as a function of the added O; concentration.
Figure 4 depicts the transient absorption spectra of DIHBQ in
degassed methyleyclohiexane. The transient absorption maximun
at 475 nm undergoes a fast single-exponential decay with a rate
of 8.5 x 10° 7 (see inset A of Figure 4). The drastic quenching
dynamics of the transicnt absorbance upon adding O2 helped
us to assign the 475-nm transient to the triplet—triplet absorption
unambiguously. Insct B of Figurc 4 shows a plot of decay rate
as a function of O, concentration. From the best lincar lcast-
squares fit. we deduced an Oz quenching rate constant of 3.2 x
10° s}, which within experimental error is equal to '/ of the
diffusion-controlled rate (~3.0 x 10? M~ 571 calculated from
the Stokes—FEinstein equation®®) that was derived theoretically
from the T—0;, scnsitization. Thus, under oxygen saturation
(1.15 x 1072 M in cyclohexane at 1 atm Oz, 298 K ), the
decay of the triplet state should be dominated (>97%) by the
T\"=30; energy transfer, thereby fulfilling requirement (iii).

Figure 5 shows the emission spectrum of the Oy 'Ag~ -Z,"
(0, 0) transition at 1274 nm that is sensitized by DIHBQ. of
which the lifetime was determined to be ~21 us in methyl-
cyclohexane, Within experimental error, the decay dynamics
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Figure 4. Transient absorption spectra of DIHBQ in degassed MCH
(298 K) at pump—probe delay times of (a) 0 ns, (b) 250 ns, (c) 500 ns,
(d) 1.0 us, and (e) 10 us. (A) Decay kinetics of the transient absorbance
monitored at 475 nm. (B) Plot of the decay rate of transient absorbance
at 475 nm vs oxygen concentration and the best linear least-squares
fit.
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Figure 5. O, 'A,—3%,~ (0, 0) emission spectrum in MCH sensitized
by (a) 1-H-phenalen-1-one and (b) DIHBQ under the same optical
density of 0.2 at 362 nm (Ar* laser). Inset: Decay dynamics of the Oz
1A;—Z,” (0, 0) 1274 nm emission (A 355 nm, Nd/YAG laser)
sensitized by DIHBQ in MCH (298 K).

are identical to those of the O, (‘Ag) emission in cyclohexane
that was gencrated by a known sensitizer, 1-H-phenalen-1-one
(PH).® We have further determined the triplet-state population
in DIHBQ by comparing its sensitized Oz (*A;) emission
intensity with respeet to that produced with the sensitizer PHL
The ratio of the sensitized O» ('Ay) cmission intensity for
DIHBQ versus PH was deduced to be 0.33 in O-saturated
methylcyclohexane. Counting the PH-sensitized O: (*A,) yicld
of 0.92 &= 0.1 3 and ~98% of the triplet-state quenching
dynamics for DIHBQ in O \alumted cyclohexane {vide supra),
the vicld of intersystem crossing d’m was then estimated to be
0.31. In this derivation, we have assumed that the production
of Os ('A,) that is sensitized by the triplet state is of unit
efficiency. This assumption is based on a spin statistical
argument in which the only deactivation pathway of the triplet
state resulting from the T,'—O; (32{) encounter is the energy
transfer to form O» ('A,). Because the assumption of unit
cfticiency of O (‘A,) generation in cach T, —*O: encounter

may be invalid for DIHBQ we used the value of &b = .31}
as the lower limit. &F s cqlmalcm to k./Ay where /\,“ and A
are rate constants o 133 0SSING ang sTTNCC

decay, respectively, for the keto form. Knowing K 1o be 4.35
x 107 s71 (7p = 220 ps™"), &%, was thus deduced o be 1.41 x
10° s~/ at 298 K. &% is further assumed to be independent of

D P e N N
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Figure 6. Disappearance of S;"—S,’ fluorescence and growth of 505-
nm phosphorescence spectra (A) of DIHBQ as a function of photolysis
(355 nm, 35 mJ/cm?, 10 Hz) periods of (a) 0, (b) 0.5, (¢) 1.0, (d) 1.5,
(e) 2.0, (f) 2.5, and (g) 3.0 min in a 77 K MCH glass. (B) Fluorescence
spectrum of DIHBQ after 30 min of photolysis in a 77 K MCH glass
where >90% of DIHBQ was converted to the non-hydrogen-bonded
enol form (Aex: 355 nm (35 ml/cm?), * denotes Raman scattering).

temperature if the triplet-state population proceeds only through
the S;~T" intersystem crossing and if the S,"—T)” energy gap
is >4 T. Support for the latter assumption is given by the >2700
em™ gap measured from the difference in peak maxima between
keto fluorescence (~16 400 ecm™!) and phosphorescence (~13 605
em™'). Knowing the observed decay rate of ~1.67 x 10° s
(17 & 600 ps) for the keto fluorescence, d, and (D;f were thus
calculated to be 0.85 and 1.53 x 1075, respectively, for DIHBQ
in a 77 K MCH glass. According to the relationship of (Dif =
K'ikl where &b, was measured to be 5.7) x 10% 57!, the
radiative decay rate of keto phosphorescence. Ai was further
deduced to 8.8 57

3.2. Photolysis of DIHBQ and HBQ. Upon increasing the
excitation laser intensity (355 nm) of > 30 inJ/cm?, significant
photolysis time-dependent spectral evolutions for DIHNBQ were
observed in which both fluorescence (Lpax = 610 nm) and
phosphorescence (s = 735 nm) of the keto tautomer gradually
decreased. accompaniced by the appearance of an emission band
that was maximized at 505 nm (Figure 6). By scanning the delay
time of the gating ICCD. the lifetime of the 305-nn emission
was measured to be 1.52 ms. It should be noted that after each
photolysis period emission spectra and their associated lifetime
of products were obtained under sufficiently low cxcitation
intensity (< 1.0 miem?) to avoid further photolysis reactions.
The long life span unambiguously allows us to assign the 503-
nm emission band to the phosphorescence. When the sample
was thawed to the liquid phase and then was quickly frozen
back to the glassy form at 77 K, both the fluorescence and
phosphorescence of the keto form were completely recovered,
accompanied by the disappearance of the 505-nm phosphores-
cence. In a comparative study, DIMBQ in a 77 K MCH glass
exhibited phosphorescence with spectral features and relaxation
dynamics (fpae & 495 nm, 7, & 1.2 ms and ®, ~ 0.3} that
were similar to those of the photolysis product in DIHBQ. The
results, in combination with the reversibility of the photolysis
reaction during a thawing-and-freezing cycle, led us to conclude
that upon the photolysis of DIHBQ the rupture of an intra-
molecular hydrogen bond takes place, forming a non-hydrogen-
bonded e¢nol conformer (vide infra).

A similar photolysis reaction was observed for HBQ in the
glass matrixes where the decrease of the 607-nin keto fluores-
cence was obvious (Figure 7). However. instead of 2 dominant
S0S-nm cnol phosphorescence observed upon photolyzing
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Figure 7. Disappearance of the S,’—S,’ fluorescence and the growth
of product emission (A) for HBQ in a 77 K MCH glass under the same
photolysis condition as those used in Figure 6. (B) Growth of product
phosphorescence as a function of photolysis period. To acquire B, the
high-voltage gate width of ICCD was opened as wide as 10 ms with a
delay time of 100 ns to eliminate fluorescence interference.

DIHBQ, the photolysis time-dependent spectral growth consists
of dual emission maxima at 403 and 475 nm (scc inset A of
Figure 7). Note for inset A of Figure 7 that the ICCD was
operated in a free-run mode so that the spectra were obtained
via a steady-state manner. When the gate was opened at, for
example, 10 ms followed by scanning the delay time of
acquisition, long-lived 475-nm phosphorescence was resolved.
the lifetime of which was determined to be ~1.2 s (sce inset B
of Figure 7). Conversely, the lifetime of the 403-nm emission
band was measured to be ~3.0 ns so that its assignment to a
fluorescence band is unambiguous. We have made a further
attempt to estimate the yield of the photolysis reaction. Ina 77
K transparent MCH glassy matrix, DIHBQ (optical density ~0.5
at 355 nmm) was irradiated by a 355-nm laser beam (10 Hz). the
intensity and beam diameter of which were mcasured to be 2.5
mJ and 3.0 mm (~35 mJ/em?). respectively. After a photolysis
period of 30 s, the intensity of the keto-tautomer fluorescence
was reduced by 16.4%. By neglecting the inner filter effect.
the photolysis efficiency Py, can thus be deduced from (/4 —
Fo = (E%)[1 — (1 — ®ny)"] where (Fa — F)% is the
percentage decrease of the keto-tautomer emission intensity and
(£%) and n denote the percentage of DIHBQ being excited
(~45%) and the number of laser shots during the photolysis
period (300), respectively. @, was thus calculated to be 0.13%
for DIHBQ. A similar procedurc gave ®,, 1o be ~0.15% for
HBQ.

Under the weak excitation intensity that was used to obtain
the enol-like phosphorescence that is shown in inset A of Figure
6, the fluorescence associated with the non-hydrogen-bonded
enol product of DIHBQ was negligibly small. The result can
be rationalized by the dominant rate of intersystem crossing
that is enhanced by the iodine heavy-atom cffect in the enol
form. This viewpoint can be further supported by the ultraweak
enol fluorescence (Pr = 1074, ¢ & 120 ps, see Table 1)
measured in DIMBQ. whereas the corresponding phosphores-
cence is apparently strong (), = 0.3). After a long period of
photolysis, when >90% of the hydrogen-bonded cnol species
disappearcd while monitoring the keto-tautomer tluorescence.
very weak fluorescence at a peak maximum of 425 nmn was
indeed resolved for DIHBQ (inset B of Figure 0) under a high
laser-cxcitation intensity (i.c.. ~35 mJiem?). The lifetime was
measured to be as short as ~50 ps (see Table 1). Similar heavy-
atom-enhanced decay dynamics of phosphorescence (7, = 1.5
x 1073 s) were obscrved in the photolysis product (i.c.. the
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TABLE 1: Photophysical Properties of HBQ and DIHBQ and Their Corresponding Methylated Derivatives in 298 K and 77 K

Methyleyclohexane
absorption fluorescence phosphorescence
Amac (N Amax(N01) Dops ¢ (ns) Amax(im) Dopd o (s)”
HBQ 380 403 3.00" 4758 1.20
6254 2.1 x 10734 0.30¢
607° 6.3 x 107%2 0.54%
MBQ 360 368 0.054 0.90¢ 466"
367° 333
DHBQ 395 425" 0.05" RIIAY 152 x 10 ¢
640~ 1.8 x 1073 0.22« 735" 13 x 1073 1.73 x 10°¢
610 6.8 x 1072 0.60"
DIMBQ 375 400+ 1.0 x 103 012 495" 0.3 1.20 x 10 4

“298 K. " 77 K. © Photolysis products at 77 K.

non-hydrogen-bonded ¢nol form) of DIHBQ. In comparison,
the phosphorescence lifetime of the non-hydrogen-bonded cnol
form was measured to be as long as 1.2 s in HBQ.

The photoinduced rupture of the intramolecular hydrogen
bond may not be uncommon among ESIPT molecules. A similar
mechanisi has been proposed to explain the photolysis of
salicylaldehyde (SA) in low-temperature solid matrixes.*?
Nugaoka ct al.** have reported that except for the major channcls
of radiationless deactivation (i.e.. proton-transfer rcaction,
intersystem crossing, and internal conversion) SA undergocs a
minor photoisomerization channel. thus forming an open cnol-
conformer. On the basis of FTIR analyses of vibrational modes
for various deuterium isotope substitutions. Morgan et al.
further resolved the open conformer to be a structure in which
both the hydroxyl and aldehyde functional groups rotate by 180°,

When a CW Ar™ laser (362.5 nm) was used as an excitation
source, similar photolysis reactions were observed for both HB(Q
and DIHBQ in a 77 K MCH glass. The results eliminate the
photolysis mechanism that mainly results from the multiphoton
event. In another approach. if the rupture of the intramolecular
hydrogen bond occurred in the enol excited state. one would
expect a similar reaction pattern in the keto L state for which
the lifetime (~600 ps) is much longer even than that (<<15 ps)
of the enol form. However, detailed excitation spectral analyses
showed no existence of photolysis products with the absorption
chromophore of >420 nm, indicating that photoisomerization
did not take place in the keto form. Accordingly. the possibility
that for HBQ and DIHBQ the electronically excited enol form
undergoes an O—H rotation in competition with the ultrafast
ESIPT dynamics is discounted as well.

As shown in Scheme 1 (vide infra), both ESIPT and ground-
state reverse proton-transfer reactions are highly exergonic.
These results, in combination with the dominant S;"—Sy
radiationless transition (see Table 1), led us to proposc a more
plausible mechanism that incorporates the formation of a
vibrationally hot, hydrogen-bonded enol after a proton-transfer
cycle. Subscquently, the highly exothermic energy dissipated
from the radiationless transition generates the local heat. which
thermally activates the —OH rotation in the glassy matrixes.
The plausible product (i.e., a non-hydrogen-bonded enol form
with the hydroxyl proton rotating out of the hydrogen-bonding
configuration) is dynamically stable and is trapped in the glass
matrix by the constraint of the solid environment. Upon fusion
of the solvent, the product relaxes back to the thermodynami-
cally more stable cnol form possessing an intact hydrogen-
bonding configuration. Unlike SA, where both the O—H and
carbonyl functional groups can rotate simultaneously, pyridinic
nitrogen in HBQ and DIHBQ is fixed in a planar geometry.
Thus, the photolysis product (i.e.. the cnol conformer) seems
to be incorporated only with the rotation of hydroxyl proton,

though the actual degree of rotation is not accessible at this
stage.

3.3. Energy Diagram. With the above experimental results,
we herein attempt to construct an cnergy diagram regarding an
overall proton-transfer cycle in DIHBQ. As shown in Scheme
I, the encrgy of the So state of the enol tautomer has been
arbitrarily set to 0 kcal/mol. In addition. because of more
informative data and less thermal perturbation, the construction
of relative energy levels is done under the environment of a 77
K MCH glass. Scheme 1 also shows population and quantum
yields of various photophysical pathways. The relative cnergy
levels for S)” and T,” were taken directly from the peak maxima
of keto fluorescence (610 nm) and phosphorescence (735 nim),
respectively. Fluorescence (425 nm and phosphorescence (3035
nm) of the non-hydrogen-bonded enol forin were applied for
the Sy and T, states. One must be cautious here to make sure
that the hydrogen-bonded cnol form normally exhibits a
bathochromic spectral shift in the singlet manifold with respect
to the non-hydrogen-bonded conformer. The relative energy gap
between the enol (Sy) and keto (Sy") formis in the ground state
is experimentally unobtainable because of the ultrafast ground-
state reverse proton transfer and thus has to be accessed through
theoretical approaches. However, the large spin—orbit coupling
factor limits ab initio calculations at higher-level basis scts,
Alternatively, semiempirical approaches based on AMI and
PPM3 methods were performed, resulting in Sy’ being higher in
energy than Sg by 8.7 and 11.8 kcal/mol, respectively. By taking
an average of 10.3 keal/mol for the Sy — 8y energy gap. we
depict the relative energy levels for the overall proton-transfer
cycle in DIHBQ in Scheme 1. The Ty state of the enol form is
estimated to be ~7.42 kcal/mol higher in encrgy than the T/
state of the keto tautomer, indicating that the T, T reverse
proton transfer is highly endergonic, which is consistent with
the experimental results.

