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observed red shifts in the first transition of the cis isomers relative
to the trans isomers, 0.48 and 0.62 eV for 6 and 7, respectively,
correspond well with that calculated for 11, namely 0.44 eV.

The second electronic transition of 11a and 11b is calculated
to have a much lower dipole strength than the first (Table III)
and is predicted to originate from the second highest occupied
MO but to terminate in the same antibonding orbital, namely
3pcr-o*na- No isomer red shift is expected for this transition.
The calculated separation of the two transitions in zrans-11b, 0.7
eV, is the same as observed in the case of § (Table III). The
electric and magnetic dipole transition moments are very nearly
orthogonal in 11a and 11b. On this basis one expects the sign
and magnitude of the CE of this transition to be dependent on
the intramolecular and extramolecular environment of the chro-
mophore. In compounds §, 6a, and 6b the signs observed for the
CE of the second transition (Table I, Figure 3) are as calculated
by the origin-independent form of the rotational strength, [R]®.
The ester and amide groups of 7-10 also absorb in the region of
the second N-halodiaziridine band precluding direct comparison
with computed results for 11 for this transition.

We return to the question of the discrepancy between the
experimental observations on compounds 6 and 7 from which one
may conclude that the first CE of N-chlorodiaziridines changes
sign upon inversion of configuration at the halogenated nitrogen
and the theoretical results from 11 that predict that the decisive
configuration is at the non-halogenated nitrogen atom. whether
the discrepancy is real or not hinges on how good a model 11 is
for the N-halodiaziridines 5~10. The most serious objection to
the use of 11 as a model is the presence of the highly polar
substituent (CF;, CO,Me, or CONHMe) at the C position of the
diaziridine ring (position 5 of the 1,6-diazabicyclo[3.1.0]hexane
skeleton) which is present in all compounds except 5 which has

a more innocuous Me group at this position. The computed results
for 11b should be most comparable to the experimental obser-
vations on compound 5 and indeed agree in all important details.
Extrapolating the computed results for 11a to the cis isomer of
5, namely 13, the theory predicts that the sign of the first CE of

e

NTN N—IN
01/ Me Me
5 13

13 is negative as it is in the case of 5. Extrapolation from the
experimental results for 6 and 7 suggests that the first CE of 13
should be positive. The discrepancy may be resolved if one assumes
that the chiral moiety 12 which is also present in the diaziridines
does not play a benign role as one may suppose from the CD
spectra of 6 and 7 (Figures 3 and 4) but rather a dominant role,
reversing the sign of the first CE of the cis N-halodiaziridines,
in the same manner as in the case of N-haloaziridines (compare
3 and 4 with 1b, Figures 1 and 2.) Unfortunately, in contrast
to the N-chlorodiaziridines 6a and 7a, low configurational stability
of 13 does not allow the synthesis of this compound by chlorination
of 5-methyl-1,6-diazabicyclo[3.1.0]hexane.!*3! In addition, direct
computation on systems the size of § and 13 is not possible at
present,
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Abstract: The excited-state behavior of tryptamine and 1,2,3,4-tetrahydrocarbazoles possessing alkylamino side chains in the
absence and presence of 18-crown-6 in MeOH-H,0 (9:1) mixtures has been studied by means of nanosecond single-photon
counting, fluorimetry, and photochemical H-D isotope exchange. The fluorescence intensity of these indoles increases significantly
with increasing concentration of 18-crown-6. The relatively short lifetime of the tryptamine ammonium ion 1 is not ascribed
to external quenching but rather to internal quenching. The rate constant k, for internal quenching can be estimated from
the equation k, = ol — 751, where 7o and 7, represent the fluorescence lifetimes for free 1 and the 1:1 1-crown ether complex,
respectively. Internal quenching originates from electrophilic proton attack by the -N*H; (or -N*D;) group of 1 at the C-4
position of the excited indole ring. For 3 (the tetrahydrocarbazole derivative R(CH,);N*H;) the k, value comprises the electrophilic
proton attack at the C-8 position plus other quenching (probably charge-transfer quenching) between the excited indole moiety
(R*) and the -N*H, (or ~N*D;) group. The stabilization constant K for the corresponding ammonium ion and 18-crown-6
can be determined by fluorimetry. The kinetic and thermodynamic parameters for the internal quenching and the complex
formation, respectively, have been described.

The mechanistic study on the fluorescence decay of tryptophan
(Trp) in polar media is of special interest in photophysics and

(1) The preliminary work was presented at the Symposium on Photo-
chemistry, Sakai, November, 1986. This work was supported by a Scientific
Research Grant-in-Aid of the Ministry of Education, Science and Culture of
Japan (no. 61123008). One of the authors (I.S.) is grateful to Ministry of
Education, Science and Culture, Grant-in-Aid for Specially Promoted Re-
search (no. 61065003).

photobiochemistry.>* A number of mechanisms for the decay
process of the excited Trp have been proposed.® Two types of
quenching mechanisms have been proposed: internal and external
as described below. The internal quenching of Trp has been

(2) (a) Department of Chemistry, Gunma University. (b) Department of
Synthetic Chemistry, Kyoto University.

(3) Creed, D. Photochem. Photobiol. 1984, 39, 537.

