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Stereoselective Sensing by Substrate-Controlled syn/anti Interconversion of a
Stereodynamic Fluorosensor
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A stereoselective sensing method that is based on the unique
stereodynamic and photochemical properties of 1,8-di-
quinolylnaphthalenes has been developed. The ability to un-
dergo substrate-induced syn/anti interconversion and the
striking difference in the fluorescence intensity of the syn
and anti isomers of 1,8-bis(2-isopropyl-4-quinolyl)naph-
thalene (1) have been utilized for stereoselective sensing of
the isomers of 1,2-diaminocyclohexane (5). The conforma-
tional stability of 1 at room temperature greatly facilitated
spectroscopic and crystallographic studies of this new proto-

type of stereodynamic fluorosensors. Fluorescence measure-
ments of the anti and syn isomer of 1 revealed a quantum
yield of 11.6% and 2%, respectively. NMR spectroscopy ex-
periments confirmed that trans-5 stabilizes the C,-symmetric
anti isomers of 1, whereas cis-5 favors formation of the less
fluorescent meso syn-1 isomer, which results in a reduced
fluorescence response.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Sterically crowded aromatic compounds have been incor-
porated into optoelectronic devices, rotors, and chemical
sensors because of their unique stereochemical, electronic,
and photochemical properties.'! Recently, the stereodynam-
ics of congested atropisomeric 1,8-disubstituted naphtha-
lene derivatives have received considerable attention.!
Alkyl,B! aryl,™ and heteroaryll® groups have been intro-
duced into the peri positions of naphthalene to determine
the energy barrier for rotation about the naphthyl—alkyl or
naphthyl—aryl axis and to investigate intramolecular inter-
actions between stacked aryl groups.

Fluorescent 1,8-bis(heteroaryl)naphthalenes exhibiting
conformational stability and rigidity at room temperature
as well as the ability to undergo hydrogen bonding to or-
ganic compounds have been considered to afford new chir-
optical switches that undergo photoenantiomerization upon
irradiation of circularly polarized light.[®! Stereoselective
fluorosensors have received increasing attention because
fluorescence spectroscopy provides different detection
modes (fluorescence quenching, enhancement, and life-
time), high sensitivity, low cost of instrumentation, waste
reduction, time efficiency, and the possibility of performing
real-time analysis. As a consequence of the high sensitivity
inherent to fluorescence spectroscopy only a very small
amount of the sensor is required, which makes this tech-
nique cost-effective and practicable. To date, few stereose-
lective fluorescence sensorst’”! including chiral macro-
cycles,®l dendrimers,! or oligomers!!”! have been reported.
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Enantioselectivity in energy transfer reactions between a
variety of chiral quencher molecules and photoexcited chi-
ral lanthanide chelates has also been observed by time-re-
solved or steady-state circularly polarized luminescence
measurements.!'!l Stereoselective luminescent sensing based
on indicator-displacement assays has been recently reported
to provide a promising entry to high-throughput screening
of chiral catalysts.['l Herein, we wish to report the use of
sterically crowded 1,8-bis(2-isopropyl-4-quinolyl)naph-
thalene (1) as a prototype of stereodynamic fluorosensors
capable of stereoselective recognition.

Results and Discussion

According to a synthetic strategy towards atropisomeric
1,8-diacridylnaphthalenes developed in our laboratory,!!3
we recently reported the synthesis of axially chiral 1,8-bis(2-
isopropyl-4-quinolyl)naphthalene (1) by Pd(PPhjs),-cata-
lyzed and CuO-promoted cross-coupling of 1,8-dibromona-
phthalene (2) and 2-isopropyl-4-(trimethylstannyl)quinoline
(3) in 42% yield (Scheme 1).114
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Scheme 1. Synthesis of 1,8-bis(2-isopropyl-4-quinolyl)naphthalene
1
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The formation of 1 requires two consecutive Stille coup-
lings involving sterically crowded Pd complexes, in particu-
lar during the Pd-catalyzed reaction between the intermedi-
ate 1-bromo-8-(2-isopropylquinolyl)naphthalene (4) and a
second equivalent of stannane 3 (Scheme 2). During the
first and presumably less hindered coupling step, quinolyl-
stannane 3 and dibromide 2 give bromide 4, which enters
another coupling cycle. Diquinolylnaphthalene 1 is pro-
duced by oxidative addition of bromide 4 to the Pd° catalyst
and subsequent transmetallation with stannane 3 to afford
a crowded Pd complex, which undergoes reductive elimi-
nation. The overall yield of this procedure is remarkably
high considering the steric repulsion during the two cata-
lytic steps and the strain inherent to 1.