4. Conclusions

On the basis of the hcavy-atom effect, the lowest-lying triplet
state of the proton-transfer keto rautomer has been studied by
its corresponding ultraweak phosphorescence at 735 nm. The
results, in combination with the photolysis experiment and
theoretical approaches. lead to the establishment of relative
energy levels during a proton-transfer cycle in different spin
manifolds. The relaxation dynamics of T;” were dominated by
radiationless deactivation. The result is qualitatively consistent
with the energy gap law, leading to the conclusion that the
intramolecular radiationless deactivation constant should in-
crease with the decreasing energy gap of the transition.”® The
application of the iodine heavy-atom effect enhances both
S\’—T/" intersystem crossing and T,"—S,’ radiative decay rates,
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which, coupled with an ultrasensitive NIR detecting systeny,
turns out to be crucial to the resolution of the spectroscopy and
dynamics of the triplet states of ESIPT molecules.

Despite the strong intramolecular hydrogen bond formation
in both HBQ and DIHBQ, O—H rotational cnol conformers were
produced during the photolysis. The similarity in the photolysis
patterns between HBQ and SA derivatives leads us to propose
the possibility of generalizing a mechanism incorporating
photoinduced hydrogen bond breakage among ESIPT molecules
in glassy matrixes. particularly for those possessing weak
hydrogen bonds such as 3-hyroxyflavone.'® Our preliminary
results have shown that in addition to the protic-solvent
perturbation photoinduced breakage of the intramolecular
hydrogen bond in 3-hydroxyflavones played a role in the
prohibition of ESIPT reaction in 77 K MCH glassy matrixes.*
Accordingly, one may have to exercise great caution when
considering the application of ESIPT molecules to solid-state
devices in which the operation is, in principle, based on the
ESIPT mcechanism.
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Abstract: A new class of hydrogen-bonded ladders based on hydrogen-bonded dimerization of oligo-a-
aminopryidines has been demonstrated. Jorgensen’s model can be successfully applied to this hydrogen-
bonding system in nonpolar solvents. The results show the competitive enthalpy/entropy compensation
relationship upon dimerization. Although increasing the number of hydrogen-bonding interactions would
enhance the hydrogen-bonding stabilization enthalpy, this stabilization enthalpy per unit would be partially
sacrificed to compensate for the entropy loss due to dimerization. These results clearly support the
importance of preorganization in desighing hydrogen-bonding guest—host molecules.

1. Introduction

The construction of molecules that associate in a strong, di-
rectional, and selective mode is a challenging topic in supramo-
lecular chemistry. Because hydrogen bonds are relatively flexible
in geometry as compared to rigid covalent bonds, the principle
of using hydrogen bonds to confer binding strength and se-
lectivity has become an important topic for research.!? Many
examples of using hydrogen-bonding interactions to control the
self-assembling of molecules into well-defined aggregates,
ranging from container molecules,’ supramolecular tubes,* to
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artificial ion channels,” have been reported during the past
decade. In addition, the principle of hydrogen-bonding interac-
tions has also been applied to crystal engineering.® This requires
self-recognition between identical molecules, a much less com-
mon phenomenon usually restricted to molecules containing
“complementary donor and acceptor units”. Recently, using the
hydrogen-bond array, instead of covalent bonds, to construct
zipperic ladder molecules has been explored.”$ Polymeric struc-
ture 1 intrigues us because 1 may dimerize to form a belt-shape
zipperic dimer through hydrogen-bonding interactions. Because
1 contains an alternating proton donor/acceptor sequence, ac-
cording to Jorgensen’s theory,? a relatively strong secondary
repulsive interaction is expected. This would lead to a relatively
small hydrogen-bonding stabilization arising from each of the
repeating units. The prediction is particularly attractive to us
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because a relatively low dissociation energy barrier for the
zipperic dimer would be expected. This implies a fast associa-
tion—dissociation process that may be beneficial for 1 to search
for the optimal matching, resulting in the most stable dimeric

Rty

To evaluate the dimerization behavior of 1, the dimerization
behavior of its oligomers 2—7 is investigated. Through a
systematic study of the structure of their zipperic hydrogen-
bonded dimers in solid state as well as their thermodynamics
upon hydrogen-bonded dimerization in the solution phase,
valuable information can be provided about the self-dimerization
process. In addition, this study provides a systematic way to
evaluate the Jorgensen’s theory, an important model for the
quantitative prediction of hydrogen-bonding interactions.
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1995, 36, 7627. (b) Murray, T. J., Zimmerman, S. C. J. Am. Chem. Soc.
1992, 114, 4010. (¢) Pranata, J.; Wierschke, S. G.; Jorgensen, W. L. J.
Am. Chem. Soc. 1991, 113, 2810. (d) Jorgensen, W. L.; Pranata, J. J. Am.
Chem. Soc. 1990, 112, 2008.
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2. Results and Discussion

2.1, Tactic for the Synthesis of 2—7. Syntheses of 2 and 8
have been reported in the literature.'” Oligomers 3—7, and their
precursors, were prepared on the basis of the Buchwald's
palladium-catalyzed amination procedures (Scheme 1).!! To
construct the target molecules, terminal building blocks 8 and
the di-tert-butyl substituted 9 were prepared from benzylation
of 2,6-diaminopyridine. Terminal di-fert-butyl substituted 9 was
used as the precursor for 5 and 7 because it could enhance the
solubility'® of 5 and 7. The solubility criterion is particularly
important in the measurements of the dimerization constant.
Compound 10 was obtained from palladium-catalyzed monoam-

(10) (a) Sprinzak, Y. J. Am. Chem. Soc. 1956, 78, 3207. (b) Czuba. W.:
Kowalski, P. Pol. J. Chem. 1980, 54, 853.

(11) (a) Wagaw, S.; Buchwald, S. L. J. Org. Chem. 1996, 61. 7240. (b) Lai.
S.-Y.: Lin, T.-W.; Chen, Y.-H.; Wang. C.-C.: Lee, G.-H.: Yang, M.-h.:
Leung, M.-k; Peng, S.-M. J. Am. Chem. Soc. 1999, 121. 250. (¢) Yang.
M.-H.; Lin, T.-W.; Chou, C.-C.; Lee, H.-C.; Chang, H. C.: Lee. G.-H.;
Leung, M-k.; Peng. S.-M. Chem. Commun. 1997, 2279.

(12) Schenk, R.; Gregorius, H.; Meerholz, K.; Heinze, J.; Miillen, K. J. Am.
Chem. Soc. 1991, 113, 2634.



Self-Complementarity of Oligo-2-aminopyridines

ARTICLES

Table 1. Crystallographic Data for 2a, 2b, 3, and 4

2a 2b 3 4
chemical formula C]L)H]QN} C19H19N3 C24H23N5 Cg«)H:jN*
formula weight 289.37 289.37 381.47 473.58
space group P2/c P2, P2i/c C2le
a (/:\) 17.0899(3) 12.9834(5) 14.5143(3) 18.7696(4)
b(A) 9.0332(1) 5.6602(2) 19.6482(4) 12.1599(20
c(A) 15.8559(1) 21.9238(7) 14.7183(3) 21.8358(5)
BC) 102.860(1) 100.692(1) 99.308(2) 98.384(1)
V(A% 2386.38(5) 1583.2(1) 4142.1(2) 4930.5(2)
V4 6 4 8 8
F(000) 924 616 1616 2000
T(K) . 295(2) 295(2) 295(2) 295(2)

A (Mo Koy (A) 0.71073 0.71073 0.71073 0.71073

Dy (kg m™%) 1.208 1.214 1.223 1.276

u(mm™') 0.073 0.073 0.075 0.079

reflection collected 17 892 6396 25990 25402

unique reflections 4217 4529 7296 4346

absorption correction semiempirical from semiempirical from semiempirical from semiempirical from
equivalents equivalents equivalents equivalents

refinement on F? F? F? F?

parameters refined 312 414 548 342

R(F,) (I > 20(1)) 0.0763 0.0583 0.0611 0.0796

RW(F)P (I > 20(I) 0.1785 0.1067 0.1188 0.1410

R(F,)* (all data) 0.1479 0.0912 0.1349 0.1338

Ru(F,%) "(all data) 0.2195 0.1236 0.1500 0.1858

GOFon F? 1.002 1.106 1.055 1.222

“R(F.) = Z|IFol = |FIIZIFal. ? R(F?) = [ZAW(F? — FEPYE{w(FH,

ination of 2,6-dibromopyridine. The internal building blocks 11
and 12 were obtained from a base-catalyzed coupling reaction
of a 1:1 ratio of 2,6-dibromopyridine and 2,6-diaminopyridine.
Although 12 is expected to be a minor product in our reac-
tion conditions, it could be easily isolated by precipitation in
CH,Cl; due to the relatively low solubility of 12. The residue
was then concentrated and subjected to liquid chromatography
on silica gel to give 11 as a pure product. Palladium-catalyzed
Buchwald’s coupling of 10 with 11 would afford another
building block 13 in a 38% yield. On the other hand, 12 was
used as an important block for the synthesis of 7. Once the
terminal and the internal building blocks were in hand, oligomers
3—7 were synthesized from the corresponding building blocks
using normal Buchwald’s coupling conditions. However, ad-
dition of 18-crown-6 was required in the synthesis of 6 and 7
to facilitate the coupling reaction.!* Details of syntheses and
spectral characterization are described in the following sections
and in the Experimental Section.

2.2. Single-Crystal X-ray Crystallographic Analyses of
2—4. Single crystals of 2—4 were easily prepared by slow
evaporation of the solvent, and their crystallographic data are
summarized in Table 1. Unfortunately, attempts at preparation
of the single crystals of 5—7 were unsuccessful. Intermolecular
hydrogen-bonding interactions were observed in the crystal
forms of compounds 2—4, of which the hydrogen-bond param-
eters are summarized in Table 2.

Two crystallization patterns by the molecular aggregation of
2 are observed; one is a trimeric form 2a (Figure 1), and the
other is a zigzag polymeric chain 2b (Figure 2). The 2a form is
P2/c with Z = 6 in which an interesting trimer sharing four
hydrogen bonds with a 2-fold axis through the N(5), C(22) atoms
is found (Figure la). The nitrogen atom N(5) of the central
pyridine is symmetrically hydrogen bonded to two amino
groups N(3) and N(3A) of two other diaminopyridine molecules

(13) Wolfe, J. P.; Buchwald, S. L. J. Org. Chem. 1997, 62, 6066.

Table 2. Geometrical Parameters for N—H---N Hydrogen Bonds
Observed in the Crystal Lattices of 2a, 2b, 3, and 4

crystal H-bond (A) D-++A (A) H---A (A) ZD-H---A {?)

2a N(3)—H(@3)--*N(5) 3.137(5) 2.21(3) 160(1)
N(@)—H(4)+-*N(2) 3.008(5) 2.20(3) 158(1)
mean 3.07 2.21 159

2b N(H—H(1)**N(2) 3.207(5) 2.54(4) 146(1)
N(4)—H(4)-+*N(5) 3.170(5) 2.32(4) 147(1)
mean 3.19 243 147

3 N(3)—H(@3)***N(7) 3.022(5) 2.08(3) 178(1)
N(5)—H(5)--*N(9) 3.118(5) 2.16(4) 167(1)
N(6)—H(6)-+*N(2) 3.071(5) 2.16(3) 169(1)
N(8)—H(8)++*N(4) 3.019(5) 2.09(3) 177¢1)
mean 3.06 2.12 173

4 N(1)—H(1)-+*N(6) 3.014(6) 2.15(4) 170(1)
N(@3)—H(3)*+*N(4) 3.025(6) 2.21(4) 166(1)
N(5)—H(5)+**N(2) 3.089(6) 2.15(4) 166(1)
mean 3.04 2.17 167

(dashed line). On the other hand, the amino groups of the
central molecule N(4) and N(4A) are bonded to the nitro-
gen atom of pyridine of the other two diaminopyridine mole-
cules N(2) and N(2A) (dashed line). The N-+*N distances are
found to be 3.173(5) and 3.008(5) A for N(3)--N(5) and
N(4)-+-N(2) hydrogen bonds, respectively. The hydrogen-bond
H-*N distances of 2.21(3) A for N(3)—H(3):*N(5) and
NQBA)—H(3A)-**N(5) are slightly longer than those of 2.20(3)
A for N(4)—H(4)--*N(2) and N(4A)—H(4A):-*N(2A). Another
3-D picture of 2a depicted in Figure 1b clearly displays the
spatial arrangement among these trimers.

The second form 2b is P2, with Z = 4 (Figure 2). Two
crystallographic independent, one-dimensional zigzag hy-
drogen-bonding networks are found in this structure. Two chains
are parallel to the b axis with different orientations. In one
chain, one amino group N(1)—H(1) is hydrogen bonded to the
pyridine N(2A) of the next layer. A similar bonding pattern
also occurs in the other chain, in which N(4)—H(4) is hy-
drogen bonded to the pyridine N(5A) of the next layer. The
presence of the hydrogen bonds aligns the benzene ring and
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(a) —_

Figure 1. (a) The molecular structure of 2 in a trimeric form. Ellipsoids
are drawn at the 30% probability level. (b) Perspective view of 2a along
the crystallographic b axis.

pyridine ring of 2 packed in an orderly arrangement (Figure
2b), where the interlayer distance is equal to the length of
the b axis (5.660 A). The N(1)-*N(2A) and N(4):**N(5A)
distances are found to be 3.207(5) and 3.170(5) A, respec-
tively. The relatively long hydrogen-bond H-+*N distances
of 2.54(4) and 2.32(4) A for N(1)—H(1)*N(2A) and
N(4)—H(4)*-*N(5A) with small bond angles of 146(1)° and
147(1)° in 2b indicate weaker hydrogen-bonding interactions
between molecules in comparison to those in 2a.!* We
tentatively attributed this observation to the lower hydrogen-
bonding density in 2b, in which only one pair of hydrogen bond
per molecule was formed. However, the existence of two forms
of diaminopyridine in the solid state indicates that the two kinds
of hydrogen-bonding network may only slightly differ in their
free energy.

Compounds 3 and 4 crystallize in a spiral conformation of
the dimeric form possessing four and six pairs of N—H-**N
hydrogen bonds, respectively, which are shown in Figures 3
and 4. Triaminodipyridine 3 crystallizes in P2,/c with Z = 8.
There is one helical dimer in an asymmetric unit (Figure 3).
Four pairs of hydrogen bonds form between the amino groups
and the nitrogen atoms of the pyridine groups. Similarly,
tetraaminotripyridine 4 crystallizes in C2/c with Z = 8. The
helical dimer is located at the crystallographic 2-fold axis in
which only one molecule is found in an asymmetric unit (Figure
4). Six pairs of hydrogen bonds form in the dimeric configu-
ration of 4.

