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light was required to afford water decomposition. With respect
to Cr**-doped TiO, electrodes, the colloidal semiconductor par-
ticles have the advantage that the small minority carrier diffusion
length does not decrease the quantum yield of H, formation from
band-gap excitation. The use of very small semiconductor particles
was combined here with the concept of electrocatalysis for water
reduction and oxidation by ultrafine noble metal deposits. A
striking synergistic effect was shown to be operative between RuQ,
and Pt, underlining again the superiority of this catalyst com-
bination in water photolysis systems.
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T. Ibid. 1980, 72, 87. (f) Domen, K.; Naito, S.; Sorna, M.; Onishi, T.;
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Important information has also been obtained on the role of
the TiO, support material as an oxygen carrier. Photouptake of
O, by our hydroxylated anatase decreases the concentration of
free oxygen in solution, which allows light-induced water cleavage
to proceed at a high yield. The buildup of O, is a key problem
in all devices that attempt to cogenerate H, and O, without local
separation, since the latter competes with protons for reduction
on Pt sites. Further studies will therefore be directed to increase
the capacity for O, uptake of the system. Through introduction
of supplementary heterogeneous oxygen carriers, it should be
possible to develop systems that under solar irradiation will produce
pure hydrogen, oxygen being retained on a carrier that releases
it during the night.
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Abstract: Ground- and excited-state conformations of p-tryptophanyl-L-tryptophan methyl ester (1p; ) L-tryptophanyl-L-tryptophan
methyl ester (11;) have been investigated by 'H NMR and by steady-state and subnanosecond time-resolved fluorescence
lifetime and anisotropy measurements. Examination of !H NMR spectra of cyclic L-tryptophanyl-L-tryptophan and of 1
and 1;; at different temperatures suggested that the two indole rings are close to each other in 1; but not in 1;;. Flourescence
deca/ys of 1p; and 1;; in Me,SO and MeOH and in glycerol-methanol mixtures have been fitted to I(t) = A[fe¥/" + (1 -
Ne'] + B, where 7, and 7, are fluorescence decay times, A is the amplitude, and B is the background. Differences in the
mean decay times, 7, (7, = fr1 + (1 = f)7;), between 1p; and 1y reflected different degrees of quenching of the chromophores
due to different conformations. No diastereomeric selectivity has been observed, however, in the quenching of =, by CCl,.
Plots of rotational correlation times, ry values, against solvent viscosities for 1 and 1;; gave slopes of 21.2 and 17.1 ps/cP,
respectively. These values are larger than those expected from the Stokes—Einstein equation, assuming the stick boundary
conditions. The observed g values for 1 have been discussed in terms of four possible behaviors related to rapid or fixed motions
of the two tryptophans and to the fast and slow energy transfers between the two indole moieties during the excited-state lifetime
as well as in terms of long-lived volume fluctuations of the solvent.

Differences in chemical and physical properties of diastereomers
have been the subject of much theoretical? and experimental’~>
studies. Diastereomeric differences in dipeptides are particularly
important since protein folding is affected by side-chain confor-
mations.%” Ground- and excited-state conformations of D-tryp-
tophanyl-L-tryptophan methyl ester (1p;) and L-tryptophanyl-L-
tryptophan methyl ester (1;;) have been investigated in the present
work, therefore, by 'H NMR and by steady-state and subnano-
second time-resolved fluorescence anisotropy. Introducing an
indole moiety into the dipeptides enhances the differences in
chemical shifts between the diastereomers.® Methyl esters were
chosen to alleviate problems associated with protein transfer.’
Ground-state conformational differences between diastereomeric
1 have been investigated by 'H NMR spectroscopy. The im-
portance of intrinsic fluorescence of tryptophan residues in pro-
teins’®!2 has prompted us to place greater emphasis on subna-
nosecond time resolved fluorescence spectroscopy which provided
information on exicted-state conformations of these dipeptides.

*To whom correspondence should be address at Clarkson College of
Technology, Potsdam, NY 13676.
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1, R, = C%H,-indole, R, = C8H,-indole, R, = OMe

1y L, L-Trp-L-Trp-OMe

1p1, D-Trp-L-Trp-OMe

1pp, D-Trp-D-Trp-OMe

11,p> L-Trp-D-Trp-OMe

2, R, = CH,-indole, R, = CH,, R, = OH (L-Trp-L-Ala-OH)
3, R, = CH,, R, = CH,-indole, R, = OH (L-Ala-L-Trp-OH)
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The obtained results have been rationalized in terms of a folded
structure for 1p; in which the two indole rings are approximately

(1) Craig, D. P.; Mellor, D. P. Fortschr. Chem. Forsch., 1976, 63, 1.
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perpendicular to each other and in terms of a more open ar-
rangement for 1p;.

Experimental Section

The trytophanyltryptophan dipeptide methyl esters used in this study
were obtained in two reaction steps. Mixed carbonic anhydride coupling
of N-(benzyloxycarbonyl)-L(or D)-tryptophan,'®# with L(or D)-trypto-
phan methyl ester (Sigma) in N,N-dimethylformamide, provided /-
(benzyloxycarbonyl)-L(or D)-tryptophanyl-L(or D)-tryptophan methyl
ester. Removal of the N-benzyloxycarbonyl-protecting group via cata-
lytic hydrogenolysis obtained L(or D)-tryptophanyl-L(or D)-tryptophan
methyl ester, isolated as the hydrochloride salt. All peptides and peptide
derivatives were homogeneous by thin-layer chromatographic analysis,
displayed satisfactory physical constants, and were characterized spec-
troscopically.