N
o8

Scheme 2. Catalytic cycle of the Stille coupling step between 1-
bromo-8-(2-isopropylquinolyl)naphthalene (4) and stannane 3

NMR spectroscopy and HPLC studies, in conjunction
with crystallographic identification of the anti conformer,
reveal that the C,-symmetric anti isomers of 1 are thermo-
dynamically more stable than the meso-syn isomer, vide in-
fra. The ratio of the two enantiomeric anti atropisomers to
the syn isomer was determined as 8.6:1 in DMSO by NMR
analysis. The atropisomers of 1 proved to be confor-
mationally stable at room temperature but showed slow syn/
anti interconversion at elevated temperature (Figure 1).['5]
Kinetic studies revealed a Gibbs activation energy, AG™, of
115.2 (111.1) kJ/mol for the conversion of the anti (syn) to
the syn (anti) isomer at 66.2 °C.['4

Figure 1. Interconversion of anti and syn isomers of 1

We were able to grow a monoclinic single crystal of ra-
cemic anti-1 belonging to the C2 space group through slow
diffusion of diethyl ether into a dichloromethane solution
of the chromatographically purified atropisomer at room
temperature (Table 1).['®1 Crystallographic analysis revealed
a Cy-symmetric structure exhibiting two antiplanar quinolyl
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rings that are almost perpendicular to the naphthalene moi-
ety (Figure 2). The quinolyl moieties are slightly splayed
and twisted to reduce electronic repulsion and
dipole—dipole interactions between the rings. The distance
between the two quinolyl nitrogen atoms was determined
to be 3.86 A. The close proximity of the two heteroaryl
rings is a consequence of the highly congested structure of
1, albeit it might partly be attributed to packing forces.

Table 1. Selected crystallographic data of 1

Empirical formula Cy4H30N,
Formula mass 466.60
Crystal system monoclinic

Space group 2 .
Unit cell dimensions a = 15.54002) A |
b = 12.2484(15) A
¢ = 14.8766(19) A
B = 117.288(2)°
Volume 2516.4(6) A3
zZ 4
Density (calculated) 1.232gcm™3
Crystal size 0.50 X 0.50 X 0.30 mm

Figure 2. Single crystal structure of anti-1; the view along the naph-
thalene ring (left) shows the twisting of the quinolyl rings; the side
view (right) reveals the splaying of the heteroaryl rings

Atropisomer 1 combines three important features invalu-
able for developing stereodynamic fluorosensors: (1) a suf-
ficient conformational stability for the determination of
photochemical and stereochemical properties of isolated
stereoisomers at room temperature by NMR and fluor-
escence spectroscopy and single-crystal X-ray crystallogra-
phy; (2) structural simplicity that facilitates studies of the
stereoselective recognition mechanism; (3) the ability to un-
dergo temperature-controlled interconversion. The ge-
ometry of the syn and anti isomers of 1,8-diquinolylnaph-
thalene (1) exhibits a unique bidentate ligand structure. The
spatial arrangement of the 2-isopropylquinolyl rings affords
a well-defined binding environment for stercoselective rec-
ognition of hydrogen-bond-donating compounds. Fluor-
escence studies reveal an emission maximum of 380 nm for
both isomers of 1, and a considerably higher quantum yield
for anti-1 than for its syn isomer. The quantum yield of syn-
1 and anti-1 were determined as 2.0 and 11.6%, respectively.
Because we were not able to obtain a single crystal of the
syn isomer, we used PM3 calculations to compare the
ground state structure of the diasterecoisomers of 1. The
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computations of anti-1 show a slightly twisted and splayed
orientation of antiparallel heteroaryl rings, which is in good
agreement with its single crystal structure (Figure 3).