The distances between NH:+N and N-**N, as well as the
NH:+-N angle, are useful parameters for evaluating the hydrogen-

(14) Jeffrey, G. A. An Introduction to Hydrogen Bonding; Oxford: New York,
1997; p 12.
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bond interactions. In general, a strong hydrogen-bonding
interaction would lead to short NH-+*N and N-*N distances.
and a large NH-*N angle.!* The N-+*N distances vary in a
range of 3.019(5)—3.118(5) A for 3 with an average of 3.06
A, and 3.014(6)—3.089(6) A with an average of 3.04 A for 4.
The H-+*N distances vary in a range of 2.08(3)—2.16(4) A for
3 with an average of 2.12 A, and 2.15(4)—2.21(4) A with an
average of 2.17 A for 4. These values are slightly larger than
the reported statistical mean distances of 2.939 A=
0.092) for N++*N and 2.04 A (¢ = 0.14) for R:NH-**N (sp?).
but still fall within the boundary of standard deviations.' The
average NH--N angles of 173° and 167° for 3 and 4.
respectively, in comparison to the statistical mean of 166° (o
= 8.7) also suggest reasonably strong intermolecular hydrogen-
bond interactions.

The distances between the donor nitrogen atoms and between
the acceptor nitrogen atoms of the proximal hydrogen-bond
donor—acceptor pairs are of particular importance because the
secondary interactions arising from those atoms strongly affect
the stability of the dimers. Data listed in Table 3 show an
average N—N separation of 3.72 A for the dimer of 3 and 3.69
A for the dimer of 4. Because these distances are still short.
substantial electrostatic interactions are expected.”

2.3. Thermodynamics of Dimerization. The possibility of
the formation of hydrogen-bonded dimers in solution was first
evaluated by electrospray ionization mass spectroscopy (ESI-
MS).!6 Although mass spectrometry only reflects the properties
of a gas-phase species, it has been known that the correlation
between the gas phase and solution is often good for ESI-MS.
In comparison to 4, the relatively soluble rert-butyl substituted
5 is more appropriate for the latter 'H NMR and UV—vis
studies. Thus, among the list of compounds, we chose 2, 3, 5,
6, and 7 for the ESI-MS analysis. The signals of m/z = 2M +
H in the ESI-MS analysis (Table 4) support the formation of
dimers of 2, 3, 5, 6, and 7 in CHCl;. However, the signal
intensities in the ESI-MS measurement may be affected by
many experimental factors, and the relative intensities do not
simply reflect the relative amounts of the species in solution.
Therefore, further '"H NMR (in CDCl3) and UV —vis spectro-
scopic experiments (in cyclohexane) were carried out to
substantiate the MS results. These experiments should provide
quantitative information about the hydrogen-bond directed
zipperic self-dimerization.

I'H NMR Approaches. 'H and '3C NMR spectra taken in
CDCl; are in agreement with the structural assignments for
compounds 2—7. Figure 5 shows the plot of NH’s chemical
shifts versus concentrations for 2, 3, 5, 6, and 7 at 30 °C. Note
that the NH peak was chosen to be well separated from the rest
of the peaks to gain accuracy. Details for the choice of the
specific NH’s chemical shifts are provided in the Supporting
Information. As shown in Figure 5, the concentration-
dependence of the ¢ values for the amino protons of 2, 3. 5, 6.
and 7 suggests hydrogen-bonded dimer formation.!” The dimer-
ization constants Ky, 6;, and &¢ were obtained from nonlinear

(15) Llamas Saiz, A. L.; Foces-Foces, C. J. Mol. Struct. 1990, 238. 367.

(16) For example, see: Schalley. C. A.; Castellano, R. K.; Brody. M. S..
Rudkevich, D. M.; Siuzdak, G.; Rebek, J., Jr. J. Am. Chem. Soc. 1999.
121, 4568.

(17) Connors, K. A. Binding Constants, The Measurement of Molecular Complex
Stabiliry; Wiley: New York, 1987; p 202. To simplify the curve fitting
process, 6; of 2, 3, and 5, and o¢ of 7 could be directly evaluated from the
plot in Figure 5.
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Figure 2. (a) The molecular structure of 2 in a polymeric zigzag form. Ellipsoids are drawn at the 30% probability level. (b) Perspective view of 2b along

the crystallographic b axis.

Figure 3. The dimeric structure of 3. Ellipsoids are drawn at the 30%
probability level.

least-squares fitting of the data with eq 1 expressed as!’

st 1+ 4K,[OAP] — /1 + zyr(d[o/sd:]l(3 5
e 4K,[OAP] ©r—0p (D)

where [OAP] is the concentration of oligo-2-aminopyridines
used in the measurement. d; and Jr are the NH chemical shifts
of oligo-2-aminopyridines in the monomeric and dimeric forms,
respectively. The resulting dimerization constants along with
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Figure 4. The dimeric structure of 4. Ellipsoids are drawn at the 30%
probability level.

values for the dimerization free energy are listed in Table 5.
The dimerization constant K4 of 2 is too low to be determined
accurately. The low Ky value may qualitatively rationalize the
unfavorable dimeric formation in the crystal packing. Instead.
trimer 2a and zigzag polymeric chain 2b are dominant forms
(vide supra). In CDCl3, a fair estimation of the Ky value for 2
can be made. The magnitude of Kj (0.034 M~1) for 2 in our
estimation is reasonably close to the reported value of Ky (0.2
M™Y for 2,6-(CsH;(CO)NH),CsH;N.!® In addition, the cor-
relation plot (Figure 6a) shows that the dimerization free energy
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Table 3. Distances between the Donor Nitrogen Atoms and the
Acceptor Nitrogen Atoms of the Proximal Hydrogen-Bond
Donor—Acceptor Pairs (in A)

dimer of 3 dimer of 4

Ni---N6 3.798 N1---N7 3.788
N2---N7 3.677 N1+N5 3.628
N3---N6 3.674 N2:+:N6 3.763
N3---N8 3.747 N2--:N4 3.665
N4---N7 3.647 N3-+:N5 3.628
N4---N9 3.704 N3--+N3 3.547
N5---N8 3.669 N4--:N4 3.804
N5---N10 3.897

mean 3.72 mean 3.69

Table 4. Electrospray lonization Mass Spectral Data of 2, 3, 5, 6,
and 7

mz=M+H miz=2M+H
compound? (base peak) (rel intensity %)
2 290.2 577.3(4)
3 3823 762.7(1)
5 689.6 1396.2(19)
6 566.4 1130.9(5)
7 882.9 1764.0(3)

“ The concentrations of the samples were ranged from 1 x 1073 to 3 x
1073 M.

—_
pry
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Figure 5. The plot of NH’s chemical shifts versus concentrations for 2
(M),3(A).5(v).6(®) and 7 (®) at 30 °C. (—) The best fitted curves for
each plot using eq 1 (see text).

Table 5. Dimerization Constants and Thermodynamic Parameters
(kd mol~') for 2, 3, 5, 6, and 7 in CDCl; at 303 K

compound  n Ks (M) AG AHLC TASS,°
2 1 34x1072¢ 85+£20
3 2 55x107t? 1.5+01 —-31%3 —33 £ 3(32)¢4
5 3 6.8 —48+02 —-47+2 —42 4+ 2(41)¢
6 4 34x 107 —1474+06 —754+14 —60 £ 13(59)4
7 5 1.0x 10" —232+4+04

2

¢ Standard deviation is £2.3 x 1072 on the basis of nonlinear least-
squares fitting. ” Estimated relative error <20%. < The values were obtained
q g

from a linear plot of 1/7 versus R In(Kg). giving the slope equal to AHgim
and the intercept equal to AS}.. ¢ Values of TAS),  at 298 K.

AGgim is linearly correlated to the number of the repeating
units with » = 0.99 in CDCl;. On the basis of Jorgensen’s
analysis,*¢ a linear correlation equation of AGY,, = n(2P +
4S) = n(AAGY,,) for our zipperic dimers is expected,'® where

n is the number of repeating units, AAGgim denotes the

(18) Beijer. F. H.: Sijbesma, R. P.; Vekemans, J. A. J. M,; Meijer, E. W;
Kooijman. H.: Spek. A. L. J. Org. Chem. 1996, 61, 6371.

(19) The equation was expressed in the convention proposed by Schneider. For
references, see: (a) Lining, U.: Kiihl, C. Tetrahedron Lett. 1998, 39, 5735.
(b) Sartorius, .. Schneider, H.-]J. Chem.-Eur. J. 1996, 2, 1446.
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Figure 6. Plot of AGg,m (kJ mol™') versus n. the number of repeating
2-aminopyridine units: (a) in CDCl; (303 K). (b} in cyclohexane (298 K).

stabilization free energy arising from the hydrogen-bonding
interactions per repeating unit, and P and S are the primary and
secondary interactions defined by Jorgensen. respectively.
However, our correlation plot in Figure 6a shows an empirical
correlation of AGY,, = n(AAGY, ) + AGy, which is slightly
different from the predicted equation. Linear least-squares fitting
of the data gives AAGgim = —8.0 kJ/mol (the slope) and AG?m
= 17.3 kJ/mol (the intercept). Although as foreseen by Jor-
gensen’s model where the dimerization free energy is linearly
proportional to the number of the repeating units, the presence
of a positive intercept, AGy,.2° in the correlation plot should
not be ignored. Incorporating Schneider’s empirical vatues of
—7.9 and 2.9 kJ mol™! for the primary attractive and the
secondary repulsive interactions,'®® respectively. an increment
of AAG,, = —4.2 kJ/mol for each of the additional repeating
units is anticipated from Jorgensen’s equation. In comparison
with this prediction, an increment of AAGgim = —8.0 kJ/mol
from our experiments is larger than the predicted one. These
results indicate that the hydrogen-bonding interactions between
our helical dimeric pairs are stronger than Schneider’s statistical
average. These results also suggest that mismatched pairing in
the dimer formation is less favored. Mismatched pairing would
lead to an increase of the AGgim, leading to a less stable
dimeric form. The presence of a positive intrinsic free energy.
AG),, indicates the existence of intrinsic factors that prevent
the monomers from dimerization. These factors are independent
of the hydrogen-bonding interactions in dimers, regardless of
the units’ number. Several possible factors including steric
repulsion between terminal substituents, solvation effects. and
entropy loss in dimerization may contribute to the nonnegligible
AGy

Temperature variation NMR experiments for 3. 5, and 6 were
carried out to resolve AGgim into AHgim and TASQ see Table
5). Linear least-squares fitting of the data gives AAH(d)im and
T(AASg;,,) to be —22 and —14 kJ/mol. respectively. at 303 K.
Here the negative AAHY,  represents the hydrogen-bonding
dimerization enthalpy per repeating unit. while the negative
T(AAsgim) represents the entropic free-energy loss per repeat-

ing unit due to dimerization. Several different factors such as

im (

(20) Our definition of the intrinsic free energy AGy, in this article is different

from the definition of intrinsic binding energy used by Jencks. For reference.
see: Jencks, W. P. Proc. Natl. Acad. Sci. U.S.A. 1981. 78. 4046.

(21) (a) Williams, D. H.: Searle. M. S.: Mackay. J. P.: Gerhard. U.: Maplestone.
R. A. Proc. Natl. Acad. Sci. U.S.A. 1993, 90, 1172. (b) Williams, D. H.:
Searle, M. S.. Groves, P.; Mackay. J. P.; Westwell. M. S.: Beauregard. D.
A.; Cristofaro, M. F. Pure Appl. Chem. 1994, 66, 1975.
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Figure 7. The concentration-dependent absorption spectra of 5 in cyclo-
hexane. in which Cy was prepared to be (a) 4.2 x 107°, (b) 8.4 x 107, (¢)
1.68 x 1073, (d) 3.36 x 1073, (e) 6.72 x 1075 M. The spectra are
normalized at 345 nm. Insert: The plot of Ap/(A — Ap) at, e.g.. 355 nm as

a function of 4/ 1/(A—A).

internal rotational restrictions of monomers due to dimer
formation or desolvation of the solvent molecules may have
contributed to T(AAS,,,). Even though in principle the slope
and intercept of the plots to n = 0 would give AH., and
TA i)m, respectively, uncertainty due to curve fitting would
limit the reliability of these parameters, leading to a less
conclusive prediction.

UV—Vis Absorption Measurements. It is of key importance
to mimic the intrinsic hydrogen-bonding effect in the nonpolar
solvent that provides an environment free from the solvent
perturbation such as polar(solute)—polar(solvent) and/or solvent
hydrogen-bond interactions. Alternatively, the concentration-
dependent absorption spectroscopy offers a reliable method
because the dual hydrogen-bond formation of the 2-aminopy-
ridine unit might alter the Sy — S; (71, 71*) chromophore due to
the associated charge-transfer effect.>? Here, compound 5 was
used as a prototype to demonstrate such feasibility. When the
concentration was prepared to be as low as 1.2 x 107 M, §
exhibits the lowest singlet 1 — 7* absorption band maximum
at 345 nm (€345 ~ 4.3 x 10* M~! cm™"). Upon increasing the
concentration, changes in the spectral features were observed
in which the spectra after normalization reveal significant red
shift (see Figure 7a—e). The results unambiguously conclude
the formation of dimer and/or higher-order aggregates through
the hydrogen-bonding effect. On the basis of the dimeric
structure resolved from X-ray, we first assume a dominant
dimeric formation, which possesses a spiral, cyclic type of six
hydrogen-bond configurations. The dimerization constant K4 can
thus be extracted from eq 2

Ay léi/l 1 1 2ey

= . +
A—A ep 26 VKiNVA— A, €p—2¢y @

where A and / denote the initially prepared absorbance at a
selected wavelength and cell path length, respectively. ey and
ep are the molar extinction coefficients of monomer and dimer
at the selected wavelength. Ay is the absorbance of the monomer
assuming that no dimer is formed. Experimentally, ey can be
resolved by performing the absorption titration study at a
sufficiently low concentration where the monomer exists

(22) Chou. P. T.: Wu, G. R.: Wei. C. Y.: Cheng. C. C.: Chang, C. P.; Hung, F.
T. J. Phys. Chem. B 2000, 104, 73818.