N-(Benzyloxycarbonyl) tryptophanyltryptophan Methy! Ester. General
Procedure. A solution of 3.38 g (10 mmol) of N-(Benzyloxy-
carbonyl)-L-(or D)-tryptophan in 100 mL of anhydrous N, N-dimethyl-
formamide was chilled to =10 °C, vigorously stirred, and treated with
1.38 mL (1.01 g, 10 mmol) of triethylamine. After a period of 5 min,
1.09 g (10 mmol) of ethyl chloroformate was added. The reaction
mixture was stirred at ~10 °C for 30 min and then treated with a pre-
cooled solution of 2.55 g (10 mmol) of L(or D)-tryptophan methyl ester
hydrochloride (Sigma) in 100 mL of anhydrous N,N-dimethylformamide
containing 1.38 mL (1.01 g, 10 mmol) of triethylamine. The mixture
was stirred at =10 °C for 3 h and then overnight at room temperature.
The solution was partitioned between ethyl acetate and 1 N aqueous
hydrochloric acid. The organic layer was washed with equal volume
quantities of 1 N aqueous hydrochloric acid, 5% aqueous sodium bi-
carbonate, and distilled water, dried over anhydrous sodium sulfate, and
then evaporated under reduced pressure to obtain a white solid. The solid
was recrystallized from dichloromethane~petroleum ether to yield N-
(benzyloxycarbonyl)-L(or D)-tryptophanyl-L(or D)-tryptophan methyl
ester.

N-(Benzyloxycarbonyl)-D-tryptophanyl-L-tryptophan Methy! Ester:
4.52 g (84%); mp 194-197 °C; R, 0.51 (Sy); [a) 2 ~11.1° (¢ 1.0,
methanol), 4.2° (¢ 1.0, acetone); 'H NMR (CD;COCD;) 6 3.17 (d, J
= 7 Hz, 4 H), 3.55 (s, 3 H), 4.20-4.78 (m, 2 H), 4.98 (s, 2 H), 6.80-7.50
(m, 16 H).

N-(Benzyloxycarbonyl)-D-tryptophanyl-L-tryptophan Methyl Ester:
4.79 g (89%); mp 205-206 °C; R,0.50 (Sy); [«]p? 6.1° (¢ 1.0, metha-
nol), 23.1° (¢ 1.0, acetone); 'H NMR (CD;COCD;) § 3.18 (d, / = 7 Hz,
4 H), 3.53 (s, 3 H), 4.15~4.82 (m, 2 H), 5.00 (s, 2 H), 6.76~7.62 (m,
16 H).

N-(Benzyloxycarbonyl)-D-tryptophanyl-D-tryptophan Methyl Ester:
4.36 g (81%); mp 196-198 °C; R,0.52 (S)); [a]p? 10.5° (¢ 1.0, meth-
anol), —3.8° (¢ 1.0, acetone); 'H NMR (CD;COCD;) 43.18 (d, J = 7
Hz, 4 H), 3.52 (s, 3 H), 4.31-4.87 (m, 2 H), 4.99 (s, 2 H), 6.80~7.70
(m, 16 H).

N-(Benzyloxycarbonyl)-L-tryptophanyl-p-trpytophan Methyl Ester:
4.14 g (77%); mp 199201 °C; R,0.50 (S,); [a]p? ~7.9° (¢ 1.0, meth-
anol), -22.2° (¢ 1.0, acetone); 'H NMR (CD;COCD;) 6 3.15 (d, J =
7 H), 3.57 (s, 3 H), 4.12-4.88 (m, 2 H), 5.00 (s, 2 H), 6.80~7.70 (m,
16 H).

Tryptophanyltryptophan Methyl Ester Hydrochloride (1). General
Procedure. A solution of 500 mg (0.93 mmol) of N-(benzyloxy-
carbonyl)-L(or D)-tryptophanyl-L(or D)-tryptophan methyl ester in 500
mL of methanol and 1 mL of 1 N aqueous hydrochloric acid was purged
with hydrogen gas and stirred under a hydrogen atmosphere. A slurry
of 500 mg of 10% palladium on charcoal in methanol was added. The
mixture was stirred under a hydrogen atmosphere for 3 h. The catalyst
was removed by filtration through activated charcoal. The filtrate was
evaporated under reduced pressure in the dark at room temperature and
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Figure 1. Block diagram of the synchronously pumped mode-locked
cavity-dumped dye laser single-photon-counting instrument. Abbrevia-
tions: ML = model locker, BF = birefringe turning element in the jet
streamdye laser, BS = beam splitter, F = filter, ADA = temperature
tuned second harmonic generator, S = sample, P = polarizer, MC =
monochromator, PM = photomultiplier, CFD = constant fraction dis-
criminator, TAC = time to amplitude converter, HV = high voltage
power supply, PD = photodiode, and MCA = multichannel analyzer.

then diluted with diethyl ether to induce crystallization. The solid
product was collected, redissolved in methanol, filtered through activated
charcoal, and recrystallized by dilution with diethyl ether. All operations
were performed in the dark at room temperature.

