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Raman Spectra and Normal Coordinate Analysis of the N+H and N3—H Tautomers of
4-Methylimidazole: Vibrational Modes of Histidine Tautomer Markers
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The imidazole ring of histidine exists in two tautomeric forms in neutral-to-basic aqueous solution, and the
tautomerism of the histidine residue sometimes plays a key role in catalytic reactions of enzymes. We have
investigated the molecular vibrations of two tautomers of 4-methylimidazole (4-Melm), a model compound
for the histidine side chain, by Raman spectroscopy and ab initio calculations based on the density functional
theory (DFT) approach. Examination of the temperature dependence of Raman intensity revealed nine pairs
of bands characteristic of the N1-protonated and the N3-protonated tautomers of 4-Melm at 1576/1596, 1452/
1427, 1304/1344, 1265/1259, 1229/1234, 1165/1149, 1088/1104, 996/1014, and 942/93Eieento Six

pairs of tautomerism-sensitive Raman bands were also identified for each of the C2-, N-, and C2,N-deuterated
analogues of 4-Melm. The observed Raman wavenumbers were used to determine nine scaling factors for
the in-plane force constants derived from DFT calculations using the 6-G{2d, p) basis set. The force

field finally obtained reproduces the experimental vibrational wavenumbers of four additional isotopomers
(C5-, C5,N-, C2,C5-, and C2,C5,N-deuterated 4-Melm) as well. The vibrational modes calculated for 4-Melm
are useful in understanding the origins of the previously proposed tautomer marker bands of histidine at
1568/1585, 1282/1260, 1090/1105, and 983/1004'cApair of Raman bands at 1320/1354 ¢ris suggested

to be a new tautomer marker of histidine.

Introduction sponding Raman bands of therNH tautomer appear at 1585,

The imidazole ring of histidine contains two nitrogen atoms 1260, and 1004 crit. The three pairs of Raman bangls have

(N, Nr) separated by a carbon atom (C2) in its five-membered therefore been regarded as markers of the tautomeric form of
' histidine. Recently, Noguchi et al. have extended the spectra

ring system. The two nitrogen atoms can be protonated in lati include the infrared bands-an90
response to the molecular environment. In agueous solution attau_t(l)mer corredatlon to include t elzlnlrﬁre o a;]n S g
neutral-to-basic pH, one of the nitrogen atoms is protonated andC"  (Nz-H) and~1105 cn* (Nz-H).* Although these studies

the other is deprotonated, resulting in an electrically neutral ring. N@ve revealed empirical correlations between the vibrational
The neutral imidazole ring exists as two tautomers that differ Wavenumbers and tautomeric forms, full understanding of the
from each other in the position of protonatibmnd the N- correlations requires deta_uled knowledge about the vibrational
protonated (M-H) tautomer is more stable than thexN modes of the imidazole ring.
protonated (IX-H) onel2 Since the protonated and deprotonated ~ The normal vibrational modes of the neutral imidazole ring
nitrogens act as a proton donor and an acceptor, respectivelyhave been studied by ab initio calculations using 4-methylimi-
in hydrogen bonding, interactions of a histidine residue with dazole (4-Melm, Figure 1) or 4-ethylimidazole as a model
other components of the protein may depend on which tautomercompound. Majoube et al. computed the vibrations of the N1-H
the histidine residue assumes. Furthermore, conversion from ongNz-H in histidine) and N3-H (I¢-H) tautomers of 4-Melm at
tautomer to the other may facilitate net proton transfer over the the 6-31G level and compared the theoretical Raman and
imidazole ring. The importance of the histidine protonation and infrared spectra with experimental onésGallouj et al*
tautomerism in enzymatic reactions has been documented inemployed the density functional theory (DFT) method based
the literature®™® on the B3LYP formalisrP16to compute the vibrational modes
Raman spectroscopy provides good probes for the protonationof the N1-H form of 4-ethylimidazole with the 6-31G(df, p)-
states, including the tautomeric forms, of histidine residues in (5d, 7f) basis set. Hasegawa et al. performed a systematic
peptides and proteirfs!! Ashikawa and Itoh examined the vibrational analysis on four possible protonation forms of
Raman spectra of histidine and its related compounds under4-Melm, including the N1-H and N3-H tautomers, by using the
varied temperature and pH conditichdccording to their B3LYP-DFT method and the 6-31G(df, p) basis SeAlthough
pioneering work, the iH tautomer of histidine gives three  the previous ab initio calculations revealed general features of
Raman bands at 1568, 1282, and 983 &mvhile the corre-  pormal vibrations of the neutral imidazole ring, the computed
T Part of the special issue "Mitsao Tasami Festschri® vibrationa}l wavenumbers were, in some cases, deviated from
* Corresponding author. E-mail: takeuchi@mail.cc.tohbku.ac.jp; FAX: the experimental ones more than 20 ¢ typical wavenumber
481-22-217-6855. difference between the two tautomers.
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210-0801, Japan. '