Table 6. Values of AGS,,,, AH3,,,, and TASS,,, upon Dimerization
as a Function of the Repeating Unit of 2-Aminopyridine at 298 K
(in kJ mol~1)

compound n AG, AH;. TAS,
2 1 —(7.2+07 —(52+3) —(45+ 3
3 2 —(15.0 £ 1.5) —(68 £ 5) —(53£3%)
5 3 —(233£2.1) —(86 £ 5) —(63x+7)
7 5 —(39.6 + 3.2) (124 £ 8) —(84 £ 10)

prevalently. A detailed derivation of eq 2 is described in the
Appendix. The plot of Ay/(A — Ao) at, for example. 355 nm as
a function of 1/(/A—A,) shown in the insert of Figure 7
reveals sufficiently linear behavior, supporting the assumption
of dimeric formation in 5. The best linear least-squares fit to
the insert of Figure 7 gives a K, value of (1.2 & 0.5) x 10*
M1 (e ~ 8.02 x 10* M~! cm™!). The hydrogen-bonded
association in 5 can be further supported by the concentration-
dependent fluorescence spectra of which the fluorescence
maximum is gradually red shifted from ~368 nm (4.2 x 107°
M) to ~378 nm (8.4 x 10~ M, not shown here).>? Dual
fluorescence lifetime of 3.1 and 1.8 ns originating from
monomer and dimer, respectively. was resolved.” Temperature-
dependent absorption titration spectra were also performed to
resolve AGY— into AHY  and TAS} . The logarithm plot of
dimerization constants as a function of the reciprocal of the
temperature renders linear behavior, and AHgim was deduced
to be ~—86 kJ/mol for 5. Similar spectroscopic methods were
applied to 2. 3, and 7 in cyclohexane where prevalent hydrogen-
bonded dimerization upon association was also observed.
Accordingly, the best fit of data based on eq 1 gives rise to Ky
values of (1.8 & 0.5) x 10!, (4.2 + 1.5) x 10% and (8.7 £+ 1.5)
x 109 M™! for 2, 3, and 7,> respectively. The sparse solubility
of 6 in cyclohexane due to the lack of rerr-butyl substituents
makes the extraction of thermodynamic data upon dimerization
infeasible. Figure 6b reveals a plot of the dimerization free
energy AGy,, as a function of the number of the repeating
2-aminopyridine units n. Again, as foreseen by the Jorgensen
model, the dimerization free energy is linearly proportional to
the number of the repeating hydrogen-bond units. A linear least-
squares fit of the data based on an empirical correlation of
AGY,, = n(AAGY,,) + AGY, results in AAGY,, and AG", of
—8.3 and 1.5 kJ/mol, respectively. The fact that the value of
AG?m in cyclohexane is much smaller than that in CDCl;.
indicating the applicability of the Jorgensen model in a nonpolar
solvent, is worth mentioning here. Table 6 lists the values of
AGgim, AH},., and TASﬁim (298 K) upon dimerization as a
function of the repeating unit of 2-aminopyridine in cyclohexane.
The correlation plots of the data obtained from temperature
variation experiments versus the number of the repeating units
result in AAHY,, = — 18 kJ/mol and T(AAS;,) = —9.8 kJ/mol
at 298 K (not shown here).

The enthalpy/entropy compensation effect'->* is observed in
our system. Figure 8 shows a plot of AHgim versus TASgim atT
= 298 K that integrates the data for 2. 3. 5. 6. and 7 in both
solvents. The plot is a sufficiently straight line with a slope of

(23) To avoid the inner filter effect. a configuration of front-face excitation was
applied throughout the fluorescence study.

(24) Because of the large K, value. a very low concentration of 7 is required to
perform the concentration-dependent study. Accordingly. 4 cm and 10 cm
path length cells were incorporated in the absorption titration study.

(25) Williams, D. H.: O'Brien, D. P.: Bardsley, B. J. Am. Chem. Soc. 2001.
123, 737.
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Figure 8. The correlation plot of AHY, (kJ mol™!) versus TASS,, (kJ
mol~!) at 298 K: (A) data in CDCl3; (W) data in cyclohexane.

0.54, suggesting that around 54% of the enthalpy gain from
dimerization interactions would be sacrificed to compensate for
the entropic free-energy loss. On the basis of the plot, one could
perceive that large decreases in enthalpies are linearly correlated
to the decreases in entropies upon dimerization. Data obtained
either in cyclohexane or in CDCI; follow the same correlation.
These results could be rationalized by the hydrogen-bond effect.
Although the hydrogen-bonding formation between the mono-
mers would gain significant amounts of the enthalpic stabiliza-
tion energy, the increased hydrogen-bond interactions would
reduce internal motions of the monomers, resulting in a loss of
entropy. These results also imply the formation of a relatively
tighter dimeric pair in cyclohexane than that in CDCls.

The intrinsic CDCls—solute interaction may be qualitatively
rationalized through an ab initio approach. To simplify the
calculations, the terminal N-benzylic groups were replaced with
N-methy! groups for 2—4, forming 2-Me, 3-Me, and 4-Me. The
initial geometry of monomers and dimers was adopted from
X-ray structures for 3 and 4. As C—H-+-N interactions have
been documented in the literature,?=28 we first attempted to
explore whether chloroform desolvation plays a role in the
process of dimerization. Although the C—H bond of chloroform
has been shown to be a potential proton donor,?~32 the proton
acceptor ability of a chlorine atom is less obvious. Meanwhile,
the interactions between chloroform molecules are quite weak.
The complexation energy of the best geometrically optimized
chloroform dimer that was located is —1.55 kJ/mol and can
thus be neglected. Accordingly, as a crude approximation, it
was assumed that prior to the dimerization formation at least
one C—H:-+*N interaction has to be broken for each pyridine
ring. In other words, one and two chloroform molecules have
to be decomplexed from monomeric 2-Me and 3-Me, respec-
tively, in advance of dimerization. Note that more solvent
molecules in the solvation shell have to be relocated in real
solution upon proceeding to dimerization. Nevertheless, our

(26) (a) Desiraju, G. R. Angew. Chem., Int. Ed. Engl. 1995, 34, 2311—-2327
and references therein. (b) Marjo, C. E.; Bishop, R.; Craig, D. C.; Scudder,
M. L. Eur. J. Org. Chem. 2001, 863.

(27) Hilfiker, M. A.; Mysak, E. R.; Samet, C.; Maynard, A. J. Phys. Chem. A
2001, 705, 3087.

(28) Gu, Y.; Kar, T.; Scheiner, S. J. Mol. Struct. 2000, 552, 17-31.

(29) (a) Desiraju, G. R. J. Chem. Soc., Chem. Commun. 1989, 179. (b) Desiraju,
G. R. Acc. Chem. Res. 1991, 24, 290—296.

(30) Jemmis, E. D.; Giju, K. T.; Sundararajan, K.; Sankaran, K.; Vidya, V.;
Viswanathan, K. S.; Leszczynski, J. J. Mol. Struct. 1999, 510, 59.

(31) Our calculation at the MP2/6-31G** level estimated the BSSE corrected
binding energy of CHCl;++*NH; complex to be —23.26 kJ/mol.

(32) Pawelka, Z.; Koll, A.; Zeegers-Huyskens, Th. J. Mol. Struct. 2001, 597,
57.
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preliminary approach should provide certain clues about the
relative importance of solute—solute and solute—solvent interac-
tions.

Several interesting observations were made from the calcula-
tion results. First, all calculated (C—)H-++N distances are within
the sum of van der Waals radii of H and N (2.6 A), while all
(N—)H-+-Cl and (C—)H---Cl distances are larger than the sum
of van der Waals radii of H and Cl (2.9 A). In almost all cases.
the C—H-+*N angle is more linear than the N—H--+Cl and
C—H:-+Cl angles. The results implied that C—H-+*N interaction
is of primary importance, while the N—H-++Cl and C—H-*-Cl
interactions are minor parts. Second, at the B3LYP/6-31+G**//
HF/6-31G* level, the gas-phase complexation energies of
2-Me-CHCIl3 (—17.45 kJ/mol) and 3-Me*2CHCl; (—23.47 kJ/
mol) are a few kJ/mol smaller than those of (2-Me), (—28.87
kJ/mol) and (3-Me), (—42.63 kJ/mol). Thus, the magnitude of
the solute—solvent interaction in chloroform is far from
negligible. In comparison, much less solvation outcomes can
be expected with less polar or acidic solvents such as cyclo-
hexane, consistent with the experimental results. Finally, the
dimerization energies of 2-Me, 3-Me, and 4-Me were calculated
to be —28.87, —42.63, and —61.63 kJ/mol, respectively, at the
B3LYP/6-31+G**//HF/6-31G* level. The plot of AEgim. (see
Experimental Section) versus the number of the repeating
2-aminopyridine groups shows linear behavior (R? = 0.991. not
shown here). However, the increase of complexation energy is
not a simple multiple of the number of hydrogen bonds. For
example, the complexation energy of (3-Me); is less than
twice that of (2-Me),, possibly due to secondary interactions.
In (2-Me),, the unbound N—H group twists out of the molecular
plane to avoid secondary interactions. However, for the forma-
tion of two additional hydrogen bonds in (3-Me),, the middle
N—H group, which corresponds to the unbound N—H bond in
(2-Me),, has to be brought back to the vicinity of a neighboring
N—H group of the binding partner (see Figures 2 and 3 for
reference). For 3-Me+-2CHCl3, the unfavorable dipole—dipole
interaction between the two chloroform molecules cancels out
some of the favorable solute—solvent interactions. Therefore,
decomplexation of the second chloroform molecule becomes
relatively easy. A similar trend was applied to oligo-2-
aminopyridines with higher repeating n (>3) units. The results
qualitatively rationalize the difference in AGj,, while AAGyim
is similar between CDCl; and cyclohexane. Further detailed
studies focusing on the molecular dynamics simulation are in
progress.

3. Conclusion

In summary, we have demonstrated a systematic approach
to evaluate the strength of hydrogen-bonding interactions.
Jorgensen’s model can be successfully applied to our systems
in cyclohexane. However, the intrinsic free energy AGy, has to
be considered if the dimerization studies are carried out in CDCl3
in which AG?, is an important parameter that works against
the monomers from dimerization. Our results show the enthalpy/
entropy compensation relationship as a competition between
bonding and dynamics. Although increasing the number of
hydrogen-bonding interactions would definitely enhance the
hydrogen-bonding stabilization enthalpy, this stabilization en-
thalpy per unit would be partially sacrificed to compensate for
the entropic free-energy loss due to dimerization in our cases.
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These results clearly support the importance of “the concept of
preorganization”33% in the design of hydrogen-bonding guest—
host molecules.

4. Experimental Section

4.1. Materials. Tris(dibenzylideneacetone)dipalladium(0) (Pdx(dba)s,
2,2’-bis(diphenylphosphino)-1,1°-binaphthyl (BINAP), potassium-terz-
butoxide (KO-rBu), and 18-crown-6 were obtained commercially
(Aldrich, Janssan, Tokyo Kasei) and used as received. Benzene was
refluxed over calcium hydride for 8 h before use.

4.2, General Procedures for Synthesizing 2—7. A mixture of the
corresponding bromide and amine, Pd:(dba);, BINAP, KO-rBu, and
18-crown-6 in dry benzene (10 mL) was refluxed at 80 °C under argon
with constant stirring. After reacting for a specified time period. the
reaction mixture was cooled and quenched with NH,Cl solution (2 mL).
The product was extracted twice with CH.Cl,. The extracts were
combined and washed with H-O (2 mL), dried over anhydrous MgSOy,
and concentrated under reduced pressure to provide a crude oil, which
was further purified by column chromatography over silica gel. In most
cases, a mixture of ethyl acetate and hexane is a suitable eluent for
column chromatography. Although the products isolated by this
approach are reasonably good in their NMR spectra and elemental
analysis, the products usually contained trace amounts of brown
impurity that would significantly affect the experiments in the UV—
vis analysis. Therefore, compounds 2, 3. 5, and 7 were further purified
through column chromatography (diethyl ether) to remove the brown
impurity before analysis.

Bis[6-(benzylamino)pyrid-2-yllJamine (3). The reaction of (N-
benzyl)pyridine-2,6-diamine (8) (0.199 g, 1 mmol) and 2-(N-benzyl-
amino)-6-bromopyridine (10) (0.262 g, 1 mmol) in the presence of Pd-
(dba); (0.010 g, 1 mol %), BINAP (0.012 g, 2 mol %), and KO-7Bu
(0.448 g, 4 mmol) in benzene (10 mL) for 8 h gave a crude product 3.
Purification by column chromatography over silica gel, using hexane/
EtOAc (4:1) as eluent, gave the pure bis[6-(benzylamino)pyrid-2-yl]-
amine (3) (0.304 g, 79% yield) as colorless crystals. Ry 0.50 (hexane/
EtOAc, 7:3). mp 131 °C. IR (KBr): 3421, 3265, 1610 cm™!. '"H NMR
(200 MHz, DMSO-d,): ¢ 8.47 (s, IH, NH), 7.36—7.09 (m, 12H), 6.77
(d. J = 8.0 Hz, 2H), 6.73 (t, / = 6 Hz, 2H, NH), 5.93 (d, J = 8.0 Hz,
2H), 4.46 (d, J = 6 Hz, 4H). '3C NMR (100 MHz, BDMSO-ds): 6
158.89, 139.63, 139.43, 139.37, 128.19, 127.27, 126.65, 114.05, 106.53,
44.18. EI-MS: 381 [M*]. Anal. Calced for C>;:Ha3Ns: C, 75.55; H, 6.08;
N, 18.37. Found: C, 75.19: H, 6.15; N, 18.86.

N %N 6-Bis[6’-(benzylamino)pyrid-2'-yl]pyridine-2,6-diamine (4).
The reaction of (N-benzyl)pyridine-2.6-diamine (8) (0.398 g, 2 mmol)
and 2,6-dibromopyridine (0.237 g, | mmol) in the presence of Pd»-
(dba)z (0.021 g, 2 mol %), BINAP (0.025 g, 4 mol %), KO-rBu (0.56
g, 5 mmotl), and 18-crown-6 (1.3 gm, 5 mmol) in benzene (20 mL) for
16 h gave a crude 4. Purification by column chromatography over silica
gel, using hexane/EtOAc (7:3) as eluent, gave 4 (0.34 g, 72% yield) as
yellow crystals. Ry 0.45 (hexane/EtOAc, 7:3). mp 188 °C. IR (KBr):
3437, 3232, 1604 cm™!. 'H NMR (300 MHz, DMSO-ds): & 8.67 (s,
2H. NH), 7.37—7.20 (m, 13H), 7.12 (d, / = 7.8 Hz, 2H), 6.85—6.81
(m. 4H), 6.00 (d. J = 7.8 Hz, 2H), 4.49 (d. J = 6 Hz. 4H). *C NMR
(100 MHz, DMSO-dy): ¢ 157.45, 153.14, 152.68, 140.97, 138.14,
138.09, 128.14, 127.07. 126.40, 102.64, 98.90, 98.72, 44.32. FAB-
MS: m/z 473 [M*]. Anal. Calcd for CsyH»N7: C, 73.53; H, 5.74: N,
20.71. Found: C, 73.20; H, 5.73; N, 20.73.

N2 N¢-Bis[6'-(3”,5”-di-tert-butylbenzylamino)pyrid-2’-yl)pyridine-
2,6-diamine (5). The reaction of N-(3",5’-di-rers-butylbenzyl)pyridine-

(33) Cram. D. J. Angew. Chem., Int. Ed. Engl. 1986, 25, 1039.