L-Tryptophanyl-L-tryptophan Methy! Ester Hydrochloride (1,): 391
mg (89%); R;0.21 (Sy), 0.76 (S3); [a]p® 14.6° (¢ 1.0, N,N-dimethyl-
formamide); 'TH NMR (CD;CN/D;0) 5 3.20 (d, J = 7 Hz, 4 H), 3.49
(s, 3 H), 7.00~7.65 (m, 11 H).

D-Tryptophanyl-L-tryptophan Methy! Ester Hydrochloride (1p;): 369
mg (84%); R, 0.15 (S,), 0.78 (S3); [a]p? ~14.5° (¢ 1.0), N,N-di-
methylformamide); 'H NMR (CD;CN) 4 3.15 (d, J = 7 Hz, 4 H), 3.52
(s, 3 H), 4.15~4.90 (m, 2 H), 6.70-7.60 (m, 11 H).

D-Tryptophanyl-D-tryptophan Methy! Ester Hydrochloride (1pp): 396
mg (90%); R,0.29 (S,), 0.73 (Sy); [a]p® ~16.5° (¢ 1.0, N,N-dimethyl-
formamide); 'H NMR (CD;CN) 6 3.10 (d, J = 7 Hz, 4 H), 3.55 (s, 3
H), 3.90-4.90 (m, 2 H), 6.75-7.80 (m, 11 H).

L-Tryptophanyl-D-tryptophan Methy! Ester Hydrochloride (1pp): 343
mg (78%); R 0.26 (S,), 0.67 (S;); [a]p?* 11.6° (c 1.0, N,N-dimethyl-
formamide); '"H NMR (D,0) 4 3.20 (d, J = 7 Hz, 4 H), 3.55 (s, 3 H),
6.75~7.80 (m, 11 H).

Glycerol (Baker’s spectroscopic anhydrous grade) was twice vacuum
distilled over activated charcoal. All other reagents were of spectroscopic
grade.

All melting points were uncorrected. 'H were recorded on samples
of 1.0 mg of dipeptide/0.5 mL of solvent using a Varian XL-200 MHz
instrument. Chemical shifts are reported as & values in parts per million
relative to tetramethylsilane (Sye,s = 0.0) as an internal standard.
Optical rotations were determined on a Perkin-Elmer Model 241 polar-
imeter.

Flourescence measurements were carried out on freshly prepared
air-saturated solutions of 5 X 10 M 1 (bL or LL) at 25.0 £ 0.1 °C.
Steady-state fluorescence spectra were measured on a SPEX Fluorolog
spectrofluorimeter using the E/R mode. Generally, 2.5-mm slits were
used. Steady-state polarizations were determined by placing a Glan-
Thompson polarizer in the excitation beam and a Polaroid polarizer in
the emission beam.!

The fluorescence lifetimes were measured by using the single-pho-
ton-counting apparatus shown in Figure 1 and briefly described below.
The jet-stream dye laser (Spectra Physics 375 tunable dye laser) was
synchronously pumped by the 514.5-nm line of an acousto-optically

(15) Kano, K.; Fendler, J. H. Che. Phys. Lipids, 1979, 23, 189.



3004 J. Am. Chem. Soc., Vol. 104, No. 11, 1982

Tran et al.

Table I, 'H NMR Chemical Shifts of Diastereomeric Dipeptides in Me,SO-d, at 30 °C®

R, -residue R,-residue R .
s-residue
compd H, Hz H, Hg OCH, aromatic residue
2 4.14 (1)  3.00 (m) 363 (@ 126 (1) 7.20 (H-2,d), 7.61 (H+4, d), 7.28 (H-5(6), m), 7.36 (H-7, d)
3 3.48(q) 1.20(YH) 442() 3.18(1) 7.12 (H-2, d), 7.54 (H-4, d), 7.00 (H-5(6), m), 7.32 (H-7, d)
1L 4.65(m) 2.84 (m), 4.06 (m) 2.84 (m), 1.14 (s) 7.68 (H-4of R, orR,, d), 7.48 (H4 of R, or R,, d),
3.14 (m)® ~3.17 (m) 7.34 (H-70f R, and R,, m), 7.19 (H-2of R, and R,, 5)
1pp 4.06 (m) 2.84 (m), 4.06 (m) 2.84 (m), 1.14 (s) 6.68 (H40of R, orR,, d), 7.48 (H4 of R, or R,, d),
3.14 (m)® ~3.17 (m) 7.34 (H-7 of R, and R,, m), 7.19 (H-2of R, and R,, 5)
IpL 4.59 (m) 2.86 (m), 4.06 (m) 2.86 (m), 1.16 (s) 7.51 (H4of R, andR,, t), 7.32 (H-7 of R, and R, m),
~3.16 (m)® 3.17 (m) 7.09and 7.11 (H-2 of R, and R,, dd), 6.95 (H-5(6)
of R, and R,, m)
Iup 4.59 ()  2.86 (m) 4.06 (q) 2.86 (m) 1.16 (s) 7.51 (H4of R, and R, ), 7.32 (H-7 of R, and R,, m),
7.09 and 7.11 (H-2 of R, and R_, dd), 6.95 (H-5(6)
of R, and R,, m)
cyclic 4.14 (Hy of R, and R,, t), 3.25 (Hz of R, and R, m) 7.53 (H-4 of R, and R,, m), 7.25 (H-7 of R, and R, m),

