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Abstract–Enantioselective fluorescence quenching was observed in the

quenching processes of the 1-naphthylalanyl-(S)-phenylglycinamide-derived

diastereomers by enantiomeric pyrrolidine-2-methanols in 1,4-dioxane at room

temperature, whereas the (S)-prolinamide-derived ones exhibited only a much

weaker enantioselective emission quenching under the same conditions.  These

findings were explained on the basis of substituent and conformational effects on

the stability of a singlet exciplex formed between given diastereomer and chiral

amine.

Excited-state chemistry has continued to contribute to the development of a variety of functional

materials.  In recent years much attention has been devoted to studies on the enantioselective emission

quenching and enhancement of chiral luminescent organic materials in the presence of chiral substrates,1

owing to the fact that emission-based molecular sensors make it possible to determine enantiomeric

composition of these substrates in a high sensitivity.  However, there is little study regarding the

enantiodiscriminating fluorescence quenching of N-acyl dipeptide (bearing a fluorescent aromatic

chromophore) that enables the facile determination of the absolute configuration and enantiomeric

composition of chiral amines.  In the course of our systematic studies toward the characterization of

intramolecular fluorescence quenching in 1-naphthylalanine-based model compounds having a

dialkylamino group at the carboxamide side chain, we found that charge transfer-type emission quenching

takes place by a singlet exciplex mechanism even in polar solvents.2  It is, thus, possible to develop a

new type of fluorescent dipeptide sensor having the ability to differentiate the chirality of a given amine

quencher in the excited state by incorporating (S)-proline with the rigid pyrrolidine ring or        

(S)-phenylglycine with the bulky benzene ring into N-acyl-1-naphthylalanine.  Taking into account that

it is also significant to obtain mechanistic information regarding the excited-state chiral discrimination,

we synthesized diastereomeric N-acyl-1-naphthylalanylprolinamide and N-acyl-1-

naphthylalanylphenylglycinamide derivatives (1a–e), and investigated substituent and conformational

effects on the ratio of rate constants for the fluorescence quenching of these derivatives by chiral

pyrrolidine-2-methanol (PMO) and N,N-dimethyl-1-phenylethylamine (PEA) quenchers.
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The diastereomeric mixtures of 1a–e were prepared by the condensation reactions of racemic        

N-acyl-1-naphthylalanines with (S)-N’-butylprolinamide, (S)-N’-(4-tert-butylbenzyl)prolinamide, or  

(S)-N’-(4-tert-butylbenzyl)phenylglycinamide under usual conditions in dimethylformamide.2  The

synthesis of the naphthylalanines was accomplished by the selective reduction of        

N-acyl-α-dehydronaphthylalanines2,3 with nickel(II) chloride hexahydrate and sodium borohydride in

ice-cold ethanol.  Repeated preparative thin-layer chromatography over silica gel (eluent:

EtOAc:hexane=1:1 or 3:1 v/v) allowed us to separate a given diastereomeric mixture into (R,S)-1 and

(S,S)-1 of high purity.4  Based on the finding that the proline trans amide bond is thermodynamically

more stable than the cis amide bond,5 1H NMR spectral analysis of proline-derived diastereomers

confirmed that one diastereomer contains 70–80% the trans amide bond and 30–20% the cis amide bond

while about 1–2% the cis amide bond is only included in the other.  Sisido and his coworkers found that

optically pure N-acetyl-1-naphthylalanine ethyl ester having the (S)-configuration exhibits a circular

dichroism (CD) band of the positive sign around 280 nm.6  Thus, the fact that the proline moiety gives

no absorption in the 250–320 nm region allows us to unambiguously determine the absolute configuration

of the 1-naphthylalanine moiety in each diastereomer by comparison of the CD spectrum of        

N-acetyl-(S)-1-naphthylalanine ethyl ester with that of the isolated diastereomer (1a).  The diastereomer

of 1a ([1a]= 1.5×10–4 mol dm–3) with the lower Rf value gave a positive CD band at 280 nm in methanol

([θ]280= +1000 deg cm2 dmol–1) whereas a negative CD band with equal intensities ([θ]280= –1000 deg cm2

dmol–1) was observed for 1a of the higher Rf [the naphthylmethyl chromophore in 1a gives its 1La band at

