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Abstract

We report theoretical calculations of vibrational absorption and Raman spectra for the tryptophan analog 3-
methylindole using density functional theory, the Becke3LYP hybrid functional, and the TZ/2P basis set. These results
are compared to experimentally measured vibrational absorption and Raman spectra for 3-methylindole. The theo-
retical calculations represent accurate predictions of the observed vibrational frequencies and intensities, and of the
Raman intensities. Currently, tryptophan radicals, either neutral or cationic, are believed to participate in electron
transfer in enzymes such as cytochrome ¢ peroxidase, ribonucleotide reductase, and DNA photolyase. In this paper we
also report theoretical vibrational absorption and Raman spectra for 3-methylindole cation radical and 3-methylindole
neutral radical. These predictions should provide specific spectroscopic markers for the detection of neutral or cationic
tryptophan radicals in biological systems, providing a complement to the data available from electron paramagnetic
resonance experiments. Raman spectroscopy of tryptophan is already in use in the study of protein conformations;
theoretical predictions for the radical species provides a new tool for the detection of neutral or cation radicals of
tryptophan in natural systems predisposed to the appropriate experiment. © 2001 Published by Elsevier Science B.V.

1. Introduction of peptides and peptide fragments [1-11] using
density functional theory (DFT) and a variety of

We have been carrying out studies on the solvent models. DFT methods, specifically the
structure, energetics, and vibrational spectroscopy hybrid DFT methods epitomized by the imple-

mentation of the Becke3LYP functional [12-14],
can provide very accurate ground state properties
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Fig. 1. Structure and heavy atom numbering of 3-methylindole,
the neutral radical of 3-methylindole, and the cation radical of
3-methylindole.

have also been carrying out studies of the spec-
troscopic and biophysical properties of tryptophan
radicals [19-21]. After tyrosine, tryptophan has
emerged as an important amino acid mediator of
biological redox reactions [22]. Currently, trypto-
phan radicals are believed to participate in electron
transfer in the enzymes cytochrome ¢ peroxidase
(CCP) [19-21,23-26], ribonucleotide reductase
(RR) [27-29], and DNA photolyase [30]. Experi-
mental and theoretical studies have confirmed that
CCP and DNA photolyase stabilize tryptophan
cation radicals (where an electron is removed from
the indole moiety, Fig. 1) while RR stabilizes a
neutral tryptophan radical (where a hydrogen is

removed from the indole moiety, Fig. 1). Trypto-
phan radicals in other systems await firm identifi-
cation. The demonstrated accuracy of hybrid DFT
methods, including, inter alia, vibrational and
Raman spectra prediction, has been extended to
include open shell systems [31-42]. The Raman
bands of tryptophan residues are known to be of
sufficient intensity to be readily identified in the
spectra of proteins [43]. If the tryptophan radicals
can be shown to exhibit bands of adequate inten-
sity, and the concentration and lifetime of the
radical is such that the radical bands can be ob-
served, the predicted Raman spectra of the radi-
cals could provide possible specific spectroscopic
markers for the detection of neutral or cationic
tryptophan radicals in biological systems, thus
providing a complement to the data available from
electron paramagnetic resonance experiments [19,
23,24,26-30]. In this paper, therefore, we also re-
port theoretical vibrational absorption and Ra-
man spectra for 3-methylindole cation radical and
3-methylindole neutral radical, with the hope that
these predictions will allow for the species to be
identified and specific bands assigned.

2. Methods
2.1. Experimental methods

Mid-infrared absorption spectra were measured
using a Bomem DA-8 Fourier transform spec-
trometer. All spectra were signal averaged for 128
scans measured at 1 cm™! resolution. The modu-
lated mid-IR radiation was detected using a liquid
nitrogen-cooled HgCdTe detector. Sample spectra
were measured through a 0.01 M solution of 3-
methylindole (skatole, Sigma Chemical Company,
St. Louis, MO, USA) in CCl; using a variable
pathlength cell (pathlength =25 pm) equipped
with NaCl windows. Transmission spectra were
obtained from the ratio of sample spectra to simi-
lar spectra measured through neat CCl,.