L-Trp-L-Trp

7.01 and 7.02 (H-2 of R, and R,, ss), 6.92 (H-5(6)
of R, and R,, d)

@ Chemical shifts were taken on a Varian XL-200 MHz instrument on samples of 1.0 mg of dipeptide/0.5 mL of solvent. Chemical shifts
are given in parts per million (ppm) downfield from Me_Si as internal standard. Letterss, d, dd, t, and m stand for singlet, doublet, doublet
of doublet, triplet, and multiplet, respectively. Approximate error is +0.05 ppm. Assignments, when given, are based on published work.!”

b Unresolved signals preclude assignments.

mode-locked argon ion laser (Spectra Physics 171UV). Under normal
operating conditions the Ar* laser produces a highly stable strain of ca.
120-ps pulses at a repetition frequency of 81.949 MHz and the average
mode-locked power was ca. 500 mW. The high repetition frequency of
the dye laser output was reduced to 100 MHz by inserting the Bragg cell
(Spectra Physics 344 S-454 cavity dumper) in the dye laser cavity, with
the Rhodamine 6G as the lasing dye, the average laser poser was 25 mW
(at 400-KHz repetition frequency), and the pulse duration was 15 ps
(measured on Spectra Physics Model 409 autocorrelator). The second
harmonic (295 nm, vertically polarized) was generated by means of a
temperature tuned ADA crystal. The residual 590-nm radiation was
removed by a 7-54 Corning glass cutoff filter. The “Start” signal for the
ORTEC 457 TAC was obtained from a portion of the 590-nm pulses via
a Texas Instruments TIED 56 photoiode and an ORTEC 436 discrimi-
nator. The emission, viewed at 90°, was passed through an ultraviolet
Polacoat polarizer (oM type, 105 UV WRMR) set at 54.7° for lifetime
and 0° (Z,(#)) or 90° (I, (#)) for anisotropy determinations. Photon
counting and data treatment by the Marquardt algorithm have been
previously described.!® Lack of any instrumental artifact was demon-
strated by reproducing the published lifetime of among others N-
acetyltryptophan amide in water 2.82 £ 0.04 ns using a single exponential
decay function.

Thin layer chromatography was performed on precoated silica gel
60F,s, plates manufactured by E. Merck, Darmstadt, Germany, using
chloroform—ethyl acetate (1:1) (S,), chloroform~methanol~glacial acetic
acid (90:10:0:3) (S,), or 1-butanol-water~glacial acetic acid (7:2:1) (S;).
Absolute viscosities were determined by density measurements.

Results and Discussion

Table I gives the chemical shifts of 1, 2, 3, and cyclic L-Trp-
L-Trp in Me,SO-ds. Chemical shifts of the enantiomers 1pp and
1;; or 1d; and 1;p are seen to be identical. Conversely there are
pronounced differences in the chemical shifts, particularly in the
aromatic region, between diasteromers 1pp and 1p; or 1;; and
1;p. Similar results (not shown) were obtained in MeOH-d, and
in CH;CN-d;. The chemical shift of the H-2 proton of the indole
ring is known to be sensitive to the environment.!” The observed
upfield shifts of this proton in 3 (7.12 ppm) with respect to that
in 2 (7.20 ppm) has been interpreted to imply an interaction
between the indole ring and dipeptide backbone in L-Ala-L-Trp-
OH.® Steric effect makes it difficult to have a charge-transfer
interaction between the carbonyl group of the peptide bond and
the indole ring in 2 but not in 3.8 It is, therefore, not unreasonable
to assume that the upfield shift of H-2 proton in 3 is due to the
charge-transfer interaction between indole ring and the carbonyl
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Figure 2. Fluorescence decay plot of 1;; in 78.5% glycerol~methanol
(w/v). The fast decay dots show the instrument response function, while
the slower decay dots represent the fluorescence decay due to 1;;. The
solid line drawn was calculated to give 7, = 2.96 ns (53% at ¢ = 0) and
75 = 0.93 ns with x? = 1.4,
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group of the peptide bond. The H-2 proton signal in indole rings
of 1;; (or 1pp) is a singlet at 7.19 ppm while the H-2’s in 1y
(or 1 p) are two doublets at 7.09 and 7.11 ppm. There are two
H-2’s2 in 1; with our present spectra, it is very difficult to assign
which of the H-2’s correspond to 7.09 and 7.11 ppm. The only
reasonable explanation is that two H-2 in 1;; (or 1pp) have very
little interaction with each other or with the peptide backbone
(no shift).'” Also they appear to be in the same environment.
Conversely, two H-2 in 1p; (or 1;p) are two doublets and are
shifted upfield (11 and 9 ppm) which suggests that there is a strong
interaction between the indole rings with the backbone and with
each other. It also implies that the two indole rings of 1p; (or
1;p) are in different environments.!® H-2’s in cyclic L-Trp-L-Trp
behave in the same way as that of 1p; (or 1;p): two singlest at
7.01 and 7.02 ppm. Steady-state polarization,!® CD,*?! and
NMR!7 studies have shown that for a diketopiperazine having
two aromatic residues with the L configuration (cyclic L-Tyr-L-Tyr

(16) Beddard, G. S.; Fleming, G. R.; Porter, G.; Robbins, R. Philos. Trans.
R. Soc. London, Ser. 4 1980, 298, 321.