(4) Lumry, R.: Hershberger, M. Photochem. Photobiol. 1978, 27, 819.
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attributed to (a) simultaneous emission from uncoupled 'L, and
11,3 states (this explanation was later discarded by the authors),
(b) intramolecular charge-transfer quenching caused by the in-
teraction between the excited indole moiety and the alanyl side
chain,® (¢) intramolecular charge-transfer quenching arising from
different ground-state C,~Cjz rotamers (the conformer model”)
or the modified conformer model containing both C,—C; and
Cs—C, rotamers in the ground state,® and (d) proton-transfer
quenching by the ammonium group.>'* In the early stage, the
C-2 position of the indole ring was assumed to be the reactive site.!?
Recently, Saito et al.!¥!* have shown by a photochemical H-D
isotope exchange reaction that the major reactive position of the
indole ring is not the C-2 but the C-4 position. The external
quenching mechanism was assumed to be caused by (a) the
formation of an exciplex between indole and a polar solvent
molecule,'516 (b) the charge transfer to solvent (CTTS),!” and
(c) photoelectron ejection'® from the excited indole moiety.

The fluorescence decay of Trp is complicated. The multiex-
ponential decay functions (double or triple) have been observed
in measuring the fluorescence decay or Trp in polar media.”8121719
The mechanism of the fluorescence decay of the excited Trp has
been a matter of much current controversy.’®

On the other hand, the excited-state proton-transfer reactions
involving the proton-induced quenching of aromatic compounds
have been extensively studied.?® It has been shown that the
proton-induced fluorescence quenching is caused by electrophilic
protonation at one of the carbon atoms of the aromatic ring in
the excited state, leading to hydrogen exchange (or deuterium
exchange).?! Both ground- and excited-state properties of the
1:1 complex of an aromatic ammonium ion with 18-crown-6 have
been revealed as follows:222¢ (1) The stabilization constant for
complex formation, which is affected by the steric interaction
between an aromatic ammonium ion and 18-crown-6, can be
determined by the fluorimetric method. (2) There is no change
in electronic character in both ground and excited states of the
complex compared to the free ammonium ion, i.e., no spectral
change in the absorption and emission. (3) The proton dissociation
rate in the S; state decreases drastically, resulting in the
fluorescence enhancement of the protonated amine (in contrast,
the fluorescence intensity of the neutral amine decreases signif-
icantly). (4) The contribution of back proton transfer process
(protonation process) in the S, state is negligibly small; the am-
monium nitrogen atom in the complex is sterically protected by
the aromatic ring and 18-crown-6, and no proton attack by the
bulky hydronium ions occurs in the S; state (i.e., there is no

(5) Rayner, D. M,; Szabo, A. G. Can. J. Chem. 1978, 56, 743.

(6) Beddard, G. S.; Fleming, G. R.; Porter, G.; Robbins, R. Philos. Trans.
R. Soc. London, Ser. A 1980, 298, 321.

(7) Szabo, A. G.; Rayner, D. M. J. Am. Chem. Soc. 1980, 102, 554.

(8) (a) Chang, M. C.; Petrich, J. W,; McDonald, D. B.; Fleming, G. R.
J. Am. Chem. Soc. 1983, 105, 3819. (b) Petrich, J. W.; Chang, M. C,
McDonald, D. B.; Fleming, G. R. J. Am. Chem. Soc. 1983, 105, 3824.

(9) Lehrer, S. S. J. Am. Chem. Soc. 1970, 92, 3459.

(10) Ricci, R. W. Photochem. Photobiol. 1970, 12, 67.

(11) Nakanishi, M.; Tsuboi, M. Chem. Phys. Lett. 1978, 57, 262.

(12) Robbins, R. J.; Fleming, G. R.; Beddard, G. S.; Robinson, G. W_;
Thistlethwaite, P. J.; Woolfe, G. J. J. Am. Chem. Soc. 1980, 102, 6271.

(13) Saito, I.; Sugiyama, H.; Yamamoto, A.; Muramatsu, S.; Matsuura,
T. J. Am. Chem. Soc. 1984, 106, 4286.

(14) Saito, I.; Muramatsu, S.; Sugiyama, H.; Yamamoto, A.; Matsuura,
T. Tetrahedron Lett. 1985, 26, 5891.

(15) (a) Lumry, R.; Hershberger, M. V. Photochem. Photobiol. 1978, 27,
819. (b) Hershberger, M. V.; Lumry, R.; Verrall, R. Photochem. Photobiol.
1981, 33, 609.

(16) Lasser, N.; Feitelson, J.; Lumry, R. Isr. J. Chem. 1977, 16, 330.

(17) Gudgin-Templeton, E. F.; Ware, W. R. J. Phys. Chem. 1984, 88,
4626

(1'8) (a) Santus, R.; Bazin, M.; Aubailly, M. Rev. Chem. Interned. 1980,
3,231. (b) Grossweiner, L. I.; Brendzel, A. M.; Blum, A. Chem. Phys. 1981,
57,147, (c) Kirby, E. P.; Steiner, R. F. J. Phys. Chem. 1970, 74, 4480. (d)
Bazin, M.; Patterson, L. K.; Santus, R. J. Phys. Chem. 1983, 87, 189.
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Figure 1. Concentration effect of 18-crown-6 upon the absorption and
fluorescence spectra of tryptamine ammonium ion (1) in MeOH-H,0
(9:1) at 300 K.

acid-base equilibrium in the excited complex). However, (5) the
proton-induced quenching (electrophilic proton attack to one of
the carbon atoms of the aromatic ring) occurs effectively.
The deactivation process in the excited state of Trp is rather
complicated as stated above, and hence tryptamine and its related
compounds having a w-isoelectronic structure of Trp were chosen
as a simple model in the present study. In exploring the quenching
mechanism of tryptamine and its related compounds, the present
work was carried out by means of nanosecond single-photon
counting and fluorimetry in the presence and absence of 18-
crown-6 in MeOH-H,O (9:1). The efficiency of photochemical
H-D isotope exchange reaction of tryptamine and related com-
pounds was examined quantitatively in CH;OD/D,0 (9:1).