The experimental apparatus used to obtain the
Raman spectrum of 3-methylindole has been de-
scribed previously [44]. Briefly, the equipment
employed consists of a Bomem DA-8 Fourier
transform spectrometer to which a Raman acces-
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sory has been added. Incident radiation is pro-
vided by a Quantronix Series 100 Nd:YAG laser at
a wavelength of 1.06 um. In this apparatus, the
Raman-shifted radiation is collected using a back-
scattering geometry and is detected after filtering
and interferometer modulation using a liquid ni-
trogen-cooled InGaAs detector. The interference
filters used to exclude the Rayleigh line at a
wavelength of 1.06 um (9394.5 cm™') were re-
placed by holographic notch filters. This enabled
measurement of Raman transitions shifted from
100 to 3000 cm™! with respect to the Rayleigh line.
A neat sample of 3-methylindole was placed in a
0.5 mm 1i.d. quartz capillary tube and 1.06 um
radiation from the Nd:YAG laser was focused on
the surface of the tube. Incident laser power was
approximately 400 mW. The spectrum reported
here was measured at 4 cm™' resolution using co-
addition of 256 scans.

2.2. Theoretical methods

The calculations presented here were carried
out using the GAUSSIAN94 (G94) [45] suite of
quantum chemistry programs running on a Sili-
con Graphics Power Challenge Array located at
the DoD Major Shared Resource Center at the
US Army Research Laboratory. The geometries
and harmonic vibrational frequencies of 3-methyl-
indole, the neutral radical, and the cation radical
were calculated using spin-restricted DFT with the
hybrid B3LYP functional for the closed shell 3-
methylindole and spin-unrestricted DFT with the
B3LYP functional for the open shell neutral and
cation radicals [13,14,19]. A TZ2P basis set [47]
was used to represent the molecular orbitals. The
calculations were completed using analytical de-
rivative techniques and the default integration
grid. The polarizability derivatives of 3-methyl-
indole, the neutral radical, and the cation radical
were calculated at the Hartree-Fock (HF) level of
theory with the 6-311++G(2d,2p) basis set [46]
using G94. The HF (or DFT) polarizability deriv-
atives can be combined with the displacement
vectors from the B3LYP/TZ2P Hessian to accu-
rately predict the Raman scattering activities
[3,4,11,47,48]. The polarizability derivatives, o 7
can be combined with the atomic displacement

vectors to give the isotropic, oc and anisotropic,
,B parts of the Raman scattermg activity
[3 4,11,47-52], S;

;= (4522 + 76)

where g, is the degeneracy of vibrational mode j,
and o and ﬂ are given by

( it + Syt + 83 g02)? /9,
= {(Sg2 = Sinjoty)* 4 (Sijetls = Sinol2)?
+ (Sm,j%‘} _Sim,j(xA ) + 6([( /u“ry)z
+ (S + (Suje2)’]}-

In this notation, the convention of double indexing
implies summation, so the summation sign and
indices are not given. The atomic displacement
vectors, S, 1, are found by diagonalizing the mass
weighted B3LYP/TZ2P Hessian. The S),; matrix
interrelates the normal coordinates Q; to the
Cartesian displacement coordinates X;,; via the
relationship

X1 = S0 101

where 4 specifies a nucleus and o« = x, y, or z. The
absolute differential Raman scattering cross sec-
tion is then given by (dg;/do)

(do/de) = 2*n*/45{(vo —v;)*/[1 — exp(—hev,/KT)]}
x {h/8n’cv;}S;

where v, is the exciting frequency, A, ¢, and k are
Planck’s Constant, the speed of light, and Boltz-
mann’s Constant, respectively, and v; is the fre-
quency of vibrational mode j. The scattering cross
section is represented by o, ¢ represents the solid
angle of light collection, and §; is again the Raman
scattering activity. Finally, the depolarization ra-
tio, p;, is defined

p; = 367/ (450 + 48))