(34) Martell, A. E.: Hancock. R. D.: Motekaitis. R. J. Coord. Chem. Rev. 1994,
133, 39.

(35) For recent examples based on the concept of preorganization, see: (a) Bell,
T. W.: Khasanov, A. B.; Drew, M. G. B.; Filikov, A_; James, T. L. Angew.
Chem., Int. Ed. 1999, 38, 2543. (b) Bell, T. W.; Hou, Z.; Zimmerman, S.
C.; Thiessen, P. A. Angew. Chem., Int. Ed. Engl. 1995, 34, 2163.

2,6-amine (9) (0.622 g, 2 mmol) and 2.6-dibromopyridine (0.237 g. |
mmol) in the presence of Pd.(dba); (0.021 g. 2 mol %). BINAP (0.025
g, 4 mol %), and KO-7Bu (0.448 g, 4 mmol) in benzene (20 mL) for
8 h gave a crude 5. Purification by column chromatography over silica
gel, using hexane/EtOAc (7:3) as eluent. gave pure 5 (0.468 g. 67%
yield) as yellow solid. Ry 0.50 (hexane/EtOAc. 4:1). mp 120 °C. IR
(KBr): 3409. 3229, 1614 cm™'. 'H NMR (400 MHz. CDCl;): 0 8.75
(s, 2H, NH), 7.44—7.21 (m. 9H). 7.11 (d. J = 7.6 Hz. 2H). 6.59 (d. J
= 8.0 Hz, 2H), 5.96 (d, J = 8.0 Hz. 2H). 5.25 (bs. 2H. NH). 4.40 (d.
J = 5.6 Hz, 4H), 1.31 (s, 36H). '*C NMR (100 MHz. CDCl:): ¢ 158.53.
153.67, 153.52, 150.95, 139.16. 139.05. 138.18. 121.54. 121.08. 103.24.
99.73, 97.72, 47.27, 34.77, 31.42. FAB-MS: 697 [M7]. Anal. Calcd
for CssHsoN7: C, 77.42: H, 8.53: N, 14.05. Found: C. 77.46: H. 8.60:
N, 13.91.

Bis{6-[6’-(benzylamino)pyrid-2’-yl)amino]pyrid-2-yl}amine (6).
The reaction of N ®-(6’-bromopyrid-2-yl)-N >-(6”-(benzylamino)pyrid-
2-yl)pyridine-2,6-diamine (13) (0.446 g. 1 mmol) and (N-benzyl)-
pyridine-2,6-diamine (8) (0.199 g. 1 mmol) in the presence of Pd.(dba):
(0.021 g, 2 mol %), BINAP (0.025 g. 4 mol %). KO-1Bu (0.448 g. 4
mmol), and 18-crown-6 (0.65 g, 2.5 mmol) in benzene (10 mL) for 8
h gave a crude 6. Purification by column chromatography over silica
gel (CH:Cly/acetone, 24:1) gave pure 6 (0.362 g. 64% yield) as a brown
solid. R;0.38 (hexane:EtOAc, 3:2). mp 181 °C. IR (KBr): 3421, 3195.
1602, 1580 cm™!. '"H NMR (400 MHz, CDCl3): 6 10.17 (s. 1H. NH).
9.73 (s, 2H, NH), 7.41 (t. / = 8 Hz. 2H). 7.29—-7.18 (m. 12H). 6.99
(d, J = 8 Hz. 2H), 6.82 (d, J/ = 8 Hz. 2H). 6.53 (d. J = 8 Hz. 2H).
5.86 (d, J/ = 8 Hz. 2H), 5.62 (bs. 2H. NH). 4.35 (d. / = 5.6 Hz. 4H).
13C NMR (100 MHz, DMSO-ds): 6 157.45, 153.12. 152.68. 152.38.
140.93, 138.37, 138.11, 128.14. 127.06. 126.40, 102.92. 102.86. 98.92.
98.72. 44.35. FAB-MS: 565 [M*]. HRMS calcd for C:HaNo.
565.2702; found, 565.2698.

N 2N$-{6"-[6"-(3",5"-Di-tert-benzylamino)pyrid-2"-yl)amino]py-
rid-2’-yl} pyridine-2,6-diamine (7). The reaction of N-(3'.5'-di-tert-
butylbenzyl)pyridine-2.6-amine (9) (0.622 g. 2 mmol) and N >N ¢-bis(6’-
bromopyrid-2’-yl)pyridine-2,6-diamine (12) (0.419 g. 1 mmol) in the
presence of Pda(dba); (0.032 g, 3 mol %). BINAP (0.038 g. 6 mol %).
KO-7Bu (0.56 g, 5 mmol), and 18-crown-6 (0.528 g. 2 mmol) in benzene
(10 mL) for 8 h gave a crude 7. Purification by column chromatography
over silica gel (hexane/EtOAc, 3:2) gave pure 7 (581 mg. 66%) as a
yellow solid. R;0.58 (hexane:EtOAc. 7:3). mp 139 °C. IR (KBr): 3418,
3228, 3201, 1613 cm™'. '"H NMR (400 MHz, CDCl:): ¢ 11.39 (s. 2H.
NH), 10.70 (bs. 2H, NH), 7.44—7.40 (m. 3H). 7.20—7.36 (m. 6H).
7.19 (s, 4H), 7.07 (bs. 2H). 6.76 (m. 4H). 6.46 (d. J = 8.0 Hz. 2H).
5.90 (d. J = 8 Hz. 2H), 4.38 (bs. 4H). 1.23 (s, 36H). "C NMR (100
MHz, CDCl3): § 154.65. 154.61. 154.39. 153.92. 151.01. 150.98.
139.33, 139.25, 139.16, 138.16, 121.24, 121.01. 103.68. 103.14. 102.86.
99.75, 97.56, 47.33, 34.78, 31.43. FAB-MS: 881 [M™]. Anal. Calcd
for CssHe7Ny 2 C, 74.87; H. 7.66: N. 17.47. Found: C. 74.06: H. 7.62:
N. 16.96.

N-(3',5"-Di-tert-butylbenzyl)pyridine-2,6-diamine (9). To a mixture
of 2.6-diaminopyridine (1.09 g, 0.01 mol) and KO-7Bu (2.24 g. 0.02
mol) in dry benzene (30 mL) was added a solution 3.5-di-rerr-
butylbenzylbromide (2.83 g. 0.01 mol) in benzene (5 mL) at room
temperature with constant stirring. The mixture was refluxed at 80 °C
for 6 h. After cooling, the crude mixture was quenched with saturated
solution of NH;C! (4 mL), washed with water (4 mL). and dried over
anhydrous MgSO,. The solvent was removed. and the crude product
was chromatographed over silica gel (hexane/EtOAc. 3:1) to give 9
(2.36 g, 76%) as a light brown thick liquid. R, 0.32 (hexane/EtOAc.
4:1). IR (KBr): 3476, 3380, 3302, 1609 cm™'. '"H NMR (400 MHz.
CDClz): 7.44 (t,J = 1.6 Hz, 1H). 7.23—7.30 (m. 3H). 5.85—5.88 (m.
2H). 4.96 (t, J = 5.6 Hz. 1H), 4.18—4.20 (m. 4H). 1.41 (2. 18H). *C
NMR (100 MHz, CDCl;): 31.29, 34.59, 47.03. 95.16. 96.79. 120.88.
121.65, 138.15, 139.12, 150.71. 157.57, 158.12. MS: m/z (E1 70 V)
311 (M, 100). Anal. Calcd for CooHxNz: C, 77.11: H, 9.39: N, 13.50.
Found: C, 76.83; H, 9.29; N, 13.34.
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Preparation of N 2N $-Dibenzylpyridine-2,6-diamine (2) and 2-N-
Benzylamino-6-bromopyridine (10). To a magnetically stirred solution
of 2,6-dibromopyridine (2.37 g, 0.01 mol), KO-fBu (1.40 g, 0.0125
mol). Pda(dba); (0.025 mg, 0.25 mol %), and BINAP (30 mg, 0.5 mol
%) in dry benzene (40 mL) was added benzylamine (1.09 mL, 0.01
mol) dropwise at room temperature under argon atmosphere. The
reaction mixture was refluxed at 80 °C for 4 h. After cooling, the
reaction mixture was quenched with saturated NHiCl solution
(4 mL), washed with H.O (4 mL), and dried over anhydrous
MgSO,. The solvent was removed under vacuum, and purification by
column chromatography over silica gel (hexane/EtOAc, 19:1) gave
2-benzylamino-6-bromopyridine (10) (575 mg, 22%) as colorless
crystals. Ry 0.47 (hexane/EtOAc, 9:1). mp 88 °C. IR (KBr): 3288,
3084, 1606, 1566 cm~'. '"H NMR (200 MHz, DMSO-ds): 7.45 (t,
J = 6 Hz. 1H, NH), 7.19-7.32 (m, 6H), 6.63 (d, J = 8 Hz, 1H),
6.46 (d, J = 8 Hz. 1H), 4.40 (d, J = 6.0 Hz, 2H). '*C NMR (100
MHz, DMSO-de): 44.24, 98.61, 126.32, 127.03, 128.06, 137.86,
140.96, 153.16. 157.38. MS: m/z (EL, 70 eV) 264 (M* + 2), 262 (M™).
HRMS (M*) calcd for C,2H;,7"BrN,, 262.0105; found, 262.0099. Also
gave N2N¢-dibenzylpyridine-2,6-diamine (2) (490 mg, 17%) as color-
less crystals. Ry 0.7 (hexane/EtOAc, 4:1). '"H NMR (400 MHz,
CDCL): ¢ 7.41-7.23 (m, 11H), 5.78 (d, J = 8 Hz, 2H), 4.84 (t, / =
5.6 Hz. 2H. NH). 4.48 (d, J = 5.6 Hz, 4H). ’'C NMR (100 MHz,
CDClL): 6 15791, 139.69, 138.93, 128.34, 127.25. 126.82, 95.00,
46.11.

Preparation of N-(6"-Bromopyrid-2’-yl)pyridine-2,6-diamine (11)
and N 2N 6-Bis(6’-bromopyrid-2’-yl)pyridine-2,6-diamine (12). To
a mixture of 2,6-diaminopyridine (1 g, 0.009 mol) and 2,6-dibromopy-
ridine (2.17 g, 0.009 mol) in dry benzene (10 mL) was added KO-7Bu
(2.06 g, 0.018 mol) at room temperature under N, atmosphere with
constant stirring. The reaction mixture was refluxed at 80 °C for 16 h.
After cooling. the crude mixture was quenched with saturated NH4Cl
solution (2 mL), washed with HO (2 mL), and dried over anhydrous
MgSO.. The solvent was removed under vacuum, and the product was
recrystallized from CH:Cl: to give N %N S-bis(6’-bromopyrid-2’-yl)-
pyridine-2,6-diamine (12) (310 mg, 8%) as a brown solid. R; 0.68
(CHCIy). IR (KBr): 3262, 3256, 3089, 3067, 3031, 1556 cm™!. 'H
NMR (200 MHz. DMSO-ds): 7.03 (d, J = 8.0 Hz, 2H), 7.04 (d, J =
8.0 Hz, 2H), 7.57 (t, / = 7.8 Hz, 2H), 7.58 (t, / = 7.9 Hz, 2H), 7.84
(d. J = 8.2 Hz. 1H). 9.84 (s, 2H). '*C NMR (100 MHz, DMSO-ds):
103.9. 110.4, 118.6, 138.4, 139.2, 140.4, 151.8, 154.2. FAB-MS: m/z
419 (M*). Anal. Calcd for C)sH;NsBra: C, 42.79; H, 2.63; N, 16.63.
Found: C.42.98; H, 2.67; N, 16.43. The remaining crude mixture was
purified by column chromatography over silica gel (CH,Cl) to give
N-(6"-bromopyrid-2’-yl)pyridine-2,6-diamine (11) (1.36 g, 56%) as a
light brown solid. R;0.24 (CH-Cl,). IR (KBr): 3443, 3305, 3198, 1633,
1570 cm™". 'TH NMR (200 MHz, DMSO-d,): 5.76 (bs, 2H), 5.98 (d, J
= 7.0 Hz, 1H), 6.55 (d, J = 7.8 Hz, 1H), 6.96 (d, J = 7.6 Hz, 1H),
7.25 (1. J=71.8 Hz, 1H), 7.49 (1, J = 8.0 Hz, 2H), 8.03 (d, J/ = 8.3 Hz,
1H). 9.53 (s, IH). '*C NMR (100 MHz, DMSO-ds): 98.9, 99.8, 110.2,
117.9, 138.3, 138.5, 140.1, 152.4, 154.7, 158.2. FAB-MS: m/z 264
(M*). Anal. Caled for C;oHeNsBr: C, 45.45; H, 3.44; N, 21.22.
Found: C, 45.55; H. 3.47; N, 20.72.

N-(6"-Bromo-2'-pyridyl)-N'-(6”-N-benzylamino-2"-pyridyl)-2,6-
diaminopyridine (13). To a magnetically stirred solution of 2-N-
benzylamino-6-bromopyridine (10) (524 mg, 2 mmol) and N-(6-
bromopyrid-2"-yl)pyridine-2,6-diamine (11) (264 mg, 1 mmol) in dry
benzene (20 mL) were added KO-/Bu (280 mg, 2.5 mmol), Pd,(dba);
(21 mg, 2 mol %), BINAP (25 mg, 4 mol %). and 18-crown-6 (528
mg, 2 mmol) at room temperature under argon atmosphere. The stirring
was continued at 80 °C for 4 h. After cooling, the reaction mixture
was quenched with saturated NH,Cl solution (4 mL), washed with H.O
(4 mL), and dried over anhydrous MgSQO,. The crude mixture was
purified over silica gel to yield 13 (170 mg, 38%) as colorless crystals.
R;0.62 (hexane:EtOAc, 7:3). mp 168 °C. IR (KBr): 3288, 3192, 3020,
1603. 1582 cm™'. '"H NMR (300 MHz, DMSO-d,): 9.72 (s, |H, NH),
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8.90 (s, 1H, NH), 8.17 (d, J = 8.1 Hz, 1H), 7.54 (1. / = 7.8 Hz. 1H),
7.17—7.41 (m, 8H), 7.01 (d, J = 7.5 Hz. 1H), 6.90 (t, / = 6.0 Hz. 1H.
NH), 6.76 (dd, J = 6.1 and 2.2 Hz, 1H), 6.58 (d, / = 7.8 Hz. 1H).
6.00 (d, J = 8.1 Hz, 1H), 4.48 (d, J = 6.0 Hz, 2H). '*C NMR (100
MHz, DMSO-dg): 44.40, 98.65, 98.96, 102.89. 103.55, 110.45. 118.46.
126.42, 127.03, 128.16, 138.11, 138.45, 138.68, 140.38, 140.91, 151.97.
152.60, 153.12, 154.49, 157.52. FAB-MS: m/z 448 (M™ + 2). 446
(M*). Anal. Caled for CppH1oBrNg: C, 59.07: H, 4.28; N. 18.79.
Found: C, 58.54; H, 4.24; N, 18.52.