syn-1

(all C~H bonds are omitted for clarity)

Figure 3. Ground state of syn- and anti-1 optimized by PM3 calcu-
lations

Comparison of the geometry of syn- and anti-1 shows
strikingly different coordination environments. The isopro-
pyl groups occupy two quadrants on the same side of the
quinolyl nitrogen atoms in the meso form and two opposite
quadrants in the C,-symmetric anti isomers (Figures 2 and
3). We anticipated that syn-1 would undergo stronger inter-
actions with a bidentate hydrogen-bond donor exhibiting
cis configuration, whereas anti-1 would undergo stronger
hydrogen bonding to a trans isomer. The cis and trans iso-
mers of 1,2-diaminocyclohexane (5) were therefore em-
ployed in fluorescence titration experiments with anti-1 in
acetonitrile. We did not observe any significant change of
the fluorescence emission intensity of syn- and anti-1 in the
presence of cis- or trans-5. Because of the striking difference
in the fluorescence quantum yield of syn- and anti-1 and its
ability to undergo isomerization at elevated temperature, we
decided to heat the sensor in the presence of either cis- or
trans-5 in order to investigate its use as a stereodynamic
sensor. We observed a linear Stern—Volmer plot indicating
moderate quenching after heating anti-1 in the presence of
a commercially available mixture of 95% trans- and 5% syn-
5 (Figure 4). The thermodynamic anti/syn equilibrium of 1
in acetonitrile in the absence of 5 was determined as 5:1
(83.3% anti-1 and 16.7% syn-1) by NMR spectroscopy.l'”]
Accordingly, thermal isomerization to 16.7% syn-1 thus ac-
counts for approximately 14% quenching as a consequence
of the inherently lower quantum yield of the syn isomer.[!®]
The small additional quenching effect observed in the pres-
ence of 95% trans-5 can be attributed to some antilsyn iso-
merization of 1 induced by the 5% cis-5 impurity.

We were pleased to find that heating of 1 in the presence
of c¢is-5 results in significantly stronger fluorescence
quenching. The nonlinear Stern-Volmer plot exhibiting a
sigmoidal curve can be explained by substrate-induced iso-
merization of anti-1 to considerable amounts of less fluor-
escent syn-1. A comparison of the structure of the sensor
and substrate isomers suggests that the amino groups of cis-
5 can participate in simultaneous hydrogen bonding to the
two quinolyl nitrogen atoms of syn-1, whereas coordination
to anti-1 is impeded by steric repulsion between the cyclo-

3852 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Fluorescence titration of anti-1 in the presence of cis- or
trans-5 before and after heating in acetonitrile at 80 °C for 12 h;
the concentration of 1 was 4.3 X 1073 m; excitation wavelength:
320 nm, emission wavelength: 380 nm

hexyl backbone of the approaching diamine and one iso-
propyl group of the sensor (Figure 5). The different thermo-
dynamic stabilities of the two complexes, which are in-
terconverting at 80 °C, therefore favors formation of syn-1
during isomerization.
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sym-1
{all C—H bonds of 1 are omitted and hydrogen bonds are extended for clarity)

Figure 5. Interconversion of anti- to syn-1 induced by cis-5

By contrast, trans-5 can avoid significant steric repulsion
during hydrogen bonding to anti-1 by placing the axial hy-
drogen atoms attached to the stereogenic centers into the
unoccupied quadrants of the sensor molecule (Figure 6).
Exhibiting the same C, symmetry as anti-1, trans-5 thus
stabilizes the more fluorescent anti isomer of the sensor,
which explains the moderate quenching effect after heating.
The stereoselective fluorescence sensing of cis- and trans-5
is therefore a consequence of substrate-controlled syn/anti
interconversion of the stereodynamic sensor combined with
a striking difference in the quantum yield of the syn and
anti isomers of 1.