(17) Cohen, J. S. Biochim. Biophys. Acta 1971, 229, 603. Skrabal, P.;
Rizzo, V.; Baici, A.; Bangerter, F.; Luisi, P. L. Biopolymers 1979, 18, 995.
Baici, A.; Rizzo, V.; Skrabal, P.; Luisi, P. L. J. Am. Chem. Soc. 1979, 101,
5170. Lande, S. Biopolymers 1969, 7, 879. Lemieux, R. V.; Barton, M. A.
Can. J. Chem. 1971, 49, 767.

(18) Feeney, J. Proc. R. Soc. London, Ser. A 1975, 345, 61.

(19) Edelhoch, H.; Berstein, R. S.; Wilcheck, M. J. Biol. Chem. 1968, 243,
5985.

(20) Edelhoch, H.; Lippoldt, R. E.; Wilcheck, M. J. Biol. Chem. 1968, 243,
4799,

(21) Strickland, E. H.; Wilcheck, M.; Horowitz, J.; Billups, C. J. Biol.
Chem. 1970, 245, 4168.
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Table II. Fluorescence Decay Times (r,, 7,, 7,) and Anisotropies
(rR) for Tryptophan Derivatives in Different Solvents
(in nanoseconds)?

Ty T Tt Tm TR
In DMSO
L-Trp-L-Trp-OMe 7.02 1.48 0.79 5.85
D-Trp-L-Trp-OMe 6.64 2.25 0.71 5.36
cyclic L-Trp-L-Trp 6.21 1.65 0.64 4.57
L-Trp-L-Ala-OH 7.89 1.40 0.81 6.66
L-Ala-L-Trp-OH 8.44 326 0.77 17.25
In MeOH
L-Trp-L-Trp-OMe 2.80 0.88 0.57 1.97
D-Trp-L-Trp-OMe 2.70 0.95 044 1.72
In CH,CN
L-Trp-L-Trp-OMe 4.59 1.57 0.66 3.56
D-Trp-L-Trp-OMe 4.88 1.99 0.72 4.07
L-Trp-L-Ala-OH 5.44 1.06 0.79 4.52
L-Ala-L-Trp-OH 4.59 1.77 0.75 3.89

In Glycerol-MeOH Mixture®

L-Trp-L-Trp-OH 68% 359 1.0 046 219
93% 4.68 0.89 061 3.12

L-Trp-L-Trp-OMe 61.8% 1.36
68.5% 237 0.72 047 149
70.8% 1.96
78.5% 2.97
86.5% 5.50
93.5% 342 0.73 0.61 2.37

D-Trp-L-Trp-OMe 61.8% 1.35
68.5% 233 0.75 0.35 1.30
70.8% 2.19
78.5% 2.60
86.5% 6.61
93.5% 3.10 0.84 0.55 268

N-acetyltryptophan amide 70.6% 0

In 1,4-pentanediol
L-Trp-L-Trp-OMe 2.89
In 1,5-Pentanediol
L-Trp-L-Trp-OMe 2.10
In Undecanol
L-Trp-L-Trp-OMe 1.0

@ Defined as /(t) = A(fe t/T1 + (1 = Net/T2) + B, where A is
the amplitude and B the background. Convolution of this
equation with shifting between the laser profile and fluorescence
was performed as described elsewhere.'® 7, =fr, + (1 = 7,.
Errors £3% on each measurement. Several measurements were
taken between these mixture % lifetime fall linearly between the
values given.

and cyclic L-Trp-L-Trp), the most stable conformers are the one
having both aromatic side chains sharing the space over the di-
ketopiperazine ring. Our NMR results can be interpreted thus:
in the ground state, 1;; (or 1pp) has an open form while the 15,
(or 11p) achieves a folded form with the two indole rings inter-
acting with the backbone and with each other.

Fluorescence decay and anisotropy measurements provide ev-
idence for conformational differences in 1p; and 1;; in the excited
states. Fluorescence decay times of the dipeptides in Me,SO,
MeCN, MeOH, and Glycerol-MeOH mixtures are (at least)
biexponential (Figure 2 and Table II). The differences in decay
times between 1p; and 1;; reflect different degrees of quenching
of the chromophores due to different conformations. Quenching
of 1 by CCl, in MeOH produced Stern-Volmer constants of 34
£ 1.1 M for 1;; and 27 + 0.6 M™! for 1p;. The difference,
however, disappears when mean decay times were used (Table
II) to calculate the quenching rate constants (k = 7K, where
Tn = mean decay time; K,, = Stern-Volmer quenching constant)
kLL =17X 1010 M! s'and kDL =1.60 X 1010 M! S_l. As the
rate of quenching is close to being diffusion controlled and also
as the chromophores are readily accessible to the quencher, a lack
of stereoselectivity is to be expected. This may not be the case
in cyclic Trp-Trp which has a Stern~Volmer quenching constant
of 8.8 £ 0.5 M and a similar mean decay time as 1p; and 1;.
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Figure 3. Plots of rotational correlation times (7g) vs. solvent viscosities
(¢) for 1p; (©), 11, (A), and N-acetyltryptophan amide!? according to
eq 2 in glycerol-methanol mixtures unless indicated otherwise by letters
next to the filled symbols: a = 1,5-pentanediol, b = 1,5-pentanediol, and
¢ = 1,4-pentanediol. Lines 1 and 2 were calculated from eq 2 based on
the “stick condition” and using respectively 420- and 300-A3 volumes. A
line coinciding with the data points for 1p; was calculated from eq 2
using the “slip condition” and 420 A%.