4.3. Methods. 'H and '3C NMR were recorded in CDCl: or DMSO-
ds, and chemical shifts were reported in ppm relative to CHCl; (6 7.24
ppm for 'H and 77.0 ppm for '*C) or DMSO-d, (6 2.49 ppm for 'H
and 39.5 ppm for '*C). Melting points were uncorrected. The variable-
concentration 'H NMR measurements (400 MHz) for 2. 3. 5, 6, and 7
were run in CDCls, using the signal of CHCl; (0 = 7.25) as the internal
standard. Before use, CDCl; was treated with K.COs to remove any
acidic impurity, dried over molecular sieves 4 A. and distilled.
Experimental details for the concentration-dependent chemical shifts
are provided in the Supporting Information.

For the electrospray ionization mass spectroscopy (ESI-MS). a
Finnigan LCQ quadruple ion trap mass spectrometer equipped with a
pneumatically assisted electrospray ionization source was used. The
mass spectrometer was operated in the positive ion mode by applying
a voltage of 4.5 kV to the ESI needle. The temperature of the heated
capillary in the ESI source was set at 200 °C. To avoid a space charge
effect, the number of ions present in the trap at one time was regulated
by automatic gain control, which was set at 5 x 107 ions for the full-
mass target. The flow rate of the sheath gas of nitrogen was set at 30
units. Helium was used as the damping gas at a pressure of 107* Torr,
Voltage across the capillary and the octapole lenses was tuned by an
automated procedure to maximize signals from the ion of interest in
the mass spectrum.

Steady-state absorption and emission spectra were recorded by a
U-3310 (Hitachi) spectrophotometer and a F4500 (Hitachi) fluorimeter.
respectively. The sample compartment of U-3310A was attached by a
temperature-controlled unit so that temperature variation studies can
be performed within —10 to 80 °C. Because the titration experiment is
critical for interpretation of the hydrogen-bonding association, we have
carefully performed our absorption and fluorescence titration studies
where each piece of data was acquired from an average of three to
five measurements. The sensitivity for the absorption measurement is
approximately 1.5 x 107* in absorbance under constant temperature
(£0.1 °C) throughout the measurement.

Ab initio calculation was carried out using Gaussian 98.% Geometry
optimization and frequency analyses were carried out at the HF/6-31G*
level. All stationary points were verified by performing vibrational
analyses. Dimerization energies reported were results of single point
calculations of AEgimer = Edimer — 2Emonomer» With counterpoise correc-
tions for basis set superposition errors (BSSE), at the BALYPY-*¥/6-
31+G** level.

For the crystal structure determinations, data collection was carried
out on a Siemens SMART diffractometer with a CCD detector (Mo
Ka radiation, 2 = 0.71073 /°\) at room temperature. A preliminary

(36) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.: Scuseria, G. E.: Robb. M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery. J. A.. Jr.; Stratmann.
R. E; Burant, J. C.; Dapprich, S.; Millam, J. M.: Daniels. A. D.: Kudin.
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi. M.: Cammi.
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford. S.; Ochterski, J.:
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick. D. K.:
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orientation matrix and unit cell parameters were determined from three
runs of 15 frames each. each frame corresponding to 0.3° scan in 20 s.
followed by spot integration and least-squares refinement. For each
structure, data were measured using w scans of 0.3° per frame for 20
s until a complete hemisphere had been collected. Cell parameters were
retrieved using SMART™ software and refined with SAINT on all
observed reflections. Data reduction was performed with the SAINT%
software and corrected for Lorentz and polarization effects. Absorption
corrections were applied with the program SADABS.“ The structures
of 2a. 2b. 3. and 4 are solved by direct methods with the SHELX-93#
program and refined by full-matrix least-squares methods on F * with
SHEXLTL-PC V 5.03.** All non-hydrogen atomic positions were
located in difference Fourier maps and refined anisotropically. Hydrogen
atoms attached to nitrogen atoms were located and refined isotropically.
The rest of the hydrogen atoms attached to carbon atoms were fixed at
calculated positions and refined using a riding mode. Detailed crystal
data of 2a. 2b. 3. and 4 are listed in Table 1. and the bond lengths and
angles are deposited in the Supporting Information (CIF files).

Crystal Data of 2a. Single crystals of 2 were obtained by
recrystallization from hexanes/ethyl acetate. A light-yellow crystal of
approximate dimensions 0.4 x 0.4 x 0.25 mm® was mounted on a
glass capillary. A total of 17 886 reflections was collected with a final
resolution of 0.75 A. Sadabs absorption correction (Tyn 0.819 and Tpa
0.928) and 4217 unique reflections (26 < 50°, Rin = 0.0867) were
used in the refinement. Full-matrix least-squares refinement on F*
converged to Rr = 0.0763 [I > 20(])]. 0.1479 (all data) and R.(F ?) =
0.1785 [7 > 20(N)]. 0.2195 (all data).

Crystal Data of 2b. A light-yellow crystal of approximate dimen-
sions 0.60 x 0.12 x 0.06 mm® was mounted on a glass capillary. A
total of 6396 reflections was collected with a final resolution of 0.75
A. Sadabs absorption correction (Tmin 0.783 and Tmax 0.928) and 4529
unique reflections (260 < 50°. Ry, = 0.0412) were used in the
refinement. Full-matrix least-squares refinement on F > converged to
Rr = 0.0583 [I > 20(N]. 0.0912 (all data) and R.(F %) = 0.1067 [/ >
20(D). 0.1236 (all data).

Crystal Data of 3. Single crystals of 3 were obtained by recrystal-
lization from hexanes/ethyl acetate. A light-yellow crystal of ap-
proximate dimensions 0.40 x 0.20 x 0.05 mm® was mounted on a
glass capillary. A total of 25 990 reflections was collected with a final
resolution of 0.75 A. Sadabs absorption correction (Timin 0.675 and Tras
0.928) and 7296 unique reflections (26 < 50°, Rin = 0.0590) were
used in the refinement. Full-matrix least-squares refinement on F?
converged to Rg = 0.0611 [/ > 2¢(N]. 0.1349 (all data) and R (F %) =
0.1188 [/ > 20(D]. 0.1500 (all data).

Crystal Data of 4. Single crystals of 4 were obtained by recrystal-
lization from hexanes/ethyl acetate. A light-yellow crystal of ap-
proximate dimensions 0.20 x 0.15 x 0.10 mm® was mounted on a
glass capillary. A total of 25 402 reflections was collected with a final
resolution of 0.75 A. Sadabs absorption correction (Tmin 0.796 and T
0.928) and 4346 unique reflections (26 < 50°, R = 0.0917) were
used in the refinement. Full-matrix least-squares refinement on F 2
converged to Rg = 0.0796 [/ > 20(D)], 0.1338 (all data) and R.(F %) =
0.1410 [ > 2a(D]. 0.1658 (all data).
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Appendix

Derivation of Eq 2. A competitive equilibrium between
monomer and dimer of oligo-a-aminopyridines (OAP) can be
depicted as 2(OAP) == (OAP)-, and the dimerization constant
K4 for the formation of the OAP dimer can be expressed as

Cp
Ky=—-t— @
(Cy— 2C,)°

where Cy is the initial concentration of OAP. and C, denotes
the concentration of the OAP dimeric form. The rearrangement

of eq a leads to
Gy 1
—-—= ./ +2 (b)
G KyC,

Under equilibrium the absorbance A at any selected wavelength
can be expressed as

A= epCl + e(Cy — 2C)I = (e, = 2e)C1 + Coeyl

A — Cyeyl

(©
P —

(ep — 2ey)!

where / is the cell length. and em and ¢p denote the molar
extinction coefficient of monomer and dimer. respectively.
Combining eqs b and ¢, one obtains

Collep — 2¢y)
A — Cyeyl

(ep — 2ey)l
KA — Cyepd)

(d)

Dividing (ep — 2¢m) on each side leads to eq e.

Gl / 1 L2
A= Coeml N Kyep — 260\ (A — Coepl)  €p — 26y

(e)

By multiplying € on each side and applying the Beer—Lambert
law, eq e can be rewritten to obtain eq 2

2 2
ley 1 + 2ey 2
Kyep = 26pp A (A — Cyeyl)  €p — 2¢y

where Ag in eq 2 simply denotes the absorbance of the monomer
assuming that no dimer is formed at the prepared concentration.
€M can be derived by performing the concentration-dependent
study at a sufficiently low concentration so that only monomer
mainly exists. By knowing the proportionality of the dilution.
Ao values can thus be obtained in each prepared concentration.
Knowing €y at the analyzed wavelength, Ky can be deduced
by intercept/(slope)® = 2Kq/lem.

Supporting Information Available: CIF files containing
detailed crystal data of 2a, 2b, 3, and 4. Original 'H and 3C
NMR spectra of 2—9 and 10—13. Experimental details for the
NH’s chemical shifts collected from the concentration-dependent
experiments (PDF). These materials are available free of charge
via the Internet at http://pubs.acs.org.
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ABSTRACT

A push—pull conjugated moiecule, 2,7-bis(1H-pyrrol-2-yl)ethynyl-1,8-naphthyridine (BPN), has been designed to bind selectively with octyl
glucopyranoside (OGU). The BPN/OGU quadruple hydrogen-bonding complex adopts a rigid BPN conformation in which the proton donor (d)
and acceptor (a) relays (daad) are resonantly conjugated through the ethynyl bridge, inducing n-electron delocalization, i.e., a charge transfer
effect. The excellent photophysical properties make BPN a highly sensitive probe for monitoring glucopyranoside to a detection limit of ~100

pM.

The hydrogen-bonding recognition for carbohydrates!~ af-
fords an advantage of geometrical flexibility over that of the
covalent type.> Multiple hydrogen bonding interactions
provide a general method for the protein-carbohydrate
recognition, in which most water molecules are often
excluded from the cleft of the protein in order to avoid their
possible hydrogen-bonding competition. Thus, many artificial
receptors have been designed to mimic biotic carbohydrate
recognition by using hydrogen bondings in aprotic solvents.!®
Unfortunately, the detecting method generally relies on 'H
NMR chemical shift changes and hence is limited in its
sensitivity. To circumvent this problem, fluorescence spec-

* Fax for Prof. Jim-Min Fang: (8862)-2363-6359.

* National Taiwan University.

# Academia Sinica.

¥ Current address: Department of Chemistry, Fu-Jen Catholic University,
No. 510, Chung Cheng Road, Shih Chuang, Taiwan.
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troscopic and circular dichroic methods have been utilized
as the detection tools in several examples.* We report here
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a novel saccharide probe, 2,7-bis(1H-pyrrol-2-yl)ethynyl-1,8-
naphthyridine (BPN, Figure 1).> BPN exhibits a unique

Figure 1. (a) Free BPN showing the conjugated daad array with
two pyrrole rings slightly tilted toward opposite directions. (b) BPN
and its associated BPN/S-D-glucoside hydrogen-bonding complex.
The geometrically optimized complex (R = CH;) derived by the
B3LYP/6-31G** method shows the distances (A) of the hydrogen
bonds.

property among the hydrogen-bonding type of artificial
receptors in which the conjugated daad array acts intrinsically
as a saccharide receptor as well as a sensing chromophore.
As an alternative to the extensively studied boronic acid
receptors,” we brought noncovalent recognition and direct
visual detection of carbohydrate into an integral system. The
new concept evokes monosaccharide as an adda molecule
complementary to the daad array of BPN to form a complex
with quadruple hydrogen bondings.

Synthesis of BPN incorporated the coupling reaction of
2,7-dichloro-1,8-naphthyridine with 2 equiv of (1-tert-
butoxycarbonyl-pyrrol-2-yl)acetylene, followed by removal
of the Boc protective group (Scheme 1). Two pyrrole rings

Scheme 1.  Synthetic of
2,7-Bis(1H-pyrrol-2-yl)ethynyl-1,8-naphthyridine (BPN)

i) Pd(PPhy),Cly, Cul,
EtsN, THF, t, 40 h

ii) MeONa, MeOH
THF, i, 1 h; 58%

7
Cl N™ °N” "Ci

in BPN are slightly tilted toward opposite directions (X-ray
analysis, Figure 2), but reorganize to a rigid inward
conformation upon binding with a chairlike pyranoside
(Figure 1). The pyrrole and naphthyridine moieties function
as the proton donor (d) and acceptor (a), respectively, and
also develop an ideal V-shaped cleft to provide as many as

3108

Figure 2. ORTEP drawing of BPN (side view).

four hydrogen-bonding sites. Through the multiple hydrogen
bonds effect the unusual push—pull daad relay conjugated
through the ethynyl bridge induces the s-electron delocal-
ization.” Furthermore, rigidification upon formation of the
BPN/pyranoside complex might also contribute a role in
enhanced fluorescence, as shown in previous studies on the
bindings of ions® and carbohydrates.” In combination, ultra-
sensitive detection can thus be achieved via the remarkable
change of the electronic spectroscopy.

Upon adding octyl 8-p-glucopyranoside (OGU), the 410-
nm free BPN band (log € ~ 4.65) in CH,Cl, solution
decreased significantly along with the growth of a new
absorption band at ~435 nm (Figure 3). An isosbestic point
at ~415 nm throughout the titration was attributed to the
formation of BPN/OGU hydrogen-bonding complexes in
equilibrium with free BPN. The measured absorbance [Ay/
(A — Ap)] as a function of the inverse of OGU concentrations
fit a linear relationship, indicating the 1:1 stoichiometry of
the BPN/OGU complex.® On the basis of 1:1 stoichiometry
of BPN/OGU, the relationship between the measured ab-

(4) (a) Kikuchi, Y.; Kobayashi, K.: Aoyama. Y. J. Am. Chem. Soc. 1992.
114, 1351. (b) Inouye, M.; Miyake, T.; Furusyo, M.; Nakazumi. H. J. Am.
Chem. Soc. 1995, 117, 12416. (¢) Mizutani, T.: Kurahashi. T.; Murakami,
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S.-i.; Yamamoto, M.: Shinkai. S.; Khasanov. A. B.; Bell, T. W. Chem. Eur.
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Figure 3. Absorption spectra of BPN (5.4 x 107® M) in CHCl»
by adding various concentrations (C,) of octyl glucopyranoside.
Insert: the plot at 435 nm shows a linear relationship of {A¢/(A —
Ap)) vs 1/C,. indicating the 1:1 stoichiometry of BPN/OGU.

sorbance A as a function of the added OGU concentration,
C,, can be expressed by A/(A — Ay) = |eml/(ec —
em)](K,”'C,~! + 1) where ey and ec are molar extinction
coefficients of the BPN monomer and hydrogen-bonding
complex, respectively, at a selected wavelength.® Ay denotes
the absorbance of the free BPN at that specific wavelength.
The ratio for the intercept versus slope deduced the associa-
tion constant K, of (4.8 = 0.8) x 10> M™%,

Dual spectral features were observed in the fluorescence
titration study. The characteristic uncomplexed BPN emission
band at 475 nm (7; &~ 1.25 ns) decreased, accompanied by
the growth of a 535-nm (7¢ & 0.95 ns) emission band. The
results in combination with different excitation spectra
between monitoring at, e.g., 450 and 550 nm led us to
conclude that dual fluorescence originates from different
ground-state precursors, namely, the uncomplexed BPN and
BPN/OGU complex, respectively (Figure 4). The plot of [Fo/
(F — Fp)] at 535 nm versus the inverse of OGU concentra-
tions reconfirmed a 1:1 BPN/OGU complex.? The relation-
ship between the measured fluorescence intensity F and C,
in a selected wavelength can be expressed by Fo/(F — Fy)
= [Dmem/(Pmem — DPeec) (K, 'Cy ! + 1), where Fy denotes
the fluorescence intensity of free BPN. ®y and ®c¢ are
fluorescence quantum yields of the free BPN and complex,
respectively, and are assumed to be constant throughout the
titration.® The ratio for the intercept versus slope gave a K,
value of (5.5 & 0.5) x 10* M™!, which within experimental
error is consistent with the value deduced from the absorption
titration.