283 nm in methanol; molar absorption coefficient at this wavelength is 7600 dm3 mol–1 cm–1].  This

observation led us to conclude that the former diastereomer has (S,S)-configuration [(S,S)-1a] and the

latter (R,S)-configuration [(R,S)-1a].  Because 1a–c-derived diastereomers showed characteristic 1H

NMR signals at 4.85–5.10, 8.14–8.24 [trans-(R,S)-1, ≥98%]; 4.65–4.93, 8.05–8.16 [cis-(R,S)-1, ≤2%];

5.19–5.39, 8.35–8.47 [trans-(S,S)-1, 70–80%]; 4.70–5.02, 8.26–8.36 ppm [cis-(S,S)-1, 30–20%], we were

able to establish the configuration about the asymmetric carbon of the naphthylalanyl moiety based on the

chemical shift values for a given diastereomer.  On the other hand, there appeared no conformational

isomerism in 1d,e-derived diastereomers at room temperature.  Thus, the finding that the        
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1-naphthylalanyl chromophore having the (R)-configuration exhibits these two characteristic signals at

higher magnetic fields allowed us to determine the absolute configuration of a given        

1-naphthylalanylphenylglycine diastereomer.
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Figure 1.  Stern-Volmer plots for the fluorescence quenching of (R,S)-1b (1.0×10–4 mol dm–3)

by (R ●)-PMO ( ) and (S ■)-PMO ( ) in nitrogen-saturated 1,4-dioxane at room temperature.
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Table 1.  Quenching constant (KSV), fluorescence lifetime (τS), quenching rate 
constant (kq), and kq ratio [kq(S)/kq(R)] for the fluorescence quenching of (R,S)-1
and (S,S)-1 (1.0×10–4 mol dm–3) by (R)-PMO and (S)-PMO in 1,4-dioxane under 
nitrogen at room temperature
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As typically shown in Figure 1, the fluorescence quenching of (R,S)-1b (1.0×10–4 mol dm–3) by the

enantiomeric isomers (R)-PMO and (S)-PMO took place according to the Stern-Volmer equation: If0/If= 1
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+ KSV[PMO], where If and If0 refer to the emission intensities at 340 nm with and without PMO and KSV

the quenching constant.  The finding that 1a–c form singlet exciplexes with PMO to exhibit their

fluorescences near 450–470 nm in some solvents substantiates the participation of an exciplex

intermediate in the observed emission quenching process.  Because more intensive exciplex

fluorescence was observed in 1,4-dioxane than in other solvents examined (MeCN and THF), this

nonpolar solvent was chosen for the exploration of enantiodifferentiating fluorescence quenching.

Taking into account the result that (R,S)-1 and (S,S)-1 have different fluorescence lifetimes (τS) from each

other in 1,4-dioxane [for example, τS for (R,S)-1b and (S,S)-1b= 25 and 15 ns, respectively],7 quenching

rate constants (kq) were estimated from the slopes (KSV= kqτS) of the linear Stern-Volmer plots and

collected in Table 1.  Intriguingly, while both the N-acetyl-(S)-prolinamide-derived diastereomers

[(R,S)-1a and (S,S)-1a] gave almost the same quenching rate constant in any fluorescence quenching

systems, quenching rate-constant ratios for the corresponding N-benzoyl-substituted diastereomers

[(R,S)-1b,c and (S,S)-1b,c] have a tendency to become greater than unity to some extent.  This tendency

is more clearly recognized in the fluorescence quenching of (R,S)-1d,e and (S,S)-1d,e by PMO.  In

addition, a comparison of the ability of N-benzoyl-substituted (R,S)- and (S,S)-diastereomers to

discriminate between enantiomeric PMO isomers confirms that the former diastereomer exhibits the

higher discriminating ability to give a larger quenching rate-constant ratio.  These findings demonstrate

the benzoyl substituent to be involved in the stabilization of an exciplex intermediate in a more effective

way, as compared to the acetyl one.  A careful inspection of the quenching rate constant data

summarized in Table 1 also reveals that the N-acyl-1-naphthylalanylphenylglycine-derived diastereomers

(1d,e) have greater capabilities for differentiating given chiral quenchers than the proline-derived ones

(1a–c), suggesting the participation of the benzene ring in the stabilization of the 1-PMO exciplex system.