{all C-H bonds of 1 are omitted
and hydrogen bonds are
extended for clarity)

...’.

trans-5

anti-1 P ./.‘

Figure 6. Hydrogen bonding between (R,R)-anti-1 and (R,R)-
trans-S
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To verify the proposed substrate-induced isomerization
of 1 observed by fluorescence spectroscopy, we heated a
solution of sensor 1 and 10 equiv. of trans-5 to 80 °C for
12 h in acetonitrile, and determined the isomer interconver-
sion by NMR analysis. We found that the anti/syn ratio of
1 increases from 5.0:1 to 6.3:1. By contrast, we observed
that the anti/lsyn ratio of the diquinolylnaphthalene de-
creases to 4.2:1 in the presence of cis-5 under the same con-
ditions, i.e. NMR results are in good agreement with the
fluorescence measurements (Figure 7). It should be
noted that the configurational isomers of 5 do not exhibit
sterically demanding groups near their hydrogen-bonding
sites and are expected to engage 1 in energetically similar
interactions. The low steric demand of cis- and trans-5
should therefore result in moderate stereodynamic sensing

selectivity. The isomerization of sensor 1 induced by the cis
and trans isomers of 5 at elevated temperature is therefore
quite remarkable and indicates the potential of this sens-
ing method.

Conclusion

In summary, we have developed a stereodynamic fluoro-
sensor that undergoes selective recognition of the cis and
trans isomers of 1,2-diaminocyclohexane (5), through sub-
strate-controlled interconversion between its syn and anti
isomers exhibiting strikingly different fluorescence quan-
tum yields. The conformational stability of 1 at room tem-
perature greatly facilitates the spectroscopic and crystallo-
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Figure 7. "H NMR spectra of the aromatic signals of sensor 1 after heating in acetonitrile to 80 °C for 12 h in the presence of cis- (top)
and trans-5 (bottom); the concentration of 1 was 8.0 X 107> M and the concentration of 5 was 8.0 X 107 m
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graphic analysis of the unique photochemical and stereo-
chemical properties of this class of compounds, which will
be invaluable for the design of stereodynamic sensors that
operate at lower temperature. The development of confor-
mationally less stable analogs of diquinolylnaphthalene 1
for stereodynamic sensing of diastereoisomers, such as cis-
and ftrans-5 or enantiomers of chiral compounds, based on
fluorescence spectroscopy or induced circular dichroism is
currently underway in our laboratories.

Experimental Section

Materials and Methods: All commercially available reagents and
solvents were used without further purification. 4-lodo-2-isopro-
pylquinoline was prepared as described previously.?! 1,8-Di-
bromonaphthalene was prepared from 1,8-diaminonaphthalene as
described in the literature.?!! All reactions were carried out under
nitrogen and under anhydrous conditions. Sensor 1 and stannane
3 were purified by flash chromatography on SiO, (particle size
0.032—0.063 mm). Organostannanes are highly toxic and should
only be used in a vented hood, and when wearing eye and skin
protection. NMR spectra were obtained at 300 MHz ('"H NMR)
and 75 MHz ('3C NMR) with a Varian FT NMR spectrometer
using CDCl; as the solvent. Chemical shifts are reported in ppm
relative to TMS. Atmospheric pressure chemical ionization (APCI)
mass spectra were collected with a YMC-Pack CN column (4.6 X
250 mm) using an HPLC/MSD system equipped with electrospray
and atmospheric pressure chemical ionization MS detection and
hexane/EtOH (9:1) as the mobile phase. Elemental analysis data
were collected using a Perkin—Elmer 2400 CHN.