Experimental Section

Tryptamine hydrochloride (1) from Wako was purified by recrystal-
lizations from methanol. 3-[9-(1,2",3/,4-Tetrahydrocarbazolyl)]ethyl-
amine hydrochloride (2), 3-[9’-(1",2,3",4’-tetrahydrocarbazolyl)]-
propylamine hydrochloride (3), and 3-[9’-(1’,2",3/,4’-tetrahydro-
carbazolyl)]pentylamine hydrochloride (4) were the same as those re-
ported previously.!* 18-Crown-6 (Merck) was purified by repeated re-
crystallizations from dichloromethane. Methanol (Spectrosol, Wako)
and distilled water were used for a MeOH-H,O mixture (9:1 by volume).
For the H-D isotope effect measurements, CH,OD (Merck) and D,0
(Merck) were used as a MeOD-D,0O mixture (9:1 by volume). All
sample solutions were thoroughly degassed by freeze-pump-thaw cycles
on a high vacuum line.

Absorption and fluorescence spectra were measured with Hitachi 139
and 200 spectrophotometers and a Hitachi M850 fluorimeter, respec-
tively. Spectral corrections were made. The fluorescence response
functions were recorded with a nanosecond time-resolved spectropho-
tometer (Horiba NAES-1100, 2-ns pulse width). This single-photon-
counting apparatus is able to measure both the exciting pulse and
emission response functions simultaneously and to compute the decay
parameters (up to triple decay components) by the deconvolution method.

The photochemical H-D isotope exchange reaction was carried out
at 254 nm by using a low-pressure mercury lamp (Toshiba, 80W) with
a Vycor glass filter according to the procedure reported previously.?!
Actinometry at 254 nm was made by using a ferric oxalate solution.?’
The careful assignment of the aromatic protons of tryptamine and
1,2,3,4-tetrahydrocarbazole derivatives was made by an NOE technique
by using 400 MHz 'H NMR as reported previously.!*!4

Results and Discussion

Absorption and Fluorescence Spectra of Tryptamine Ammonium
Ion—18-Crown-6 Complex. Figure 1 shows the absorption and
fluorescence spectra of the tryptamine ammonium ion (1) (5.3
X 1075 M) in the absence (a) and the presence (b—d) of 18-crown-6
in MeOH-H,O (9:1) at 300 K. Since the pK, value of tryptamine
is greater than 9, it is therefore completely protonated in
MeOH-H,0 (9:1) to exist as the ammonium ion 1. Similarly,
the compounds 2-4 (see Figure 4) exist as the corresponding
ammonium ions in neutral solutions. The absorption spectrum
of 1is similar to that of indole or tryptophan, indicating that 1
has the w-isoelectronic structure with indole or tryptophan in polar
media, i.e., the side chain of 1 scarcely affects the x-electronic
structure of the indole chromophore. Spectral change in absorption
(at 280 nm) was scarcely observed in the absence and the presence
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Figure 2. Concentration effect of 18-crown-6 upon the fluorescence
intensity ratio (J/J;) in MeOH-H,0O (9:1) at 300 K, where J and
denote the fluorescence intensities with and without 18-crown-6, re-
spectively.

of 18-crown-6 as shown in Figure 1. There is no absorption due
to 18-crown-6 itself at wavelengths longer than ~250 nm.?2-24

In contrast, the fluorescence intensity at 342 nm increases
considerably with an increase in the concentration of 18-crown-6
without any spectral change as illustrated in Figure 1. This finding
strongly suggests that the ammonium ion of 1 plays an important
role in the internal quenching of 1. The fluorescence enhancement
is ascribable to the complex formation between 1 and 18-crown-6:

K,
1 + 18-crown-6 == 1-18-crown-6 (1)

The ammonium ion complexed with 18-crown-6 cannot interact
intramolecularly with the indole moiety in the excited singlet state,
resulting in a decrease of the internal fluorescence quenching as
discussed below.

Similar absorption and emission properties in the presence of
18-crown-6 were observed for the compounds 2-4. The
fluorescence enhancement was observed in the presence of 18-
crown-6 as obtained for 1 without any spectral change. Therefore,
the effect of 18-crown-6 on the absorption and emission properties
seems to be a general phenomenon for 1 ~ 4.

Figure 2 shows the plots of the fluorescence intensity ratio I/1
as a function of [18-crown-6] at 300 K, where I and I, are
fluorescence intensities at 342 nm with and without 18-crown-6,
respectively, and the concentrations of 1-4 were 4.84 X 1075, 5.0,
X 1075, 4.6 X 1075, and 8.5 X 1073 M, respectively, in MeOH~-
H,0 (9:1). The I/I, ratio increases with increasing [crown] and
reaches a maximum value at a higher concentration of 18-crown-6.
The maximum values of I,,/; at 300 K for 1, 2, 3, and 4 were
obtained as 3.7; ([1] = 4.85 X 107% M; [crown] = 9.9¢ X 1072 M),
2.5, ([2] = 5.0 X 107 M; 7.5, X 1072 M), 3.5; ([3] = 4.65 X
1073 M; [crown] = 5.4; X 1072 M), and 1.3 ([4] = 8.5; X 1075
M; [crown] = 7.2 X 1072 M), respectively. The I,,/I, values
are in the order of 1 > 3 > 2 > 4, which may reflect the magnitude
of internal quenching of these compounds. The experimental
results are summarized in Table I.