3. Results and discussion

The structure and heavy atom numbering of 3-
methylindole (1), and the neutral (2) and cation
radicals (3) of 3-methylindole are shown in Fig. 1.
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B3LYP/TZ2P geometries and energies of 1, 2, and
3 as well as selected vibrational frequencies of 1, 2,
and 3 computed at the B3LYP/6-31G(d) level of
theory are reported in a previous publication [19]
and were in excellent agreement with experiment
for 1. The experimentally measured frequencies
(both IR and Raman), calculated frequencies
(cm™), in{rared intensities (km/mol), Raman ac-
tivities (A amu~"), depolarization ratios, and ap-
proximate mode descriptions for 1 are presented in
Table 1. While our Raman experiment did not use
polarized radiation, the depolarization ratios are
presented for completeness. All of the calculations
presented here were computed at the B3LYP/
TZ2P level of theory. For the vibrational mode
assignments, the conventions used by Walden and
Wheeler [53,54] have been followed: the vibrations
of the benzene ring of indole are denoted by ®,
while those of the pyrrole ring are denoted by II.
The symbols v, 8, and y represent bond stretches,
in-plane bends, and out-of-plane bends (including
wagging motions), respectively. In addition, ref-
erence is made, where appropriate, to the Wilson
vibration number for the benzene modes, such as
8a. Identification of a mode as such indicates that
the mode is similar to the 8a mode of an ortho-
disubstituted benzene ring [55]. Finally, reference
is made to tryptophan modes, where appropriate,
using the W notation of biochemists [56].

We begin by comparing the calculated absorp-
tion spectrum of 1 using the B3LYP/TZ2P force
field with the experimental spectrum. The calcu-
lated harmonic vibrational frequencies of 1 and
vibrational mode assignments are in excellent ac-
cord with those reported by Walden and Wheeler
[53,54] for indole at the B3LYP/6-31(d) level of
theory. Our calculated frequencies differ from our
measured frequencies by an average of 5.4% for
the N-H and C-H stretching modes (nos. 43-51)
and by 2.0% for the remaining modes. Since an-
harmonicity is not explicitly included in the cal-
culations, the deviations in N-H and C-H
stretching modes are expected to be larger. The
calculated frequencies are for all modes greater
than the experimental frequencies, with the ex-
ception of the very low frequency modes 1-5. The
experimental frequencies were determined using
the peak finding software in the GRAMS/32 soft-

ware package (Galactic Industries Corp., Salem,
NH, USA). Those experimental frequencies not
listed in Table 1 were either below the lower fre-
quency limit of the experiment or lack the inten-
sity for us to accurately measure their frequency.
Fig. 2a displays the experimentally determined
IR spectrum of 1 over the frequency range of
500-1800 cm™~!. Fig. 2b displays the calculated IR
spectrum of 1 over the 100-1800 cm™! frequency
range. For reasons cited above, accurate calcula-
tion of N-H and C-H stretches are not within
the capabilities of the current methodology, hence
they are not included in these figures and are ex-
cluded from further discussion. Sections of the
experimental spectrum around 800 and 1500
cm~! are obscured by the solvent and have been
removed. Comparison of the calculated and ex-
perimental absorption spectra yields the unam-
biguous assignment of the fundamentals 9-12 and
20-38.

Fig. 3a and b show the experimental Raman
spectrum and the calculated Raman spectrum of 1
over the 100-1800 cm~! Raman shift region, re-
spectively. A comparison of these spectra yield an
obvious one-to-one correspondence for nearly all
of the fundamentals. Exceptions to this are fun-
damentals 1 and 2 and 4 and 5 in the 200 cm™!
Raman shift region. The frequency differences
between modes 1 and 2 and 4 and 5 are smaller
than calculated, hence they are not resolved in the
experimental spectrum. The other exceptions are
modes 18, 20, 21, and 24, which are not observed
in the experiment, most likely the result of their
very low intensities. While there are some small
relative intensity differences between the two
spectra, the calculated spectrum clearly reproduces
the major features of the experiment.