Preparation of 2-Isopropyl-(4-trimethylstannyl)quinoline (3): A solu-
tion of 4-iodo-2-isopropylquinoline (2.0 g, 6.7 mmol) in anhydrous
ether (25 mL) was cooled to —78 °C under nitrogen. A solution of
BuLi in hexane (5.0 mL, 1.6 M in hexane) was added dropwise.
After completion of the lithiation reaction, Me;SnClI (10.0 mL, 1.0
M in hexanes) was added at once, and the reaction mixture was
allowed to reach room temperature. The mixture was stirred for
another 5h, quenched with 10% NH4OH and extracted with
CH,Cl,. The combined organic layers were dried with MgSO, and
concentrated in vacuo. Purification of the residue by flash chroma-
tography (hexane/ethyl acetate/triethylamine, 150:10:1) afforded 3
(1.7 g, 78%) as a viscous yellow oil. '"H NMR: § = 0.46 (s, 9 H),
1.40 (d, J = 6.9 Hz, 6 H), 3.22 (sept, / = 6.9 Hz, 1 H), 7.44 (s, 1
H), 7.47 (ddd, J = 1.4 Hz, 6.9 Hz, 1 H), 7.65 (ddd, J = 1.4 Hz,
6.9 Hz, 8.4 Hz, 1 H), 7.72 (dd, J = 1.4 Hz, 8.0 Hz, 1 H), 8.04 (dd,
J = 1.4Hz, 8.4Hz, 1 H) ppm. 3C NMR: § = —8.5, 22.6, 37.4,
125.4, 127.8, 128.7, 129.3, 130.2, 132.4, 147.3, 153.9, 165.2 ppm.
EI-MS (70 ev): m/z (%) = 335 (26) [M*], 320 (100) [M" — Me],
305 (15) [M™ — 2 Me], 290 (35) [M* — Me], 275 (5) [M™ — 4 Me],
170 (30) [M* — MesSn], 155 (10) [M* — Me — Me;Sn].
C;5H, NSn (334.0): caled. C 53.93, H 6.34, N 4.19; found C 53.67,
H 6.70, N 4.19.

Preparation of 1,8-Bis(2-isopropyl-4-quinolyl)naphthalene (1): 2-Iso-
propyl-(4-trimethylstannyl)quinoline (400 mg, 1.2 mmol) was ad-
ded to a mixture of 1,8-dibromonaphthalene (0.10 g, 0.34 mmol),
Pd(PPhs), (44 mg, 11.2 mol %), and CuO (0.10 g, 1.3 mmol) in an-
hydrous DMF (4 mL). The reaction mixture was stirred at 100 °C
for 13 h, cooled to room temperature, quenched with 10% NH4OH,
and extracted with diethyl ether. The combined organic layers were
dried with MgSO, and concentrated under vacuum. The residue

3854 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

was purified by flash chromatography (hexane/ethyl acetate/tri-
ethylamine, 100:20:1). '"H NMR (anti isomer): 8 = 0.80 (d, J =
6.9 Hz, 6 H), 0.98 (d, J = 6.9 Hz, 6 H), 2.34 (sept, J = 6.9 Hz, 2
H), 6.34 (s, 2 H), 7.18 (dd, J = 1.1 Hz, 8.2 Hz, 2 H), 7.23-7.29
(m, 4 H), 7.54 (ddd, J = 1.4 Hz, 6.7 Hz, 8.4 Hz, 2 H), 7.62 (dd,
J=171Hz, 82Hz, 2 H), 7.87(d, J = 8.5Hz, 2 H), 8.13 (dd, J =
1.4 Hz, 8.4 Hz, 2 H) ppm. 'H NMR (syn isomer): § = 1.26 (d, J =
6.9 Hz, 6 H), 1.31 (d, J = 6.9 Hz, 6 H), 2.98 (sept, J = 6.9 Hz, 2
H), 6.69—6.79 (m, 4 H), 6.77 (s, 2 H), 7.20 (dd, J = 1.1 Hz, 8.2 Hz,
2 H), 7.54 (ddd, J = 1.4 Hz, 6.7 Hz, 8.4 Hz, 2 H), 7.62 (dd, J =
7.1Hz, 82Hz, 2 H), 7.87 (d, J = 8.5Hz, 2 H), 8.12 (dd, J =
1.4 Hz, 8.4 Hz, 2 H) ppm. '>*C NMR (mixture of syn and anti iso-
mer): 6 = 21.1, 21.2, 22.5, 22.7, 36.1, 36.2, 119.8, 120.1, 125.1,
125.3, 125.3, 125.4, 125.6, 125.9, 126.1, 126.4, 126.6, 128.4, 129.2,
129.3, 129.4, 129.5, 129.6, 130.49, 130.6, 130.9, 131.1, 131.6, 134.4,
135.7, 146.7, 147.9, 148.2, 164.9, 165.5 ppm. EI-MS: m/z (%) =
466 (100) [M™*], 451 (94) [M* — Me], 436 (5) [M* — 2 Me], 423
(23) [M™* — iPr], 253 (5) [M* — isopropylquinolyl]. LC-APCI-MS:
mlz (%) = 467 (100) [M + H]". C34H;3oN, (466.6): caled. C 87.52,
H 6.48, N 6.00; found C 87.16, H 6.43, N 5.96.