Determination of Ground-State Association Constants K, for
Tryptamine Ammonium Ion-18-Crown-6 Complex. It is well-

(22) Shizuka, H.; Kameta, K.; Shinozaki, T. J. Am. Chem. Soc. 1988, 107,
3956.

(23) Shizuka, H.; Serizawa, M. J. Phys. Chem. 1986, 90, 4573.

(24) Shizuka, H.; Serizawa, M.; Okazaki, K.; Shioya, S. J. Phys. Chem.
1986, 90, 4694.

Shizuka et al.

Table 1. Concentration Effects of 18-Crown-6 on the Fluorescence
Intensity Ratio (I/1;) of 1-4 in MeOH-H,O (9:1) at Various
Temperatures®

concn, 18-crown-6, I/ at T (K)
compd 10°°M 10* M 280 290 300 310 320

1 4.84 0 10 10 10 10 10

2.
29 23s 29, 335 37, 3.9,
99.4 24, 29¢ 3.5, 3.8, 42
996 24 3.0, 37, 40, 4.6,
2 5.0, 0 1.0 10 10 10 10
083; L1, 11, LI 11, 1.0
2.5 1.2, 13 13, 12, 10
3.3, 13, 1.3, 13, 12 1.1,
8.3, 1.6 17, 175 17, 1.5,
39, 1.8, 216 25, 285 2.7,
751 1.8 2.1 25, 2.8, 2.8;
3 4.6 0 1.0 10 10 10 10
094, 1.5, 16, 1.5 14; 1.2,
3.7 21, 24, 25, 2.5, 2.2
9.4, 23 25, 2.8, 3.0, 29,
54, 2.3, 38, 33, 3.7, 3.9,
541 24, 3.8 3.5, 40, 4.4,
4 8.5, 0 10 10 10 10 10
071, 10, 1.0¢ 1.0, 1.0, 1.0
1.4, 1.0, 1.0, 1.0; 105 1.0
2.8 11, L1, L1, 1.0; 1.1,
7.1, 11y 1.1, L1, 1.1, 1.2
724 1.2, 12 12, 136 14
726 12, 12 13 14 14,

4Errors within 5%.

known that the 1:1 complex of organic (or inorganic) ammonium
ion is readily formed with 18-crown-6.2%32-2426-28 The association
constant for the aromatic ammonium ion-18-crown-6 system has
been determined by means of fluorimetry.??* For the present
system, the fluorimetric method was employed for the determi-
nation of the association constant K between the tryptamine
ammonium ion (1) or its related compounds, R(CH,),N*H; (2,
3, and 4) and 18-crown-6. The concentration of R-
(CH,),N*H;-crown complex in the ground state is given by?224

—— [R(CH,),N*H;],
I - Io

_ -1
(Imnx/IO) -1

where I and I, denote the fluorescence intensities of R(CH,) N*H;
at 342 nm with and without 18-crown-6, respectively, I,.,,, is the
maximum fluorescence intensity of R(CH,),N*H; in the presence
of a sufficient amount of 18-crown-6 (see Table I), and [R-
(CH,),N*H;], represents the concentration of the added trypt-
amine (1) or its related compounds (2, 3, and 4).

According to the law of mass action, the association constant
K, for the 1:1 complex between R(CH,),N*H; and 18-crown-6
in the ground state is expressed as

[complex] =

[R(CH,),N*H;] ()

K = [complex]
* ~ (IR(CH,),N*H;], - [complex])([crown], — [complex])
@A)

where [crown], represents the concentration of 18-crown-6 added
to the system. Equation 4 is, therefore, derived from eq 3.

[complex]
[R(CH);N*H;], — [complex]

= K, ([crown], ~ [complex])

4

Figure 3 shows the plots of [complex]([R(CH,),N*H;], —
[complex])~! versus ([crown], — [complex]): (a) for the 1 (4.8¢
X 1073 M)—18-crown-6 (0-9.9¢ X 1072 M) system, (b) for the 2
(5.04 X 1075 M)—18-crown-6 (0-7.5, X 1072 M) system, (c) for
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Table II. Ground-State Equilibrium Constants K, for 18-Crown-6 Complexes of 1-4 in MeOH-H;0 (9:1) Determined by Fluorimetry”

Kg/10° M at T (K) AG? AH,
compd 280 290 300 310 320 kcal mol™! kcal mol! AS, eu
1 4.4, 2.4, 17, 12, 1.0 45 63 259
2 2.5, 1.7, 1.2, 0.75, 0.49 -42 -1.3 -10
3 9.0 5.8 3.6 2.3 1.6 -4.9 -7.6 -9.0
4 3.05 2.1, 1.8, 1.1, 0.79, -44 -5.9 -49

2Errors within 5%. The experiments were carried out three times. ®At 300 K.
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Figure 3. Plots of [complex] ([R(CH,),N*H;], — [complex])! as a
function of ([crown], — [complex]) at various temperatures.

the 3 (4.65 X 10~ M)—18-crown-6 (0-5.4, X 1072 M) system, and
(d) for the 4 (8.55 X 107 M)-18-crown-6 (0~7.2, X 102 M)
system in MeOH-H,O (9:1) mixtures at various temperatures,
each of which gives a straight line. The experimental results are
in fair agreement with eq 4.