Given the level of agreement between the cal-
culated and experimental IR and Raman spec-
tra seen for 1, the results of published studies for
other compounds [3,4,11,31-42], and the excellent
agreement achieved between calculated and ex-
perimental spin densities of 2 and 3 [19,23,27], we
expect the predictions for the radical species of 1 to
be of similar reliability. The calculated frequencies,
IR intensities, Raman activities, depolarization
ratios, and the approximate mode assignments for
2 and 3 are presented in Tables 2 and 3. Fig. 4a-—c
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Experimental and calculated frequencies, IR intensities, Raman activities, depolarization ratios, and approximate mode descriptions
for 3-methylindole

No. Experiment B3LYP IR intensity =~ Raman activity =~ Depolarization Approximate description
v (cm™") v (cm™")  (km/mol) (A* amu™!) ratio
51 3493 3682 74.7 112.1 0.20 NI1Hv
50 3084 3243 0.9 100.6 0.31 C2Hv
49 3060 3192 14.3 243.8 0.13 ®CHv
48 3039 3181 22.3 47.8 0.75 OCHv
47 3017 3171 1.9 123.9 0.60 ®CHv
46 2972 3165 1.9 21.5 0.72 ®CHv
45 2923 3097 15.8 85.2 0.66 CH;CHv
44 2889 3062 15.3 77.1 0.75 CH;CHv
43 2860 3021 37.4 192.1 0.03 CH;CHv
42 1617 1658 3.5 28.7 0.74 DO8b;N1HS; C2HS, C2-C3v
41 1577 1616 0.3 44.0 0.05 ®8a; N1HJ; C2HS, C2-C3v
40 1557 1594 2.1 81.6 0.26 C2-C3v; C5-C6v; C7-C8v
39 1493 1526 1.1 1.7 0.64 ®19a; N1HS
38 1488 1504 7.3 9.9 0.66 CH;CH»d
37 1455 1486 7.8 7.8 0.75 CH;CHd
36 1455 1485 24.6 20.5 0.71 ®19b; C2Hd
35 1420 1446 15.6 72.8 0.53 N1-C2-C3v; N1Hg; C6HS; C5-Cov
34 1387 1424 1.4 3.0 0.68 CH;CHd
33 1345 1372 5.6 97.6 0.17 ®3; C3-C9v
32 1334 1366 22.6 11.8 0.46 D14
31 1302 1322 8.3 22.3 0.34 @, IT ring v; C2HS
30 1249 1274 10.8 214 0.16 I ring v; C4H$; C6HS; C7THS; N1HS
29 1229 1245 12.2 19.1 0.15 C3-C10v; C8-Nlv; N1H$; C2Hs
28 1149 1180 1.0 34 0.70 D15
27 1126 1150 1.5 3.0 0.74 D9b
26 1080 1107 20.5 4.1 0.13 ® ring §; N1-C2v; N1H3, C2Hd
25 1070 1091 20.3 12.6 0.13 @, IT ring v/d
24 - 1067 0.3 0.1 0.74 CH;CHb
23 1009 1034 9.6 25.1 0.04 ®18b
22 983 1001 5.8 15.2 0.08 IT ring v; CH;CHy
21 - 980 0.0 0.6 0.75 D5
20 925 942 1.4 1.1 0.75 OCHy
19 876 891 0.1 13.5 0.09 D12, T8
18 - 855 0.4 2.0 0.75 ®CHy
17 780 796 18.5 6.2 0.75 C2Hy
16 758 774 3.3 24.1 0.04 @, IT breathing
15 758 772 1.0 0.6 0.68 C8-C9 torsion; C4Hy; C7Hy
14 731 748 82.8 1.6 0.75 D11
13 708 719 0.1 8.6 0.16 ®, I ring &
12 601 618 1.2 0.2 0.75 @, IT ring pucker
11 573 590 5.5 0.3 0.75 ®l6a
10 565 571 1.6 7.8 0.72 @, IT breathing
9 532 539 1.8 4.9 0.15 @, IT breathing
8 462 471 3.0 0.4 0.72 ®, IT ring rock
7 426 430 5.1 0.4 0.75 ®16b
6 347 351 45.5 0.2 0.75 ®, IT pucker; N1Hy
5 231 248 23.7 0.6 0.75 ®, IT ring pucker; N1Hy
4 231 224 0.6 1.6 0.69 C3-CH30
3 - 222 15.1 0.0 0.71 @, IT butterfly
2 177 153 59 1.3 0.75 @, IT butterfly
1 177 137 1.3 0.3 0.75 CHj; rotation
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Fig. 2. (a) Experimental IR spectrum of 3-methylindole and (b) calculated IR spectrum of 3-methylindole. Predicted spectrum uses a
Lorentzian bandshape with y =4 cm™! for all bands. Fundamentals are numbered.