The fluorescence yields for BPN (i.e., the 475 nm band)
and the BPN/OGU complex (i.e., the 535-nm band) were
measured to be as high as 0.35 £ 0.01 and 0.23 + 0.02 in
CH.Cl,, respectively. By selecting the excitation wavelength

(8) Chou, P. T.: Wu. G. R.: Wei. C. Y.: Cheng, C. C.: Chang, C. P.:
Hung. F. T. J. Phys. Chem. B 2000, 104, 7818. Aq. Fy. A, and F denote,
respectively, the absorbance and fluorescent intensity of free BPN and in
solution after adding monosaccharides at a selective wavelength.
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Figure 4. Fluorescence spectra of BPN (1.2 x 107 M) in CH:Cl»
by adding various concentrations (C,) of octyl glucopyranoside.
The fluorescence spectra (4. = 430 nm) show the growth of a
535-nm emission band on complexation. accompanied by decrease
of the 475-nm band for uncomplexed BPN. x denotes Raleigh
scattering. Insert: the plot at 535 nm shows a linear relationship
of [FW/(F — Fy)] vs 1/C,, indicating the 1:1 stoichiometry of BPN/
OGU.

at >460 nm where the absorbance was solely attributed to
the BPN/OGU complex, a detection limit as low as ~100
pM OGU could be achieved on the basis of the nearly
background (i.e., the uncomplexed BPN)-free 535-nm emis-
sion. The ratiometric fluorescence proved to be a reliable
and ultrasensitive method for the real time detection of BPN/
OGU complexation.

The 1:1 BPN/OGU complexation was further supported
by the NMR study using a continuous variation method (Job
plot),” in which the chemical shift changes of pyrrol-NH as
a function of sugar concentrations were monitored. The
temperature-dependent (285—315 K) 'H NMR study indi-
cated that the formation of the BPN/OGU complex was
thermodynamically favored (AGzy = —5.79 kcal/mol). in
agreement with the proposed quadruple hydrogen bond
formation. The association constants and thermodynamic
parameters are collected in Table 1. A molecular modeling
of BPN/methyl -p-glucoside complex (Figure 1b) implied

Table 1. Association Constants and Thermodynamic
Parameters for the Complexes of BPN with Octyl Glucoside
(OGU). Octyl Galactoside (OGA). and Octyl Furanoside (OFU)

K, AH 300 AS300 AG300

complex (M™1 (kcal/mol)  (cal/mol) (kcal/mol)
BPN/OGU  5000¢ (20000) —12.3¢ —21.8¢ —5.79¢
BPN/OGA 1600 (6200)" —5.21¢4
BPN/OFU 190 (490)® —3.69¢

“ The association constant was derived from the absorption and tluo-
rescence titrations in CH>Cls solution. Estimated errors are within £20%.
" The association constant was derived from the 'N MR titrations in CDCl:
solution. ¢ The thermodynamic data were deduced from the temperature-
dependent '"H NMR studies. AG = AH — TAS. ¢ The value was derived
from AG = —RT InK, (in CDC]l; solution).
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the importance of multiple hydrogen bond formation as well
as the geometrical fitness to accommodate each hydrogen
bond. All calculated OH-**N and NH-:-*O distances are
significantly shorter than the sum of van der Waals radii of
H and N (2.7 A) and H and O (2.6 A).

The intrinsic conjugated daad type chromophore?é#10 jn
BPN is of key importance to account for the remarkable
spectral differences. The acidity of pyrrole and basicity of
naphthyridine could be enhanced at the excited state through
the conjugated dual hydrogen-bonding effect.® The com-
plexation with saccharide thus provides multiple hydrogen
bond induced charge transfer to account for a drastic
alternation on the fluorescent property. To support this
viewpoint, a nonconjugated daad molecule of 2,7-bis(3-
hydroxy-3-methylbutynyl)-1,8-naphthyridine (BHN) was pre-
pared (Figure 5). Upon forming the BHN/OGU complex (K,

Figure 5. (a) A large Stoke shift (60 nm) in the fluorescence
spectrum of BPN/OGU complex is attributed to the multiple
hydrogen bond induced charge transfer. (b) Complexation of BHN
with OGU does not show significant spectral shift because BHN
lacks a continuous push—pull z-system to account for charge
transfer.

~ 1000 M™! measured by 'H NMR in CDCls) the fluores-
cence intensity (Amaxx 387 nm) did increase, albeit no
significant spectral shift was observed in either absorption

(9) Connors, K. A. Binding Constants; Wiley: New York, 1987.
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or fluorescence spectra. The enhanced fluorescence could
be rationalized by the conformational rigidification, whereas
the lack of a continuous push—pull z-system prohibits the
multiple hydrogen bond induced charge-transfer effect.

The preferable 1:1 complexation of BPN with octyl -D-
galactopyranoside (OGA) or octyl S-L-fucopyranoside (OFU)
was similarly determined by absorption, fluorescence, and'H
NMR titrations (see Table 1 and Supporting Information).
While the only structural difference between OGA and OGU
is the spatial orientation of 4-OH, the association constant
for OGA is smaller than that of OGU by ca. 3-fold. This
binding selectivity of BPN/OGU over BPN/OGA is com-
parable or superior to those reported in the literature.>* For
OFU in which one hydrogen bond is eliminated by modifying
the C(6)CH,0H to CHj3 group, K, decreases by a factor of
~35 in comparison with that of the BPN/OGU complex.

In summary, our results demonstrate the selective affinity
and ultrasensitivity for probing the BPN/OGU complex.
Visual change of free BPN (cyanic color) in CH,Cl; (1.2 x
1073 M) to green color upon addition of octyl gluco-
pyranoside (5.2 x 107* M) was obvious (see Abstract
graphic). Since the synthesis of BPN was straightforward,
chemical modification including the preparation of water-
soluble derivatives would be feasible. We are currently
engaged in the research of such aspects in order to develop
practical carbohydrate sensors.
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Some 9,9’-spirobifluorene-bridged bipolar systems 1-3 con-
taining 1,3,4-oxadiazole-conjugated oligoaryl and triar-
ylamine moieties have been synthesized, in which 1 exhibits
remarkable solvent-polarity dependent fluorescence proper-
ties due to a highly efficient photoinduced electron transfer
reaction.

Bipolar (i.e. dual chromophores) organic materials have
received considerable attention due to their potential uses in
molecular devices such as molecular rectifiers,! switches,?
electrochemical sensors,? photovoltaic cells,* and nonlinear
optical materials,52 erc. It has been a central interest to integrate
such composite materials (or devices) via the modification of
chromophores and linker structures so that the physical
properties can be fine-tuned to a designated function. Recently,
syntheses of materials aimed at increasing the dimensionality
have been explored, among which the three-dimensional design
based on spiro-bridged conjugated systems is of particular
interest.5 In this communication, we report the synthesis and
photophysical studies of another new type of 9,9’-spirobi-
fluorene-bridged bipolar system. In this bipolar molecule, the
1,3,4-oxadiazole-containing conjugated oligoaryl system,
serves as the electron acceptor, while the triarylamine moiety
acts as the donor counterpart. Such a configuration may
conceptually lead to the development of new materials with an
interfacial layer of bifunctional properties.

The synthetic pathways of 9,9’-spirobifluorene-bridged bipo-
lar molecule 1 and model compounds 2 and 3 are shown in
Scheme 1. Treatment of 2,7-dibromo-9,9’-spirobifluorene with
CuCN in DMF at the reflux temperature gave the dicyano
derivative 4 in a 90% yield. The unsubstituted branch of the
9,9’-spirobifluorene was then regioselectively brominated at C-
2’ and C-7’ positions with Br, solution (in CH,Cl,) in the
presence of Lewis acid, AICl;, which was used as a promoter.
The dibrominated crude product was directly subjected to a Pd-
catalysed amination with diphenylamine in the presence of a
catalytic amount of P'Bujs to give an 80% yield of 5. The cyano
groups in § were further converted to tetrazoles by treatment
with NaN; and NH4Cl in DMF at reflux temperature to form
bis-tetrazole 6 in an 80% yield. Subsequently, treating 6 with
4-tert-butylbenzoyl chloride in pyridine leads to the formation
of the final spiro-configured bipolar compound 1in a 73% yield.
In addition to the elemental analysis of 1, which assigned the
designated structural composition, the structure of 1 was further
confirmed by single crystal X-ray diffraction analysis.6 For
comparison, two model compounds, 2 and 3 were synthesized
from 2,7-dibromo-9,9’-spirobifluorene via a similar synthetic
pathway. Compounds 1-3 sublime at a relatively low tem-
perature, providing the feasibility in their integration into
molecular devices.

As shown in Fig. 1 the absorption spectral features of 1 in
THF exhibit a composite characteristic of 2and 3. Careful
spectral analyses indicate that the absorption extinction coeffi-
cients, &A), within experimental error, are identical with those
of 2 plus 3 (see Fig. 1). Thus, the merging of 2 and 3 into bipolar

t Electronic supplementary information (ESI) available: experimental
dctails. Sce http://www.rsc.org/suppdata/cc/b2/b208269a/
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molecule 1 causes negligible interactions among chromophores
in the electronic ground state. In contrast, the incorporation of
chromophores provokes strong interactions in the excited state.
Fluorescence maxima at 392 and 373 nm were observed for 2
and 3 in THF (see Fig. 1), of which the Stokes shift was
calculated to be as small as ~670 and 365 cm—!, respectively.
Similar normal Stokes shifted fluorescence was observed for 2
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Scheme 1 Reagents and condition: a, CuCN, DMF, reflux; b, i, Br,, AICl;,
CH,Cl,, reflux; ii, Ph,NH, Pd(OAc),, PtBu;, NaOtBu, PhCHj, reflux; c,
NaN;, NH4Cl, DMF, reflux; d, 4-‘BuPhCOCI, pyridine, reflux.
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Fig. 1 Absorption and emission spectra of 1 (—), 2 (----- )yand 3 ——-) in
THF. The emission intensities for 1-3 have been normalized for clarity.

This journal is @ The Royal Society of Chemistry 2002



and 3 in other studied solvents. Conversely, 1 in THF exhibited
exclusively a new emission band maximized at ~590 nm (a
Stokes shift of ~9000 cm—!), while the normal emission
attributed to 2 or 3 individually was too weak to be resolved.
The excitation spectrum is effectively identical to the absorption
profile, excluding its origin from traces of impurity. Detailed
analyses revealed that the intensity of the 590-nm emission was
linearly proportional to the studied concentrations in the range
of 10-5-10—* mol dm—3. Thus, the possibility of the emission
resulting from the aggregation effect can also be eliminated.
Alternatively, the results can be more plausibly rationalized by
a mechanism incorporating a photoinduced electron transfer
(ET) process. This viewpoint can first of all be supported by the
strong solvent-dependent spectral properties shown in Fig. 2.
The spectral shift of the fluorescence upon increasing solvent
polarity (Af) depends on the difference in permanent dipole
moments between ground and excited states, which can be
quantitatively expressed as:
% = 9 — QI — Hlhead )Af ay

As shown in the inset of Fig. 2, the plot of ¥, versus Af is
sufficiently linear, in which the large slope of 14 200 cm~! is
obtained, supporting the proposed electron-transfer mechanism
in the excited state. As a result, a charge transfer (CT) emission
band was observed in 1. Secondly, the free-energy change (AG)
for photoinduced electron transfer between an excited donor
molecule (D*) and a ground-state acceptor (A) at a distance (d)
can be expressed as:
AG = Eox(D) — Erea(A) — Ego(D) — (e%/ed)

— (e2)(Vrp* + Ura=)1/e — 1/e) (2)
where En(D) and E.4(A) are the oxidation and reduction
potentials of triarylamine and 1,3,4-oxadiazole moieties, re-
spectively, Eqo{ D) is the energy of zero—zero transition, rp* and
ra— are effective ionic radii, € is the dielectric constant of
solvent, and d is the center-to-center distance between D and A.
Eox and E,4 for 1, measured by cyclic voltammetry experiments
(see ESIt), were measured to be 0.88 and —1.69 V, respectively
in THF. Eq of 3.25 eV (~ 382 nm) was obtained from the first
vibronic peak of the UV spectrum. According to the X-ray
structure, the center-to-center distance between D and A of 1
was estimated to be ~7.7 A. A semi-empirical PM3 approxima-
tion was further made on rp* ~ ra~ = 5.3 A. With all values
substituted into eqn. (2), the free energies of ET (AG) were
calculated and shown in Table 1. As indicated by the AG values
of < —0.63 eV, the excited state ET reaction is apparently an
exergonic process in all solvents applied. This viewpoint can be
further supported by the corresponding ET dynamics for 1 in
various solvents. The fluorescence rise and decay dynamics
were measured by a time-correlated photon counting system,
rendering a temporal resolution of ~ 15 ps (see ESIf). The
results listed in Table 1 clearly showed that except for the well-
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Fig. 2 The cmission spectra of 1 in cyclohexane (@), benzene (H),
tetrahydrofuran (A), dichloromethane (OJ) and acetonitrile (©). The optical
density at the excitation wavelength (330 nm) was prepared to be 0.2 in all
studicd solvents. Inset: the plot of emission peak frequencies as a function
of solvent polaritics.

Table 1 Photophysical propertics of 1-3 in various solvents

PL Amax/
Solvent  Ap./nme nm [0 T/ns? AGe
1 CYC 382 500 449 X 102 18.25 —0.63
BEN 384 557 3.57 X 102 42.09 —0.68
THF 382 588 1.08 x 10-2 37,77 —0.94
DCM 383 609 520 X 10-3  20.66 —0.96
ACN 378 642 1.08 X 103 6.45 —1.03
2 THF 382 392 0.58 1.05
3 THF 368 373 ~1.0 0.91

« Absorption, data was taken from the first vibronic peak. # Samples for the
lifetime measurements were degassed via three freeze-pump-thaw cycles.
< Free energies (AG) of the electron transfer for 1 in various solvents were
calculated according to eqn. (2). See text for the detailed description.

fitted single exponential decay, the rise dynamics of the
emission for 1 was irresolvable (K15 ps), indicating the
occurrence of a fast ET process.