For example, the K, values in MeOH-H,O (9:1) at 300 K are
determined to be 1. 78 X 103, 1.2, X 103, 3.65 X 10%, and 1.8, X
10® M™! for the complexes of 1, 2, 3, and 4 with 18-crown-6,
respectively. The K| values obtained at various temperatures are
listed in Table II. The order of magnitude for the X, values is
~10% M™!, showing that the complexes of these ammomum ions
with 18-crown-6 are very stable at moderate temperatures. Of
special interest is that the K value of 3 (the number of methylene
chain n = 3) is the largest one. The X value is highly dependent
upon the steric interaction between the aromatic moiety and
18-crown-6.2"2427 It seems very likely that the ammonium cation

(25) (a) Hatchard, C. G.; Parker, C. A. Proc. Roy. Soc. Ser. A 1956, 235,
518. (b) de Mayo, P.; Shizuka, H. In Creation and Detection of the Excited
State, Ware, W, R., Ed.; Marcel Dekker: New York, 1976; Vol. 4.

(26) Cram, D. J.; Cram, J. M. Acc. Chem. Res. 1978, 11, 8. Cram, D.
J.; Trueblood, K. N. In Host—Guest Complex Chemistry I; Springer-Verlag:
Berlin, 1981; p 43.

(27) (a) Izatt, R. M.; Lamb, J. D.; Rossiter, B. E., Jr.; Izatt, N. E;
Christensen, J. J. J. Chem. Soc., Chem. Commun. 1978, 386. (b) Izatt, R.
M.; Lamb, J. D,; Izatt, N. E; Rossiter, B. E., Jr.; Christensen, J. J.; Haymore,
B. L. J. Am. Chem. Soc. 1979, 101, 6273. (c) Izatt, R. M.; Lamb, J. D,;
Swain, C. S.; Christensen, J. J.; Haymore, B. L. Ibid. 1980, 102, 3032. (d)
Izatt, R. M.; Terry, R. E.; Haymore, B. L,; Hansen, L. D.; Dalley, N. K,;
Avondet, A. G.; Christensen, J. J. J. Am. Chem. Soc. 1976, 98, 7620.
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Figure 4. Schematic drawing of the 18-crown-6 complexes of tryptamine
(1) and 1,2,3,4-tetrahydrocarbazoles 2, 3, and 4.

in the complex may be displaced by about 1 A above from the
mean oxygen plane of 18-crown-6 as reported by Nagano et al.?*
Therefore, the steric interaction imposed by 18-crown-6 complex
should decrease the value of X, significantly. However, for the
present systems R(CH,) N* H3 (n= 2—5) the indole or tetra-
hydrocarbazole moiety R and the ammonium group -N*H; are
separated from each other by the methylene chain —(CH,),~,
resulting in a decrease of the steric interaction between R and
~N*H;. Thus, the complexes of R(CH,),N*H; (except 2) with
18-crown-6 are more stable compared to those of aromatic am-
monium ions having no methylene chain,?»** as can be seen in
a Corey-Pauling—Kolton molecular model as shown in Figure 4.
For 2, the methylene chain at n = 2 is not enough to reduce the
steric interaction between the bulky tetrahydrocarbazole moiety
and 18-crown-6.

From the van’t Hoff plots of log K versus 7!, the values of
thermodynamic parameters, the free energy change (AG), enthalpy
change (AH), and entropy change (AS) in MeOH-H,0 (9:1) were
determined as shown in Table II. The AG values obtained are
—4.2 ~ —4.9 keal mol™ at 300 K, which are slightly more negative
than those of phenanthrylammonium ions (1.8 ~ —4.3 kcal mol™
at 300 K)?* and naphthylammonium ions (2.3 ~ —4.4 kcal mol™
at 300 K).2> These values are in the range —9.0 kcal mol™! > AG
> -2.9 kcal mol™! observed for the complexes of ters-butyl-
ammonium salts with crown ethers.3® The AH values are also
negative (-5.9 ~ 7.6 kcal mol™), indicating that the complex
formation between R(CH,),N*H; and 18-crown-6 is an exo-
thermic reaction. The AS values are not so largely negative (—5.9
~ —10 eu), although the hydrogen-bonded R(CH,),N*H;—crown
complexes are produced as shown in Figure 4. The result suggests
that in an initial stage both R(CH,),N*Hj; and 18-crown-6 are
hydrogen bonded to protic solvents. This suggestion seems to be
supported by the fact that there is no spectral change in absorption

(28) Shizuka, H.; Nihira, H.; Shinozaki, T. Chem. Phys. Let. 1982, 93,
208

(29) Nagano, O.; Kobayashi, A.; Sasaki, Y. Bull. Chem. Soc. Jpn. 1978,
51, 790.

(30) Tinko, J. M.; Moore, S. S.; Walba, D. M.; Hiberty, P. C.; Cram, D.
J. J. Am. Chem. Soc. 1977, 99, 4207.
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Figure 5. Observed fluorescence response functions Iy(t) and I(t) of 1
excited at 280 nm and monitored at 342 nm for the free 1 (a) and the
1-crown complex ([crown] = 9.9 X 102 M) (b), respectively, in
MeOH-H,0 (9:1) at 300 K. The lamp functions monitored at 280 nm
are shown as 7, (t).

between free R(CH,),N*H; and the R(CH,),N*H;—crown
complex in MeOH-H,0 (9:1). These experimental results are
in accordance with the previous observations.??"2* Thus, we are
able to demonstrate that the fluorimetric method®2-24 is very
effective for the determination of the association constant K, for
the 18-crown-6 complexes of R(CH,),N*H,. This method is very
simple, compared to the usual calorimetric method.