display the calculated IR spectra of 1, 2, and 3,
respectively. Fig. Sa—c show the calculated Raman
spectra of 1, 2, and 3, respectively.

The calculated IR spectra of 1 and 2 are very
similar. Both have a dominating band near 700
cm~'. This band is assigned to be ®11 and occurs
at 748 cm™! in 1 and 760 cm~' in 2. The IR
spectrum for 3 is significantly different from that
calculated for 1 and 2. The spectrum of 3 has many
more bands of roughly equal intensity with no one
band dominating as observed in 1 and 2. There are
several bands of strong intensity that can be seen
from 1200-1600 cm~! and a series of weaker bands
in the 500-800 cm ™' region.

The calculated Raman spectra are strikingly
different. The spectrum of 2 has a series of intense
bands in the 1100-1300 cm~! region, whereas 1 is
devoid of strong bands in this region. The most
intense bands in the spectrum of 1 occur near 1400
cm~!. The simulated spectrum of 3 only has two
intense bands, one located near 1200 cm~' and the
other near 1500 cm~'. Because of these differences,
Raman spectroscopy could be the spectroscopic
method of choice to unambiguously identify the
presence of 2 or 3 in biological systems predis-
posed to the appropriate experiment.

Table 4 compares our calculated frequencies for
1 with observed vibrational frequencies of trypto-
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Fig. 3. (a) Experimental Raman spectrum of 3-methylindole and (b) calculated Raman spectrum of 3-methylindole. Predicted spec-
trum uses a Lorentzian bandshape with y = 2 cm™! for all bands. Fundamentals are numbered.

phan and the corresponding calculated frequencies
for 2 and 3. The mode assignments are from the
seminal calculations of Takeuchi and Harada [57]
using an empirical force field. In addition, the ex-
perimental frequencies are from Takeuchi and
Harada [57] and Su et al. [58]. The W1 and W2
modes of tryptophan are known to exhibit reso-
nance enhancement in resonance Raman experi-
ments, and hence are very important in the
analysis of tryptophan. Takeuchi and Harada as-
sign the higher frequency vibration to be similar to
®8a, however our calculations and analysis shows
this mode to be ®8b. However, in the radical
species, our analysis shows that in this case the
higher frequency mode is ®8a. These same trends
were observed by Walden and Wheeler in their
study of indole and indole radicals [53,54].