cis-(S,S)-1ctrans-(S,S)-1c

(R,S)-1e (S,S)-1e

trans-(R,S)-1c

Figure 2.  Energy-minimized conformations of diastereomeric 1c and 1e.
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Table 2.  Quenching constant (KSV), quenching rate constant (kq), and kq ratio 
[kq(S)/kq(R)] for the fluorescence quenching of (R,S)-1 and (S,S)-1 (1.0×10–4 mol 
dm–3) by (R)-PEA and (S)-PEA in 1,4-dioxane under nitrogen at room temperature
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Our attention is now given to a mechanism by which the PMO-derived enantiomers are discriminated in

the presence of the singlet excited-state 1e.  Because attempts were not fruitful to analyze the   

ground-state conformations of (R,S)-1 and (S,S)-1 on the basis of these 2D NMR spectra in deuterated

1,4-dioxane, MM2 and PM5 calculations were applied to the searching of low-energy conformations for

(R,S)-1c, (S,S)-1c, (R,S)-1e, and (S,S)-1e.  First we generated all conformations of these two dipeptides by

using MM2 calculations and then determined appropriate conformations [10 for (R,S)-1c, 13 for (S,S)-1c,

10 for (R,S)-1e, and 19 for (S,S)-1e] whose energies are close to those of the corresponding      
energy-minimized conformations depicted in Figure 2 (∆E≤4.2 kJ mol–1), on the basis of their heats of

formation (∆Hf) estimated by PM5 calculations.8  Our conformational analysis showed that the

conformers obtained are classified into two groups: one group has the benzoyl substituent that is spatially

located near the naphthalene ring and, hence, exerts its steric effect on the stability of an exciplex formed,

and in the other group this acyl chromophore is relatively remote from the naphthalene ring.  Valuable

information obtained from this analysis is that while the proline-derived diastereomer (R,S)-1c (98%

trans) has the conformers belonging to the former group in the proportion of 70% which is comparable to

that (84%) of the conformers of (S,S)-1c (78% trans) classified into the former group, the

phenylglycine-derived diastereomer (R,S)-1e possesses the former group in a much higher proportion

(80%) than the diastereomer (S,S)-1e does (32%).  These are consistent with the findings that (R,S)-1e

shows the higher ability to discriminate between (R)-PMO and its enantiomer, as compared to the

corresponding (S,S)-diastereomer, but there is only a small difference in its ability between the 1c-derived

diastereomers.  It is likely that steric bulkiness around the naphthalene ring in diasetereomeric 1 works

so as to enlarge the difference in stability between the diastereomeric 1–amine exciplex intermediates.

Next, we have to explain the reason why the 1e-derived diastereomers display the enantiodifferentiating
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ability superior to that of the 1c-derived ones.  As seen from conformers of low energies depicted in

Figure 2, a benzene ring in the phenylglycine residue is spatially located on the average in the vicinity of

a naphthalene ring in the naphthylalanine residue whereas a planar pyrrolidine ring in the proline residue

is never able to approach the naphthalene ring and, hence, makes a negligible contribution to

discriminating between diastereomeric singlet-exciplex intermediates formed.  Interestingly, the use of

chiral PEA as a quencher made it very difficult to observe enantiodifferentiating fluorescence quenching

even for (R,S)-1e, as shown in Table 2.  Taking into account the fact that this chiral tertiary amine

quenches the given diastereomer fluorescence to a similar extent to PMO, we suggest that there are only

small conformational changes of surrounding functional groups on forming a singlet exciplex between the

more bulky amine, PEA, and the naphthalene ring in excited-state 1e whereas the formation of the

exciplex intermediate with the less bulky amine, PMO, is accompanied by relatively large conformational

changes of this intermediate that play a pivotal role in showing the enantiodiscriminating ability in the

singlet excited state.

In conclusion, it was found that among the 1-naphthylalanylphenylglycine and 1-naphthylalanylproline

dipeptides examined, N-benzoyl-(R)-1-naphthylalanyl-(S)-phenylglycin-N’-(4-tert-butylbenzyl)amide

[(R,S)-1e] has the highest ability to differentiate between (R)-PMO and (S)-PMO in the singlet excited

state.  Analysis of substituent, chiral amine, and conformational effects on the fluorescence quenching

rate-constant ratios led us to propose that steric bulkiness of functional groups (spatially located near the

naphthalene ring in a given dipeptide) as well as conformational changes (in this dipeptide) caused by

formation of a singlet exciplex contributes to enhancing the estimated rate-constant ratio.
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