Internal Quenching of Tryptamine Ammonium Ion (1) and Its
Related Compounds (2—4). Kinetic analyses of the excited singlet
state of the R(CH,),N*H;-18-crown-6 complexes have been
carried out in MeOH-H,0 (9:1) at various temperatures by means
of the nanosecond single-photon-counting method (Horiba
NAES-1100). Typical results are shown in Figure 5: (a) the
observed fluorescence response function Zy(t) for the free 1 in the
absence of 18-crown-6 and (b) the observed fluorescence response
function I(t) for the 1-18-crown-6 complex monitored at 342 nm
together with the lamp function, 7 (t), monitored at 280 nm. The
decay functions y(t) and I(t) show single exponential decay (within
the accuracy of Horiba NAES-1100) with lifetimes of 1.7, and
6.75 ns (error limit within 5%) at 300 K, respectively. The lifetime
of the excited 1-crown complex is 3.8 times greater than that
of free 1. This value is in good accordance with that (3.73)
obtained from fluorescence intensity ratio I, /I, of 1 at 300 K
(see Table I) within experimental errors. The fluorescence decay
of 1 is rather simple, in contrast to that of Trp having multiex-
ponential decay as reported previously.”31217:1° The radiative rate
constant k; of the excited complex was equal to that (ca. 6 X 107
s71) in the free excited 1 (the fluorescence quantum yield of free
1 was obtained to be 0.124 (£0.005) at 290 K). The result seems
to be reasonable judging from the fact that no spectral change
in both absorption and emission was observed with and without
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Scheme 1

+ +
R*(CH,) NH3 R*(CH,) NH3-Crown
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+ +
RCH,) NH3 R(CH,) NH3-Crown

18-crown-6. The difference in the fluorescence lifetimes does not
originate from the nature of their excited singlet states, because
no spectral difference in absorption and emission between the free
1 and the 1-crown complex was observed. Recently, Gudgin-
Templeton and Ware!” have shown that reorientation of the solvent
molecules occurs very rapidly after excitation leading to stabi-
lization of the 'L, state below the 'L, state of tryptophan. In the
present system, the fluorescent state is assumed to be the 'L, state
at room temperature. The difference in the fluorescence lifetimes
and intensities with and without 18-crown-6 is not ascribable to
the photoionization!® or charge transfer from the indole ring to
solvent (CTTS)"" for the following reason. The 1-crown complex
presumably has an extended conformation due to the steric re-
pulsion between R and crown. That is, the R (indole) part is
solvated by polar solvent molecules as well as the free 1. Under
such circumstances, it is very unlikely for such a complex that
the rate constant of the photoionization or charge transfer to
solvent becomes significantly small, compared to that of the free
1. This difference cannot be explained by the photoionization.!?
In other words, the difference in the fluorescence lifetimes is not
attributable to intermolecular quenching but should be due to
intramolecular quenching. The ammonium group may well in-
teract intramolecularly with the excited indole moiety R* resulting
in the internal quenching. The complex formation of 1 with
18-crown-6 prohibits such an interaction, and as a result a rela-
tively long lifetime (or a strong fluorescence intensity) is attained.
Recently, James and Ware?! have reported that the fluorescence
decay behavior of tryptophan-like molecules (indole-3-alkanoic
acids) is explained in terms of a dynamic interaction of the side
chain with the solvated indole group during the excited lifetime.

The rate constant k; for the intramolecular quenching is,
therefore, expressed as

kq = TO_l - Tmax_l (5)

where 7o' (= k; + kg + k) and 1,7 (= kp + ky) are the
fluorescence decay rates of free tryptamine ammonium ion (1)
(or its related compounds 2-4) and the 1:1 corresponding am-
monium ion—18-crown-6 complex, respectively (see Scheme I).
For example, the value &, of 1 at 300 K was obtained to be 4.2,
X 10% 5™, whose quantum yield &, was determined to be 0.74.
The value of &, is simply given by

q>q = quo (6)

Similarly, the fluorescence lifetimes for 2-4 increased considerably
by complex formation with 18-crown-6 as shown in Table III.
These experimental data can be reasonably accounted for by
Scheme I where kg, k4, and k, represent the rate constants for
the radiative, radiationless (other than k), and internal quenching
processes, respectively. The free -N*H, group can attack the
excited indole moiety R*('L,) having intramolecular charge-
transfer character with the rate constant k, but this was not the
case for the excited complex R*(CH,),N*H;—crown as stated
above.

From the linear Arrhenius plots of log k, versus 7! as shown
in Figure 6 the frequency factor 4 and the activation barrier AE
for the internal quenching process were obtained as 3.8 X 10!!
sl and 4.1 kcal mol™, respectively, for 1. The large A value
appears to be reasonable, considering the fact that & is an in-
tramolecular process. Similarly, the values of 4 and AF obtained
for 2—4 are listed in Table III.

Kinetic H-D Isotope Exchange Reaction. In order to reveal
the internal quenching process in more detail the kinetic H-D
isotope exchange reaction has been quantitatively examined for
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Table I11. Fluorescence Lifetimes (7o and 7y,,),* Internal Quenching Rate Constant (k,), the Quantum Yield for Internal Quenching (&),
Frequency Factor (A4) and Activation Energy (AE) for the Internal Quenching of 1-4 in MeOH-H,0 (9:1)b¢

o A, AE,
compd T,K oy NS Tmag NS 108 571 ¥, 101041 kcal mol!