§ Present address: Science University of Tokyo in Yamaguchi, Onoda field of 4-Melm by employing a higher approximation in the
756-0884, Japan. ab initio calculations and a new strategy in refining the scaling
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protonated nitrogens, effects of hydrogen bonding have been
taken into account in the refinement of the force field. The force
field finally obtained reproduces the experimental vibrational
wavenumbers of four additional isotopomers (C5-, C5,N-, C2,-
C5-, and C2,C5,N-deuterated) of 4-Melm as well. The vibra-
tional modes calculated for the tautomer marker bands are useful
in understanding the origin of the tautomerism sensitivity not
only in 4-Melm but also in histidine.

Methods

1700 1600 1500 1400 1300 1200 1100 1000 900
Experimental Procedures.4-Melm was purchased from WAVENUMBER / em-"'

Tokyo Kasei Chemicals. Three isotopomers deuterated at CZFigure 2. Raman spectra of 4-Melm in48 solution recorded at (b)

(4-Melm-C2D), C5 (4-Melm-C5D), or both carbons (4-Melm-  15°c and (c) 8C°C. Trace a shows the second derivative of spectrum

C2D,C5D) were prepared as described previotiBurification b. The sample concentration was about 1.2 M. Thin lines indicate the

of the compounds was performed by decolorization with result of band decomposition with Voigt profiles.

activated charcoal powder followed by three times recrystalli-
zation from water. Vibrational Calculations. The DFT calculations were per-

Visible Raman spectra of 4-Melm and 4-Melm-C2D were formed using the GAUSSIAN 98 program pack#geith the
excited with 515 nm radiation from an argon ion laser (Coherent 6-311+G(2d, p) basis set and the hybrid B3LYP functional
Innova 70) and recorded on a Jasco NR-1800 spectrometerdpproachi>® The force constant matrix obtained was trans-
equipped with a liquid-nitrogen cooled CCD detector. 4-Melm formed from the Cartesian coordinate system to a nonredundant
and 4-Melm-C2D were dissolved at a concentration of 1.2 M internal symmetry coordinate system. The internal symmetry
in H20 or D;O, and the pH or pD of the solution was adjusted force constants were then scaled with nine scaling factors. The
to 9.8 with NaOH or NaOD. The solution was decolorized with  Vibrational wavenumbers and potential energy distributions were
activated charcoal powder and then sealed in a glass capillarycalculated using a modified version of the computer program
tube. The temperature of the sample solution was controlled NCTB.?%%3 Refinements of the scaling factors were made by
by mounting the capillary tube on a thermostated copper block. least-squares fitting of the calculated wavenumbers to the
The spectral slit width was 4.5 crh and the wavenumber  Observed ones.
calibration was effected by using the Raman bands of indene. ] )

The Raman band of solvent,8 (1640 cml) or DO (1204 Results and Discussion

cm~1) was used as an internal intensity standard. The visible |dentification of Tautomer Raman Bands. Figure 2 shows
Raman spectra were decomposed into components of the Voigthe Raman spectrum of 4-Melm in,8 solution at 10°C (b)
band shap€ using a laboratory-made computer program. and 80°C (c) together with the second derivative curve of the
UV Raman spectra of 4-Melm, 4-Melm-C5D, and 4-Melm- spectrum at 10C (a). The second derivative curve clearly
C2D,C5D in HO and DO solutions were excited with 240 indicates the peak positions of 22 sharp Raman bands in the
nm radiation from an k-Raman-shifted Nd:YAG laser operat- 1700-900 cnt! region, where most Raman bands are expected
ing at a 30 Hz repetition rate (Quanta Ray DCR-3G). The UV to arise from in-plane vibrations. In addition to the 22 bands,
Raman apparatus was described in a previous papEne inspection of the Raman spectrum reveals a broad band at 1642
sample powder was dissolved at a concentration of 50 mM in cm~! due to solvent KO and a very weak band at 1045 thn
H20 or D,O containing 30 mM Ng50O, as an internal Raman  ascribable to the out-of-plane rocking mode of the ;CH
intensity standard. The pH (pD) value of the solution was groupi317:24Curve fitting of the Raman spectrum with Voigt
adjusted to ca. 9.0 with NaOH or NaOD. The sample solution band profiles suggests the presence of an additional weak band
was placed in a spinning quartz cell. The spectral slit width at 1322 cm?, which may be assigned to the first overtone of a
was 8 cnt! and wavenumber calibration was made using the strong Raman band at 660 chi’ Finally, the Raman spectrum
Raman bands of cyclohexane-acetonitrile (1:1, v/v). is decomposed into 25 bands as indicated in Figure 2b. In the
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TABLE 1. Wavenumbers and Intensities of Raman Bands