X-ray Crystallography: A single crystal of 1 was obtained by slow
diffusion of diethyl ether into a dichloromethane solution of the
chromatographically purified anti isomer at room temperature. Sin-
gle crystal X-ray diffractions were collected at —100 °C with graph-
ite-monochromated Mo-K, radiation (A = 0.71073 A). The struc-
tures were solved by direct methods and refined with full-matrix
least squares/difference Fourier analysis using SHELX-97-2
software. Non-hydrogen atoms were refined with anisotropic dis-
placement parameters, and all hydrogen atoms were placed in cal-
culated positions and refined with a riding model. Data were cor-
rected for the affects of absorption using SADABS.

Fluorescence Spectroscopy: Fluorescence experiments were conduc-
ted under nitrogen with a Fluoromax-2 apparatus from Instru-
ments S. A. Inc. All fluorescence experiments were conducted using
carefully degassed acetonitrile. The quantum yield of the isomers of
1 was determined according to literature procedures.!*?! 1,8-Bis(2-
isopropyl-4-quinolyl)naphthalene (1) was excited at 320 nm, and
relative integrated intensities of the emission spectra were relative
to naphthalene, which has a quantum yield of 0.2 in acetonitrile.
Fluorescence measurements of the anti and syn isomer of 1 revealed
identical emission spectra in acetonitrile albeit with different inten-
sity (Figure 8). The quantum yield of anti- and syn-1 was deter-
mined as 11.6% and 2%, respectively. The cis and trans isomers of
1,2-diaminocyclohexane (5) were recrystallized prior to use to rule
out any influence of possible oxidation impurities of 5 on the fluor-
escence response of 1. Fluorescence experiments with anti-1 in the
presence of cis- or trans-5 were performed before and after heating
in acetonitrile at 80 °C under an inert gas for 12 h. The concen-
tration of the sensor was 4.3 X 107> m. The excitation wavelength
was 320 nm, and the fluorescence emission maximum was 380 nm.
A change in the emission intensity or a shift of the excitation maxi-
mum of syn- and anti-1 in the presence of diaminocyclohexane 5
was not observed. The observed quenching effects can therefore be
attributed to a change in the syn/anti ratio of the stereodynamic
sensor, which was confirmed by NMR spectroscopy. The fluor-
escence lifetime of anti-1 in acetonitrile was determined to be
1.56 ns. Frequency domain data were obtained with a 10 GHz fre-
quency domain fluorometer.[>>! The modulated excitation was pro-
vided by the harmonic content of a LASER pulse train with a
repetition rate of 3.81326 MHz and a pulse width of 7 ps from a
synchronously pumped and cavity dumped pyridine 1 dye LASER.
The dye LASER was pumped with a mode-locked Ar ion LASER
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(coherent). The dye LASER output was frequency doubled to
340 nm for excitation of 1. The emitted fluorescence was observed
through a glass long-wave pass filter (Aop,s > 380 nm). The fluor-
escence intensity decay data were fitted to the multi-exponential
model I(r) = Xo; exp(—1/t;), where t; are the individual decay times
and o; are the associated pre-exponential factors. The parameters
were recovered by nonlinear least squares using the theory and
software described elsewhere.?4l
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0 . : : - ‘
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Figure 8. Fluorescence spectrum of 1,8-bis(2-isopropyl-4-quinolyl)-
naphthalene (1) in acetonitrile; the concentration was 3.2 X 1073
M and the excitation wavelength was 320 nm
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