1 223 5.8, 77, 041, 0.24
243 5.0 7.5, 0.64, 0.33
263 3.5 7.3, 1.5 0.53

280 2.4, 70, 2.5, 0.64 3.8 % 10 41
290 2.0, 6.9 3.4 0.71
300 17, 6.75 4.2, 0.74
310 1.5 6.5 5.05 0.77
320 1.4 6.2 5.4 0.77
2 223 9.7, 11, 0.12 0.12
243 8.5 10, 0.25 0.22
263 7.1 10,5 0.42, 0.31

280 5.24 8.7, 0.76,4 0.40 20X 10 43
290 4.2 8.4 1.1, 0.49
300 3.8 8.4, 14 0.54
310 3.2, 7.9, 1.8, 0.60
320 2.7, 77, 23, 0.65
3 223 8.5, 10,4 0.23, 0.20
343 7.1, 10, 0.4, 0.32
263 5.8 10 0.72,4 042

280 4.6, 9.5, 1.1 0.51 1.5 X 10 3.9
290 3.6 9.3, 17, 0.62
300 3.2 9.1 1.9 0.65
310 2.55 8.9, 28 0.71
320 21, 8.8, 3.5 0.76
4 280 8.6, 9.8, 0.14, 0.12
290 8.3, 9.7, 0.17, 0.15

300 7.9, 9.7, 0.23, 0.19 1.1 3.7
310 1.5, 94, 0.27 0.20
320 7.1 9.3, 0.31; 0.23

%70 and 7., denote the fluorescence lifetimes for the free compounds and the complexes with 18-crown-6, respectively. ?Errors within 10%. °For

details, see text.

Table IV. Fluorescence Lifetimes (r,° and 7,,,°)* in the Absence and Presence of 18-Crown-6, Respectively, the Quantum Yield for Internal
Quenching (#P), Reaction Quantum Yield for the Kinetic H-D Isotope Exchange Reaction ($zP), Frequency Factor (4p) and Activation Energy
(AEp) for the qIntemal Quenching of 1D and 3D, the Rate Constants k,° and kP for the Internal Quenching and the o-Complex Formation,
Respectively, and the Rate Constant (kcqP) for the Internal CT Quenching in CH;0D-D,0 (9:1)5¢

k Dv ADv AEDv kaDv kCTDv
compd T,K 70 ns 7,0 ns 10f g1 L 105! keal mol!  ®R  position 10%s!  10°s!  ko/kpP
1D 280 48 71, 067, 03
290 43 7.0¢ 0.90, 0.39 0.26 C-4 0.9 ~0 ~1
300 37, 6.9, 1.25 0.46 27X 10 4.6
30 32, 6.7, 15, 051
320 2.9, 6.5, 18, 0.55
iD 280 78, 10, 028, 0.23
290 6.7, 9.8, 0.46, 0.31 0.07 C-8 0.16 0.30, 0.34
00 5.8, 9.4, 0.64, 038 9.5%10 5.7
310 S, 9.2, 0.84  0.44
320 4.6, 9.2, 10,  0.50

9700 and 7, represent the fluorescence lifetimes of 1D or 3D with and without 18-crown-6 (9 X 102 M), respectively, whose fluorescence
response functions showed single exponential decay. ®Errors within 10%. ¢For details, see text.

1 and 3 in MeOD-D,0 (9:1) at 254 nm at 290 K. Saito et al.!*
have shown that the photochemical H-D isotope exchange reaction
of 1 and 3 occurs mainly at C-4 and C-8 positions, respectively.
In the present case, the kinetic H-D isotope exchange reaction
of 1D at 254 nm at 290 K took place highly selectively at C-4
with the reaction quantum yield ®#gP = 0.26 (£0.02).32 On the

8 + o} .
4 N Dg ND.
5 Jlr\,c/ b ( 254 nm) am 3 -
N in MeOD-D,0
7 D (9:1) g
1D 1DC4

other hand, the rate constant kP for the internal quenching of
1D in MeOD-D,0 (9:1) was determined to be 0.91 X 10% s at
290 K by measurements of 7o° and 7P (see Table IV). There
are kinetic isotope effects on the lifetime of the excited free
tryptamine as well as the rate constant for the internal quenching.

(31) James, D. R.; Ware, W. R. J. Phys. Chem. 1985, 89, 5450.
(32) The conversion was about 7%. The amount of the H-D exchanged
product was proportional to the irradiation time.

Scheme 11
D. ﬁ ¥ DZN
H 3 N D H
k& —
l - -
N N
D D
G~ complex

kD/» 1 *
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e "

LT

1D 1DC-4

The quantum yield <I>qD for the internal quenching was obtained
as 0.39 from the equation ®.° = k,Pr°. The experimental results
of the photochemical H-D isotope exchange reactions are also
listed in Table IV. The mechanism of the photochemical H-D
exchange reaction may be represented by Scheme II where k,P
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Figure 6. Arrhenius plots of log kg versus T

denotes the rate constant for the electrophilic attack at C-4 to
produce the s-complex. The deprotonation from the o-complex
gives the H-D exchanged product 1DC-4, whereas the starting
material 1D is regenerated by deuteron loss from the o-complex.
The ratio (ky/kp) of the rate constants for deprotonation versus
deuteron loss is estimated to be 1.7 from an analogous reaction.?!
The reaction quantum yield ®gP for the H-D exchange reaction
is thus expressed as