The quenching rate of cyclic Trp-Trp by CCly is, therefore, much
slower compared to 1p; and 1;;. This may be due to the shielding
of the indole groups from the CCl,.

The anisotropy in the fluorescence was used to measure the rate
of rotational relaxation of 1p;, 11 p in glycerol~-MeOH mixtures.
The anisotropy is defined?>? by

S = L) = 1.0/, () + 21 (1) M

with / and /, the (time-dependent) fluorescence intensities ob-
served thorough polarizers parallel and perpendicularly oriented
to the vertically polarized excitation. The intensities were suitably
normalized to one another. For a rotating sphere in a continuous
medium the second order rotational correlation time is given by

mr = 8TRk /6kgT 2)

where 7 is the bulk viscosity of the medium, R the radius of the
rotating molecule, g the Boltzmann constant, and T the absolute
temperature. The constant k depends upon the boundary con-
dition, k = 1 for stick. Under slip boundary conditions & < .
Hu and Zwanzig® and Youngren and Acriros? have analyzed
the reorientation of spheroidal and ellipsoidal molecules respec-
tively. In the general case r(¢) is the sum of 5 exponential decay
terms.?* When the dipole is along the symmetry axis, thus re-
ducing and treating the molecule as an ellipsoid,?? the anisotropy
is related to the rotational correlation time 1y by r(2) = rye™/™.
Experimentally, only exponentially decaying anisotropies were
observed. From plots of 7 vs.  (solvent viscosity), Figure 3,
viscosity dependence of 21.2 and 17.1 ps/cP are calculated for
1pr and 1, respectively. With the assumption for the moment
that eq 2 is applicable and & = | substituting appropriate vis-
cosities, the corresponding volume for 1p; and 1| are 87.2 and
70.4 A3, respectively, from anisotropy measurements and 81.3 and
60.3 A3, respectively, from Perrin plots obtained from steady-state

(22) Cherry, R. J.; Nigg, E.; Beddard, G. S. Proc. Natl. Acad. Sci. U.S . A.
1980, 77, 5899.

(23) Reed, W; Politi, M.; Fendler, J. H. J. Am. Chem. Soc. 1981, 103,
4591.

(24) Lessing, H. E.; von Jena, A.; Reichert, M. Chem. Phys. Lett. 1975,
36, 517. Fleming, G. R.; Morris, J. M.; Robinson, G. W. Chem. Phys. 1976,
17, 91.

(25) Hu, C,; Zwanzig, R. J. Chem. Phys. 1974, 60, 4354.

(26) Youngren, G. K.; Acrivos, A. J. Chem. Phys. 1975, 63, 3846.
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Figure 4. Plots of (1/P~1/3)/(1/Py~'/,) against ¥ for 1p; (@) and
1. (A) according to Perrin’s equation (1/P =1/3/(1/Py~1/3) = 1 +
RT7g/nV, where P = polarization at a given viscosity, Py = polarization
at infinite viscosity, R = gas constant, #¢ = mean fluorescence lifetime,
n = viscosity of the medium, and ¥ = effective volume.

polarization measurements (Figure 4).

Inspection of space-filling models of 1 indicates molecular
volumes of either 420 £ 40 A3, assuming that the indole rings
are facing each other (an oblate shape with an axial ratio of 0.5),
or 300 = 40 A® when the shape is prolate with an axial ratio of
3 and when the indoles are far from one another. These values
are at least three times larger than those obtained experimentally
and are similar to rotation volumes obtained for molecules such
as Rhodamine 6G (414 A% or methylred (242 A%).7 The
volumes measured for 1 (~80 A3) are similar to those calculated
for small molecules such as benzene (80 A?) or toluene (97 A3).28

It is well-known that a viscous fluid moving relative to a ma-
croscopic surface obeys a stick boundary condition. Examples
are provided by many dye molecules as determined by matching
of the experimental and calculated (from molecular shape) ro-
tational correlation times.?* For many dyes in glycerol and in
dihydric alcohols faster rotational reorientational times have been
observed than those predicted based on the stick conditions.?® A
similar behavior to that in glycerol-MeOH was observed by
1,4-pentanediol and 1,5-pentanediol, the values for the reorien-
tation times in these solvents falling close to values in the gly-
cerol~-MeOH at the same macroscopic viscosity. In 1-undecanol,
however, the reorientation time (1.0 ns) is much larger (by ca.
3 times) than anticipated from the previous results. The 1.0-ns
reorientation time is fairly close but still below the line predicted
for “stick” behavior. Similarly, reorientation times for N-
acetyltryptophan amide were measured to fall in line with those
previously reported for glycerol~-H,O'? and ethylene glycol?” but
on a line below that for stick behavior.