Mode W3, which is reported to be sensitive
to the C2-C3-Cy—C, torsion angle, is a C2-C3
stretching fundamental on the pyrrole ring. The-
oretical modeling of this mode may be particularly
sensitive to the choice of indole or a 3-substituted
indole in the calculations. Our calculated fre-
quency for 1 is 1595 ecm™!, which is in excellent
agreement with the experimental value of 1552
cm~'. It is interesting to note that this mode has
the largest frequency change in going from 1 to 2
to 3, which may make it an excellent diagnostic for
the radical species. In addition, this mode is cal-
culated to have a high Raman activity in all three
species. As was observed for modes W1 and W2,
we see a reverse ordering for the W4 and W5
modes in 1 and 2. Our ®19a mode is calculated to
occur at 1526 cm~! while the ®19b is calculated to
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Table 2
Calculated frequencies, IR intensities, Raman activities, depolarization ratios, and approximate mode descriptions for the neutral
radical of 3-methylindole

No. Frequency IR intensity Raman activity Depolarization Approximate description
v (cm™) (km/mol) (A* amu™!) ratio
48 3199 9.7 265.2 0.12 ®CHv
47 3191 11.4 93.6 0.42 ®CHv
46 3186 12.1 133.8 0.27 C2Hv
45 3177 6.3 71.5 0.73 ®CHv
44 3167 2.3 47.1 0.45 ®CHv
43 3106 14.7 82.1 0.59 CH;CHv
42 3051 5.8 72.3 0.75 CH;CHv
41 3012 8.4 199.7 0.03 CH;CHv
40 1631 3.5 22.6 0.74 ®8a; C7-C8v
39 1605 31.0 14.7 0.45 D8b
38 1502 5.8 2.0 0.46 Mixed @, I ring v; CH;CHS
37 1492 5.4 15.2 0.74 ®19a; C2-C3-C9v
36 1484 9.4 15.9 0.45 Mixed @, II ring v and HS
35 1476 9.1 7.6 0.75 CH;CH3
34 1454 29.1 13.6 0.74 ®19b; I ring v; C2HS
33 1411 11.6 6.8 0.27 CH;CH3
32 1372 1.6 12.8 0.64 ®14; IT ring v; C2HS
31 1364 28.2 36.1 0.11 N1-C2-C3v; CH;3CH3; CTHS
30 1318 7.9 9.6 0.75 ®3; C3-CYv; C8-N1-C2v; C2HS
29 1288 2.5 62.2 0.34 Mixed @, IT ring v; C7THS; C2Hd
28 1205 4.8 12.3 0.12 DI9b; N1-C2-C3v
27 1176 2.6 41.5 0.19 N1-C8v; @ ring v/6; C6HS
26 1152 4.4 449 0.52 ®15; C2-C3v
25 1115 34 16.3 0.11 Mixed @, IT ring v and H3
24 1072 1.4 5.2 0.72 ® ring v/3; C3-C10v
23 1027 1.2 9.1 0.09 D18b
22 1020 2.7 0.0 0.75 CH;CHy
21 989 0.4 0.1 0.75 D5
20 963 13.0 3.0 0.74 IT ring v/d; CH;CHYy
19 956 4.6 0.0 0.75 OCHy
18 894 7.3 0.0 0.75 ®CHy; C2Hy
17 874 1.6 0.8 0.75 ®CHy; C2Hy
16 851 2.2 5.7 0.14 D12, T18
15 770 1.9 2.1 0.75 C8-C9 torsion; ®CHy; C2Hy
14 770 1.3 5.2 0.74 @, IT breathing
13 760 68.4 0.8 0.75 D11
12 676 0.6 8.6 0.32 ®, IT in plane §; C3-C10v
11 615 0.0 0.3 0.75 IT ring pucker; ®CHy
10 572 0.1 0.1 0.75 dl6a
9 571 0.1 4.5 0.68 @, I1 ring breathing
8 528 0.7 1.8 0.03 @, IT ring breathing
7 469 3.5 0.3 0.35 ®, IT in plane rock
6 415 5.4 0.0 0.75 D16b
5 304 1.1 0.5 0.75 @, I1 ring pucker
4 225 0.7 1.6 0.54 C3-CH3
3 212 2.0 0.2 0.75 @, IT butterfly
2 136 2.3 1.5 0.75 @, II butterfly
1 63 0.3 0.1 0.75 CHj; rotation
be 1485 cm™!. However, Takeuchi and Harada [57] Interestingly, this order is also seen for 2 but is

report the lower frequency vibration to be ®19a. reversed in 3.
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Table 3
Calculated frequencies, IR intensities, Raman activities, depolarization ratios, and approximate mode descriptions for the cation
radical of 3-methylindole