Attempts have also been made by synthesizing two analogues
la and 1b (Scheme 1, see ESIt), in which the molecular
symmetry is lowered by bearing only a pair of D(triarylamine)/
A(1,3,4-oxadizaole) chromophore rather than two D/A pairs in
1. Our preliminary results revealed a similar highly efficient ET
process, resulting in an anomalous CT band (not shown here).
Thus, under a decent driving force (AG) the ET process can be
generalized among the spirobifluorene-conjugated D/A sys-
tems.

Assuming an ET efficiency of approximately unity, the
solvent-polarity dependent yields ranging from 103 to 0.05 for
1 (see Table 1) are relatively smaller than those of parent
molecules 2 and 3 (Table 1). This can be rationalized by the
facts that back electron transfer is considered a forbidden
process and is normally dominated by the radiationless
deactivation. In addition, as the local excitation (LE)-ET zero-
order gap increases by increasing the solvent polarity, the
radiative decay rate of the ET band decreases due to the
reduction in LE/ET interaction.® The combination of these two
factors rationalizes the decrease of the emission yield as the
solvent polarity increases.

Theoretically, it is feasible to adjust the D/A strength as well
as the number of spirobifluorene conjugation so that the flow of
electrons can be precisely regulated. Such a conceptual design
may be advantageously exploited in e.g. photovoltaic devices.
To achieve this goal, focus on poly-spirobifluorene conjugated
bipolar or triad systems is currently in progress.
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Photoinduced electron transfer reactions across rigid linear
spacer groups of high symmetry
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Abstract—A series of highly symmetrical dienes 1-3 were prepared through [2+2] cyclo-addition of norbornadiene (NBD) in an
exo--trans—exo geometry. These molecules can be utilized as spacer groups in donor(D)-spacer(S)-acceptor(A) types of electronic
dyads possessing strictly linear rigidity. The electronic coupling between D and A was promoted effectively by the c-bonds
through the all-rrans spacer groups so that a highly efficient photoinduced electron transfer process takes place. The even-odd
NBD dependent alternation of the DD/A orientation is intriguing, which leads to an unusual correlation in the spacer tuning
electron transfer process. © 2002 Elsevier Science Ltd. All rights reserved.

Long range intramolecular electron transfer (ET) reac-
tion has been the subject of intensive study for its direct
relationship with the redox processes in photosynthesis
and certain biological systems.'= In recent years, elec-
tron donor (D) acceptor (A) chromophores linked by
rigid, covalent spacers (S), forming D-S~A dyads, have
attracted considerable attention due to their potential
applications in the design of molecular devices, among
which are molecular rectifiers,® switches,* electrochemi-
cal sensors,” photovoltaic cells, and nonlinear optical
materials,” etc. Spacer groups that have been utilized
are versatile. including small molecules, ¢.g. cyclohex-
ane.” adamantane,? bicycle[2.2.2)octane.” steroids,' and
oligomers of various sizes, e.g. polynorbornanes.'' and
ladderanes,'? etc. Among numerous types of spacers,
rigid linear rod-shaped structures, however, are not
commonly observed.'*'" The highly symmetrical struc-
tures reduce the complexity which is due to geometrical
and conformational variations. In this study, we report
the preparation of a series of linear, rigid, rod-shaped
molecules based on an exo-trans—exo configuration of
norbornanes. Both D and A groups are then attached
onto the terminals of these bridging molecules with a
fixed linear conformation. Preliminary spectroscopic
and dynamic studies on ET processes have been per-
formed in various solvents. The intriguing ‘all-trans

Kevwords: rigid rod spacer: clectron transfer: donor and acceptor:

naphthalene: norbornadienc.

* Corresponding  authors.
chopf cems.ntu.edu.tw

E-mail:  tchowchem.sinica.edu.tw:

rule’ as well as a D/A orientation governed ET process
are reported herein.

Dimerization and trimerization of norbornadiene
(NBD) were accomplished though a prototypical
Co,(CO),(PPh,), catalyzed reaction.'S Compounds 1
and 2 were then purified by column chromatography
(eluent: n-hexane). followed by recrystallization in hex-
anes and distillation under reduced pressure. Syntheses
of 3 using Ni(cod), as a catalyst have been reported
with a yield as low as 3%. Alternatively, 3 was prepared
via dimerization of 1 upon UV photolysis in the pres-
ence of cuprous triflate.'® increasing the yield to ~ 30%.
Compounds 1, 2 and 3 represent the first three mem-
bers of NBD oligomers sharing the same characteristic
of all NBD units being connected by an e¢xo—trans—exo
geometry. For the application as spacers. the length of
the structure can be finely tuned via adding different
numbers of NBD units so that upon the elongation of
molecular sizes, the geometry maintains linearity with
two terminal double bonds being parallel and equiva-
lent in symmetry. Electron donor and acceptor groups
were then added to molecules 1-3 to form the respec-
tive dyads. A naphthalene moiety was fused onto the
double bond by placing 1 through a reaction with
tetrabromo-o-xylene according to a known procedure.'’
Compound 4 obtained was then subjected to another
[2+2] cycloaddition with dimethyl acetylenedicarboxyl-
ate (DMAD), catalyzed by RuH-(CO)(PhPh;);. to give
5 in 85% yield."® The same reaction sequence was
applied onto 2, while 6 and 7 were prepared
subsequently.

0040-4039 02 S - see front matter € 2002 Elsevier Science Ltd. All rights reserved.
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The absorption spectra of 4-7 exhibit a typical charac-
teristic of the naphthalene chromophore. The two
absorption bands at 250-290 and 300-330 nm with
vibronic progressions are ascribed to 'L, and 'L,, transi-
tions. respectively. of the naphthalene moiety (Fig. 1).
The absorption of 1.2-dimethoxycarbonylethyl moiety
exhibits an onset at ~260 nm. which should cause
negligible interference upon >266 nm excitation. As
shown in Fig. 1. in comparison to 6. the naphthalene-
like fluorescence (4,,,, ~335 nm) in THF was substan-
tially reduced in 7 where a D A pair is incorporated,
indicating that the ET process is operative in the
excited state. Further evidence is given by the resolu-
tion of a charge transfer (CT) band for 7 maximized at
~ 500 nm in THF. The peak frequency of the CT band
shows strong solvent-polarity dependence (see insert of
Fig. 1). being red shifted by ~ 1800 cm™' from THF to
CH,Cl,.

The excited-state relaxation dynamics were measured
by a time-correlated photon counting system described
previously.'” rendering a temporal resolution of ~15
ps. The dynamics of decay (or rise) of 5 and 7 for both

0.5

Arbitrary Unit

Arbitrary Uinit
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normal (F,) and CT (F-) bands are listed in Table 1. As
shown in Fig. 2 and Table 1. the lifetime of the F,
band, within experimental error, correlates well with
the rise time of the F, band, unambiguously supporting
the photoinduced ET process. Table 1 also lists kinetic
data for the corresponding non-ET-transfer models 4
and 6. The rate of ET, kgq. can thus be calculated by
the equation kgr=1,7(D;A)-1 (D) where (D A) and
7(D) denote the lifetime of the F, (normal) band for
molecules possessing D/A and D functional groups.
respectively. Alternatively. the ET rate constant can be
accessed by a Stern-Volmer equation expressed as

kir={[@(D);®(D:A)]-1}(1 (D) where @ is the
fluorescence yield of the F, band. The results listed in *
Table 1 for kgr are kpp show the same trend: an
increase in the ET rate upon increasing the solvent
polarity. The systematically smaller A% values proba-
bly result from traces of naphthalene precursors exist-
ing in the D A dyads. Due to the very weak F, intensity
in the studied D'A dyads. any emission caused by
traces of the precursor impurity may interfere with
steady-state analyses.

In comparison to previously reported NBD systems.
two intriguing remarks can be pointed out. Firstly. the
increase in the ET rate was generally observed in these
exo—trans—exo systems. The free-energy change (AG)
for photo-induced ET between an excited donor
molecule (D*) and a ground-state acceptor (A) at a
distance (d) can be expressed as:

AG(d)=E (D)-E, . (A)-E(D)—(e” ed)—(e” 2)(1 17},
+1 A1 37-1¢) (H

where £, (D) and E,.4(A) are the oxidation and reduc-
tion potentials of D and A molecules in acetonitrile.
respectively, E,(D) is the energy of zero-zero transi-
tion. r," and r,” are effective ionic radii. ¢ is the
dielectric constant of solvent. and ¢ is the center-to-cen-
ter distance between D and A. For example. £, and
E..q for 6 and 7 were measured to be 1.60 and —1.50 V,

Wavelength (nm)

0.0+

T T T T
250 300 350

T T T T
400 450 500

Wavelength (nm)

Figure 1. The absorption and emission spectra of compounds 6 (—) and 7 (----) in THF. The absorption spectra are normalized
at ~290 nm. whereas the emission spectra are shown in proportion to their relative intensities. Insert: the appearance of a weak

CT fluorescence in (a) THF. and (b) CH,Cl-.
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Table 1. The relaxation dynamics of the fluorescence?, ky.r, Ky and free energies (AG) of the ET reaction for 4-7 in various
solvents
7(4) (ns) 7(5) (ns) AG(5) (eV) kpr (s ') 7(6) (ns) 7(7) (ns) kyr (ki) AG(T) (eV) AG(8) (eV)
(s !
Et.O 40.83 F,: 0.18 —0.11 5.53 % 10° 56.5 F,: 13.94 5.41 —-0.07 —0.24
(1.86) x 107
F.: 0.14 F. 12.2
(rise) (rise)
3.78 13.2
EtOAc 60.55 F,:0.12 —0.27 8.32x 10 51.16 F,: 8.32 10.08 —0.23 —0.38
(4.34)x 107
F,: 0.15 F.: 7.31
(rise) (rise)
3.28 9.78
THF 57.88 F.: 0.10 —0.34 9.98 x 10° 57.07 F,: 6.78 13.01 —0.30 —0.45
(8.41)x 107
F.: 0.09 F.: 6.31
(rise) (rise)
3.04 9.66
CH.Cl, 36.83 F,: 0.085 ~0.39 1.2x 1010 48.10 F: 2.25 425 ~0.35 ~0.50
(31.3) x 107
Fa: 2.31b F.: 1.95
(rise)
373

The free energy of ET in compound 8 (AG(8)} is listed for comparison

* All measurements were performed in the degassed solution.
b Rise dynamics could not be resolved due to the weak signal.

¢ kj-r is not available due to the presence of traces of naphthalene precursor.

9 Data from Ref. 21.

Arbitrary Unit

Time (ns)

Figure 2. The time-dependent fluorescence of F, and F, bands for 7 in THF (/. =266 nm). For F,: 1=6.8 ns. F.; t(rise)=6.31

ns, t{decay)=9.66 ns.

respectively in CH;CN. E,, was obtained from the
absorption edge of UV spectrum at 318 nm (3 91 eV).
An approx1mat10n was further made on r=rp*=r, =
4.5 A" Consequently, the center-to-center distance
between D (midpoint of the central bond of naphtha-
lene) and A (midpoint of the line connecting the car-
bonyl carbons) of 7 was estimated to be 14.7 A. With
all of the values substituted into Eq. (1), the free
energies of ET (AG) for 7 (or 5) were calculated and
shown in Table 1.

The kinetic data were compared with an analogous
system published previously. The structure of 8 is simi-
lar to that of 7, yet with only eight o-bonds intervening
between the D and A chromophores. In THF. the rate
of ET measured for 7 was about twice as fast as those
reported for 8 (6.5x107 s7'),>" albeit a more endergonic
reaction was expected for 7 (see Table 1 for comparl-
son), and the D-A distance of 7 (14.7 A)" is even
longer than that of 8 (11.4 A due to a bent shape).
Although differences in the inner shell nuclear motion
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cannot be neglected, the results may implicate the dif-
ferentiation in the through o-bond overlap, and hence
the differences in the electron coupling matrix, between
7 and 8. It is well known that electron tunneling can be
effectively accelerated through coupling with the o-
bonds of the spacer group. The highly symmetrical
geometry of 1-3 fits the ‘all-rrans rule’ in a nearly
perfect fashion, which may account for the higher
efficiency of ET appearing in 7.** This phenomenon
was not unprecedented though, since a recent report
showed that photo-induced ET in 10 proceeded with
five orders of magnitude faster than that predicted for
9.>* With the same number of intervening c-bonds (10
for each), the little variation in the geometries of 9 and
10 can result in an enormous difference in the rates of
ET processes.

el

A A

°

10

In another approach, it is interesting to note that under
the same solvent polarity, e.g. in THF, the ET rate
{(~1.0x10" s7") in 5 is ca. two orders of magnitude as
fast as that in 7 (1.3x10% s7'). Empirically, the electron
coupling matrix H_ can be estimated by H,, = H," exp[-
p(d.~d,)]* where  is a measure of the ability of
orbitals to extend into space and interact with another
orbital, d.. and d,. denote the actual center-to-center
separation distance and van der Waals distance or
separation distance within the encounter complex,
respectively. For D/A dyads with the same configura-
tion of the NBD bridge. the addition of one more NBD
distance generally leads to an increment of ca. one
order in the rate of the ET reaction published by
Paddon-Row and co-workers.?® Certainly, an NBD
unit (2-c-bonds) in Paddon-Row’s is different from an
*‘NBD’ unit (3-c-bonds) in the series studied here due to
the way NBD is fused. Nevertheless, except for the
distance of separation, there are also other parameters
that might affect the interaction between two chro-
mophores. Spin changes, symmetry factors, and the
relative orientation of two reactants may influence the
magnitude of H,. For the exo-trans—exo system
reported in this study, depending on even or odd num-
ber of the NBD unit, the orientation between D and A
is expected to switch alternatively between 0 and ~ 60°.
Accordingly, it is plausible that the unusually large
difference in the ET rate, in part, may result from the
relative difference in the D/A orientation between S and
7. However, since derivation of H_ depends sensibly on
the shape, nodal character, and mutual orientation of

Tetrahedron Letters 43 (2002) 8115 8119

the orbitals and is even more complicated in the excited
state, detailed calculations were not performed in this
preliminary study.

In conclusion, a series of highly symmetrical dienes 1-3
were prepared through [2+2] cyclo-addition of NBD in
exo—trans—exo geometry. These molecules can be uti-
lized as spacer groups in the D-S-A type of electronic
dyads possessing a strictly linear rigidity. The electronic
coupling between D and A was promoted effectively by
the o-bonds through the all-rrans spacer groups so that
a highly efficient photoinduced ET process takes place.
The linearity of the dyads should also be a key-con-
tributing factor to the ET efficiency in comparison to
previously reported bent structures. This, in combina-
tion with the even-odd NBD dependent alternation of
the D/A orientation, initiates a perspective aiming at
elongating the exo—trans—exo system so that a detailed
insight of the ET dynamics can be examined. Design
and syntheses toward this goal are currently in
progress.
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