kuD kH

D= .
ki + kg + k° ku + kp

3 = k,ProPku(ky + kp)?  (8)

where ®gP and 7,P are 0.26 and 4.3 ns, respectively, and the value
of ky(ky + kp)~! is estimated to be 0.63.2' From eq 8, the value
of k,P can be evaluated as 0.9; X 10% s™'. Thus, the rate constant
kP (0 9, X 108 s7!) for the internal quenching of 1D is approx-
1mately equal to the rate constant k,P for the deuteriation at C-4
in the excited state of 1D within experlmental error. Therefore,

kP ~ kP ®

the internal quenching of 1 is originated solely from the elec-
trophilic proton transfer from the ammonium group to C-4 of the
excited indole moiety, leading to hydrogen exchange (or deuterium
exchange). It is known that external proton-induced quenching
of aromatic compounds such as methoxynaphthalenes?! occurs
effectively due to the electrophilic protonation to one of the carbon
atoms of the aromatic ring, leading to the hydrogen exchange (or
deuterium exchange).??' The LUMO coefficients of indole nuclei
calculated by the INDO SCF method are as follows: C-2 (0.414),
C-4 (0.502), and C-7 (0.458).3 There is a possibility of the attack
of the -N*D; group to one of these three positions in the excited
state of 1D. However, the CPK molecular model suggests that
it is only feasible for the C-4 position to interact with the -N*D,
group by rotation around both C,—~C4 and C4~C, axes of the
methylene side chain as already pomted out by Fleming’s group.?

For 3D, similar experiments have been performed. The H-D
isotope exchange reaction took place regioselectively at C-8 as
shown in eq 10. The &P value for 3D at 290 K was 0.07 within
10% error limit. The intramolecular deuterium attack at C-8 was
predictable by the CPK molecular model of 3D. The kP value
of 3D at 290 K was obtained to be 0.46, X 10% s (see Taqble V).

The quantum yield <I>qD for the internal quenching of 3D was

Shizuka et al.

6 3 hv(254nm)
7@@2 M( ls] D,0 | l (10)
N in MeOD-
8 i (5:1) 2 2
D
RDy ND;
1D D8

evaluated to be 0.31. The value of kP was estimated as 0.16 X
108 57! by using eq 8. The value of k| B is thus ca. 3 times greater
than that of £,P, indicating that the internal quenching kP for
3D involves a dlfferent quenching process in addition to the
quenching leading to the deuteriation at C-8. Presumably, the
former quenching mechanism may be due to the charge-transfer
type quenching®?® between the excited indole moiety R* (electron
donor) and the ammonium ion (electron acceptor) by considering
the n = 3 rule in the case of 3.3 The intra- and intermolecular
quenching of indole by carbonyl compounds is interpreted as
resulting through the formation of an excited-state CT complex
in which the excited indole acts as the donor.?* For 3D, eq 11
holds instead of eq 9

kD = kP + ker® (11)

where kP is the rate constant for the CT quenching. An al-
ternative explanation for quenching in 3D is that the major
quenching pathway may involve reversible deuteriation at the
aromatic nitrogen, resulting in no net deuterium incorporation;
CPK models suggest that the deuteriation at nitrogen may be
favored conformationally over deuteriation at C-8. However, the
exact mechanism for the CT quenching is not clear at present.
These data are summarized in Table IV. The photochemical H-D
isotope exchange reactions clearly show that the ratio of k,P/ qu
is unity for 1D, but the ratio for 3D is less than unity (0.34). That
is, the internal quenching of 1 is caused exclusively by the in-
tramolecular proton attack at C-4, but for 3 the quenching is
caused only partially by proton attack at C-8. Another quenching
mechanism, probably charge-transfer quenching is involved in the
internal quenching of 3.

Summary

(1) The association constants K, for the 1:1 complex formation
between tryptamine ammonium ion (1) or other indoles (2-4) and
18-crown-6 can be determined by the fluorimetric method, whose
values are ~10°® M™! in MeOH-H,O (9:1).

(2) The fluorescence lifetime of indoles 1-4 complexed with
18-crown-6 becomes longer compared to that of the corresponding
free ammonium ion, resulting in the remarkable fluorescence
enhancement.

(3) The relatively short lifetime in the excited singlet state of
1 is ascribed to the intramolecular quenching originating from
the interaction between the excited indole moiety and the am-
monium group.

(4) The rate constant k, for the internal quenching can be
estimated easily from eq § (k =751 - Tomax 1), where 4 and 7,
are the fluorescence hfetlmes of free 1 (or its related compounds
2-4) and the corresponding ammonium ion—18-crown-6 complex,
respectively.

(5) The quantitative examination of the photochemical H-D
isotope exchange reaction led to the finding that for the tryptamine
ammonium ion 1 the internal quenching # caused completely by
the electrophilic protonation at C-4 by the ~N*H; group (i.e., kq
= k,) and that for the tetrahydrocarbazole derivative 3 the in-
ternal quenching comprises the electrophilic protonation at C-8
by the -N*Hj; group in addition to the other quenching process.
Probably, the charge-transfer quenching between the excited indole
ring (electron donor) and the ammonium ion (electron acceptor)
is involved in the latter process.

(33) The LUMO coefficients were calculated by Dr. K. Yamaguchi, Osaka
University, by using the INDO SCF method.

(34) Hirayama, F. J. Chem. Phys. 1965, 42, 3163.
(35) Ricci, R. W.; Nesta, J. M. J. Phys. Chem. 1976, 80, 974.