Rayleigh light scattering experiments have demonstrated that
different reorientational behavior is to be expected between mo-
nohydric and dihydric alcohols.3®  If there are regions of
short-range order in the liquid which are continuously breaking
and reforming, this effect can be thought of as fluctuations in the
local free volume. Molecular reorientation can occur when
sufficient free volume becomes available. If this persists for a
short time, then the molecule can only reorient over some small
angle and then stops. This leads to a diffusion model where the
reorientation is in small random steps. If the fluctuations persist
for a longer time, reorientation over large angles can occur and
is limited by the time scale of the fluctuations then a jump model
applies. Undecanol reorients by the diffusion model and glycerol
by the jump model—presumably because a number of bonds must
be broken simultaneously for reorientation to occur. The diols
are intermediate in their behaviors. The results of 1 in these
different solvents may be rationalized in terms of the different
solvent behaviors. In undecanol, behavior close to stick is observed
where “Brownian diffusion” of the solvent occurs. In glycerol-

(27) von Jena, H.; Lessing, H. Chem. Phys. 1979, 40, 245.

(28) Bauer, D. R.; Brauman, J. L.; Pecora, R. J. Am. Chem. Soc. 1974,
96, 6840,

(29) Rice, S. A.; Kenny-Wallace, G. Chem. Phys. 1980, 47, 161.

(30) Pinnow, D.; Candau, S.; Litovitz, T. J. Chem. Phys. 1968, 40, 347.

Tran et al.

MeOH the longer fluctuations in the solvent allow 1 to reorient
in the interstices in the solvent and rotational behavior faster than
stick limit is observed.

Evidence is also accumulating for the validity of the slip
boundary condition for small molecules such as benzene and
benzoic acids whose molecular rotation is only impeded by the
necessisity to displace the solvent molecules. The possible ap-
plicability of the slip condition for 1 is by the very much smaller
measured than calculated rotation volume. With use of the
formula to correct for the molecular shape being nonspherical,
the diffusion coefficients, Dy and D can be calculated from
tabulated values for the ratio of friction coefficients for stick to
slip.2%% This correction when used with a 420-A% molecular
volume (folded shape) of 1 gives a viscosity dependence of 26 ps/cP
in good agreement with that obtained experimentally (21.2 ps/cP).
The viscosity dependence for the prolate shape (open shape) of
1is 31 ps/cP is slightly more than experimental value. Similarity
of the calculated and observed gradients of 7 vs. n may be
misleading, however, in a molecule containing two similar chro-
mophores for the motion of the two indole groups with respect
to one another and the possiblity of reversible energy transfer
between the two chromophores must be considered as both can
lead to fluorescence depolarization. We shall discuss the anisotropy
and decay properties of 1 under the four conditions obtained by
combining rapid or fixed motion of the Trp groups during the
excited-state decay time with fast and slow reversible energy
transfer (RET) between the two indoles also during the excit-
ed-state decay time.

1. In the first case we consider the Trp-Trp motion to be fixed
but RET is to be fast. Under these conditions the r, value (the
anisotropy at time zero) but not the decay of r(¢) should be
affected. Furthermore, the contribution to ry due to energy transfer
should only fall to ~0.5 of the value for tryptophan alone at the
excitation wavelength used. If Trp-Trp dipoles are parallel or
antiparallel, then RET does not affect r, or #(¢) but, if the dipoles
are nearly perpendicular, then not only will RET be slowed but
also it will cause fluorescence depolarization since the “effectice
emission dipole” direction will be midway between the two dipoles.
This RET process will not explain the low P, (or r,) value obtained
from the Perrin plots (Figure 1G) or the rapid r observed. Also
since the molecular dimensions in this case do not change, RET
rates should be independent of solvent viscosity.

2. When Trp-Trp motion is fixed and RET is slow or absent,
the ry (or Py) value should be an average value of the orientations
of the two emission dipoles. When the dipoles are parallel (in
the L, transition in which the dipole is approximately along an
axis of the indole nitrogen atom and indole C,), the Trp-Trp
compounds behave as if only one Trp is present. If the Trp dipoles
are approximately perpendicular, then 7, — 0 (P, — 0) and no
or very little anisotropy should be observed (even though the rate
of anisotropy decay is unchanged; i.e., molecular rotation is
unaffected). An angle of ~70° (or ~110°) between the two
dipoles would reduce the P, value to ~0.10 of that from tryp-
tophan alone as is observed approximately; i.e., P, for 1p; = 0.03,
for 1;; = 0.05, and for tryptophan = 2.5. The ry values assuming
stick boundary condition, however, should be approximately 3
times larger than those measured.

3. If the Trp-Trp groups move during the excited-state lifetime
but again is RET — 0 then depolarization should occur provided,
the motion is perpendicular to the emission dipole axis. With the
indole groups connected at carbon C;, motion from C, to the indole
C; (see formula) should depolarize the fluorescence since the dipole
is approximately perpendicular to this axis. The ry (or Pp) value
in this situation will be the dynamic average of the two emission
dipole directions and, as is the previous case, can take value
between 0 and its maximum value.’! An average angle of ~70
or ~110 between the dipoles would give the observed P, values.
The rotational lifetime 7y could, however, be much shorter than

(31) Dale, R.; Eisinger, J. In “Biochemical Fluorescence Concepts™; Chen,
R., Edelhoch, H., Eds.; Marcell Dekker: New York, 1975; Vol. 1, pp 115284,
and references cited therein.
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anticipated as the internal motion would appear as a rotation of
the whole molecule.