No. Frequency IR intensity Raman activity  Depolarization ~ Approximate description
v (cm™) (km/mol) (A* amu™!) ratio
51 3605 175.2 59.8 0.55 NI1Hv
50 3247 14.8 79.2 0.33 C2Hv
49 3215 0.4 271.9 0.11 ®CHyv
48 3206 0.8 83.0 0.44 ®CHv
47 3199 0.1 102.8 0.51 ®CHv
46 3194 0.2 12.0 0.75 ®CHyv
45 3128 0.3 48.7 0.74 CH;CHv
44 3087 2.1 88.4 0.37 CH;CHv
43 3014 17.2 221.0 0.11 CH;CHv
42 1636 7.0 126.0 0.46 ®8a; C7-C8v; N1HS
41 1595 38.2 63.8 0.39 ®8b
40 1529 101.9 5333 0.29 N1-C2v; C3-C10v; N1Hg; C2H$
39 1518 22.4 8.6 0.06 ®19b; N1Hv
38 1501 12.1 21.4 0.56 ®19a
37 1484 343 21.0 0.30 CH;CHJd; N1HS; C2Hd
36 1467 304 12.9 0.72 CH;CH3g; C8-C9v
35 1446 14.2 107.6 0.34 N1-C2-C3v; C8-Nlv; N1Hg; C2H$
34 1410 33.9 30.0 0.28 CH;CH3
33 1377 1.9 13.4 0.75 ®14; C3-C9v
32 1374 78.8 62.0 0.70 C3-C9v; C5-C6v; C5HS; CO6HS
31 1324 6.5 29.0 0.36 C3-C10v; II ring v; C4-C9v; CTHS
30 1256 11.2 55.6 0.35 C2-C3v; @3
29 1191 74.3 273.1 0.25 NI1-C8v; N1H$
28 1186 254 44.1 0.20 ®15; C7THS; N1-C8v
27 1166 14.1 12.6 0.11 C2H3; N1H$
26 1124 2.3 17.2 0.35 »9b
25 1083 9.8 26.5 0.37 ® ring v; II ring v/d
24 1031 1.2 15.1 0.12 ®18b; CH;CHy
23 1026 19.6 13.4 0.40 CH;CHy; @ ring v; CSH9; C6Hd
22 1020 2.5 1.3 0.56 @5
21 982 11.0 15.9 0.52 NI1-C2-C3%; CH3CHYy
20 978 1.6 0.0 0.73 ®CHy
19 895 1.7 0.6 0.75 ®CHy
18 877 2.2 1.1 0.72 C2Hy
17 874 0.1 1.2 0.43 @12, 15
16 780 52.0 0.2 0.75 D11
15 768 1.6 18.9 0.68 ®, IT breathing
14 744 9.3 1.2 0.71 C8-C9 torsion; ®CHy
13 686 2.1 24.1 0.16 C3-C10v; @, IT ring o
12 640 44.0 0.7 0.43 NI1Hy
11 570 22.5 34 0.59 ®, IT breathing; N1Hy; C2Hy
10 568 9.5 4.5 0.71 ®, IT breathing
9 545 18.5 0.3 0.61 ®l6a
8 523 1.5 23 0.19 ®, IT breathing
7 466 1.3 7.8 0.33 @, IT rock
6 402 7.1 0.1 0.74 ®16b
5 321 25 0.5 0.71 C3-CH;y
4 236 0.3 1.7 0.56 C3-CHj30
3 209 8.4 0.1 0.74 @, IT butterfly
2 139 1.9 1.3 0.75 @, IT butterfly
1 42 0.8 0.6 0.70 CH; rotation
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Fig. 4. Calculated IR spectra of (a) 3-methylindole, (b) the neutral radical of 3-methylindole, and (c) the cation radical of 3-methy-
lindole. Spectra use Lorentzian bandshapes with ¥ = 4 cm™' for all bands.

The W7 bands observed experimentally in the
1340-1360 cm™' region were believed to be the
result of Fermi resonance. However, as proposed
by Walden and Wheeler [53,54], our calculations
also suggest that these are fundamental vibrations
occurring at 1366 and 1322 cm™! in 1. We attribute
these modes to ®14 and skeletal ring stretches.

W17 is reported to be sensitive to hydrogen
bonding involving the tryptophan residue in pro-
teins [56]. The empirical force field calculations of
Takeuchi and Harada [57] attribute this mode to
@12 mixed with N1-H bending. The calculations
of Walden and Wheeler [53,54] proposed that this
mode is actually IT ring bending mixed with NHS4.
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Fig. 5. Calculated Raman spectra of (a) 3-methylindole, (b) the neutral radical of 3-methylindole, and (c) the cation radical of 3-
methylindole. Spectra use Lorentzian bandshapes with y = 2 cm™! for all bands.

Our calculations reveal very little in the way of NH
bending motion, however, we see a mixture of ®12
and IT ring bending.

The calculations presented in this paper utilize a
model compound for tryptophan (3-methylindole)
and a gas-phase, albeit accurate, theoretical
treatment. Two lines of extension of this work can
occur, though they involve ever increasing com-
putational demands. In one direction, the model
compound can be expanded in the gas phase (e.g.
from indole [23,53,54,59,60] to 3-methylindole
[19,23, this work] to 3-ethylindole [61] or on to
larger peptide elements, analogous to our work on

alanine systems [1-11]). In another direction, we
note that experimental observables (such as vib-
rational absorption and Raman spectra, oxidation
potential, or spin density distribution), with tryp-
tophan or tryptophan radicals are obviously in-
fluenced to some degree by their environment.
More importantly, for the larger (small peptide
and up) models, the conformational variation will
be dominated by environment. This can be exam-
ined by study of solvent dependence of the model
systems, such as study of first shell and/or bulk
solvent [1-11,62—-64] or by trying to model specific
natural cases, such as study of the tryptophan
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Table 4

Calculated frequencies of 3-methylindole, the radicals, and observed frequencies of tryptophan

Trp. mode Trp. exp. ¥ (cm™')  3-methylindole Cation radical Neutral radical Mode assignment
Su et al. [58] ¥ (cm™') calc. ¥ (em™!) calc. v (cm™!) calc. Takeuchi and Harada

B3LYP/TZ2P B3LYP/TZ2P B3LYP/TZ2P [57]

Wi 1622 1616 1636 1631 ®8a; N1-C8v

w2 1579 1658 1595 1605 D8b

W3 1552 1594 1256 1152 C2-C3v

W4 1496 1485 1518 1454 ®19b

W5 1462 1526 1501 1492 ®19a

W6 1435 1446 1446 1364 N1-C2-C3v; N1H$

i 1362/1342 1366/1322 1377 1372 Fermi resonance

W8 1305 1372 1374 1318 C3-C9v; N1HS

W10 1238 1245 1324 1072 C3-Cl10v; CHv

W13 1127 1150 1124 1205 ®9b

Wi6 1012 1034 1031 1027 OC-Cv (918b)

W17 879 891 874 851 Sim ®12; N1H$

W18 759 774 768 770 I1 ring breathing

moiety in it’s native protein environment [19-
21,23,65-68]. The model dependence for use in the
case of solvent [11] or protein [21] must be studied
in these systems, as their application is not entirely
straightforward.
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