4, In the fourth and final case, we consider rapid Trp-Trp
motion as well as fast RET then the situation is complex but
related to the first case since reversible energy transfer reorients
the emission dipoles. Some information of the properties of the
Trp-Trp can be obtained from the fluorescence decay measure-
ments. The decays for Trp, Trp-Ala, and Ala-Trp are generally
nonexponential and depend on the pH of solution.»!¢ In Trp-Trp
the decays are also nonexponential. Proton-transfer and
charge-transfer quenching have been shown to describe the be-
havior of Trp, Ala-Trp, and Trp-Ala at neutral pH.>!® Lifetimes
due to different rotamers have also been proposed.’> Charge
transfer is favored for Trp-Trp in Me,SO or MeCN since the
amino group is not protonated. The two decay times could be
due to diffusional motion of the chromophore into the correct
geometry for quenching; alternatively the two lifetimes could be
due to different quenching rates of the two indole rings by the
carbonyl group.

Conclusions

Both NMR and fluorescence anisotropy experiments clearly
illustrate the differences in shape of the 1;; and 1p; diastereomers.
We have postulated that the 1p; has a folded structure and 1;;
a more open geometry with respect to the indole chromophores.
The reorientational relaxation of 1 in glycerol~-MeOH mixtures

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

and in dihydric alcohol are far faster than anticipated by using
stick limit boundary conditions; in fact the slip limit fits the data
points fairly well. This “slip-like” type of behavior has been
previously observed in glycerol and may be a consequence of the
glycerol reorientation ocurring by large steps rather than by
Brownian diffusion as a result of long-lived volume fluctuation
in this liquid. 1 rotates with more freedom as a result of these
fluctuations than in undecanol which orients by a small-jump
diffusional process.’® In glycerol-MeOH it is also possible that
the two indoles in the molecule rotate during the excited state
lifetime and contribute to the overall molecular rotation. This
intramolecular motion would be aided by the freedom to rotational
motion allowed in the glycerol-MeOH mixtures. The small P,
values obtained from Perrin plots can be explained if the two indole
chromophores emission dipoles are ~70° or ~110° to one an-
other. Energy transfer between the two indole would be small
compared to the excited-state lifetime when the chromophores
have these geometries.
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Sign Determination of Electron-Spin Distributions in Iminoxy

Radical Analogues
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Abstract: Nickel-induced '"H NMR contact shifts have been determined for 3, v, 6, and € protons in a variety of oximes in
which the molecular geometries are partially constrained by the oximino group. It is shown that these represent appropriate
models for iminoxy radicals, with electron spin induced primarily in the nitrogen lone-pair orbital. Since this method directly
provides the sign of the electron-spin density, it permits inference of the signs in the iminoxy radicals. It is pointed out that
spin distributions in these radical analogues parallel those similarly determined in aliphatic and aromatic amines, thus indicating
spin delocalization independence of the nature (¢ or w) of the intervening bonds in the molecule.

The study of long-range ESR hyperfine splitting constants
(hfsc’s) has provided considerable insight into electron and
electron-spin delocalization through ¢ frameworks and hence into
the quantum mechanical integrals controlling these and related
phenomena.! These data can be rationalized simplistically but
usefully within the valence bond formalism, thus providing
mnemonics for the prediction of the effect on spin densities of such
variables as structure, conformation, substitution, etc. In de-
veloping a fuller picture of the mechanisms of spin delocalization,
major advances have been made by studying the effect of mo-
lecular geometry on the ESR hfsc’s particularly in rigid bicyclic
radicals, by quantum mechanical analysis of the data, and by
experimental determination of the sign of the spin density.!

Since the modes of spin delocalization are determined to a large
extent by the orientation of the bonds making up the delocalization
paths, it is necessary to be able to describe these paths unam-

(1) For a recent thorough review of this subject see F. W. King, Chem.
Rev., 76, 157 (1976).

biguously in terms of the relevant dihedral angles in that molecular
fragment. The convention used for defining these angles, HﬂC, 07”,
etc., is illustrated in Figure 1 by using the nonplanar propyl
fragment. Mechanisms of spin delocalization to « and 8 nuclei?
have been well established® and, while considerable progress has
been made with delocalization to nuclei more distant from the
radical site, the difficulty in obtaining sufficient experiment data
for certain regions of conformational space has been a limiting
factor. In particular, data in the regions (180°, 0°) and (0°, 180°)

(2) The nomenclature adopted here is the usual ESR convention, viz.

Hg Hy; Hy

E—Ca—Cs—Cs

(3) (a) H. M. McConnell, J. Chem. Phys. 24, 764 (1956); (b) R. Bersohn,
ibid., 24, 1066 (1956); (¢) H. S. Jarrett, ibid., 25, 1289 (1956); (d) H. M.
McConnell and D. B. Chesnut, ibid., 28, 107 (1958); (e) B. Venkataraman
and G. K. Fraenkel, J. Am. Chem. Soc., 77, 2707 (1955); (f) R. Bersohn,
J. Chem. Phys., 24, 1066 (1956); (g) J. P. Colpa and E. de Boer, Mol. Phys.,
7, 333 (1964).
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