Observed for 4-Melm in H,O at 10 and 80°C a 515 nm ex.
10°C 80°C 4-Melm CZDI - T -
ro Z L -
va b V2 Ib Re tautomer - T 252 L w2z g 9T
Tz THO T ~ 2 >
1596 0.27 1592 0.31 1.16 N3-H Qs oz 838 28y © 182
1576 0.53 1572 0.44 0.83 N1-H Seo s oleT e Iem o w25
1493 062 1490  0.64 1.02 N1-H N3-H Wy le Fall g il o4 8 3
1468 0.10 1462 0.10 1.01 N1-H N3-H =4 A \B e
1452 0.83 1451 0.71 0.86 N1-H | ! |
1427 0.88 1421 1.04 1.18 N3-H
1390 0.19 1389 0.19 0.98 N1-H N3-H
1344 0.21 1343 0.25 1.19 N3-H
1322 0.08 1322 0.08 1.00 N1-H N3-H
1304 0.97 1302 0.87 0.90 N1-H
1265 0.42 1263 0.35 0.85 N1-H
1259 0.27 1257 0.30 1.12 N3-H
1234 0.18 1232 0.21 1.12 N3-H
1229 0.26 1228 0.21 0.81 N1-H
1165 0.26 1157 0.22 0.83 N1-H
1149 0.43 1146 0.47 1.09 N3-H >
1104 0.25 1104 0.27 1.08 N3-H E
1088 0.13 1087 0.11 0.83 N1-H %
1045 0.03 1039 0.01 (0.48) &
1014 0.24 1014 0.30 1.24 N3-H =
996 0.19 994 0.17 0.88 N1-H =
977 0.07 976 0.07 1.03 N1-H N3-H
834 005 935 006 118 Nad C 8
: : : ; - - s T
_ _ B _ 4-Melm-C2D,ND 5
aQObserved wavenumbers in cf® Integrated intensities relative Tz (- zr
to that of the 1640 crmt band of solvent watef. Intensity ratioslso/ > 3z
l10, Wherelgy and |y stand for the Raman intensities at 80 and°C) -3

respectively ¢ Uncertain because of very weak intensity.

same way, the Raman spectrum recorded at@@s decom-

posed into 25 bands as shown in Figure 2c. The wavenumbers

and integrated intensities of the component bands are sum- J RN =

marized in Table 1. Table 1 also shows the intensity rtie 1700 ' 1600 | 1500 | 1400 ' 1300 ' 1200 ' 1100 1000 900

Iso/l10 for each band, wheréso and Iyo stand for the Raman WAVENUMBER / cm™"

intensities at 80 and 1€C, respect_ively. Figure 3. Raman spectra of (a) 4-Melm-C2D, (b) 4-Melm-ND, and
The N1-H tautomer of 4-Melm is known _to be more stable (c)g4-MeIm-CZD,NDprecorded(a)t K. The sam;glé ():oncentrationlwas

than the N3-H tautomérand the mole fractions of the N1-H  apout 1.2 M. Thin lines indicate the result of band decomposition with

and N3-H tautomers are expected to decrease and increaseyoigt profiles.

respectively, with increase of the temperature. Accordingly, the

Raman bands witR < 1.0 are assigned to the N1-H tautomer, sensitive to the tautomerism, the 1576/1596, 1265/1259, 1088/

while those withR > 1.0 are ascribed to the N3-H tautomer. 1104, and 996/1014 cm bands may correspond to the

Actually, nine Raman bands at 1576, 1452, 1304, 1265, 1229, previously reported tautomer marker bands of histidine at 1568/

1165, 1088, 996, and 942 chhaveR values less than 0.95 1585, 1282/1260, 1090/1105, and 983/1004 tfi2 As

and unequivocally assigned to the N1-H tautomer (Table 1). demonstrated here, examination of the temperature dependence

On the other hand, the bands at 1596, 1427, 1344, 1259, 1234pf Raman intensity after spectral decomposition is useful in

1149, 1104, 1014, and 934 cfhaveR values greater than  revealing tautomer Raman bands even if they strongly over-

1.05 and are ascribed to the N3-H tautomer. The other bandslapped each other.

with anRvalue close to 1.0 may be assigned to both tautomers.  Figure 3 shows the Raman spectrum of 4-Melm-C2D jOH

Of the nine pairs of Raman bands whose wavenumbers aresolution (a) together with those of 4-Melm and 4-Melm-C2D

TABLE 2: Wavenumbers of Raman Bands Observed for the C2- and N-Deuterated 4-Melm in Aqueous Solution and the
Temperature Dependence of Raman Intensity

4-Melm-C2D3* 4-Melm-NDP 4-Melm-C2D,ND>¥

vd Re tautomer vd Re tautomer vd Re tautomer
1595 1.28 N3-H 1576 1.10 N3-H 1576 1.09 N3-H
1576 0.91 N1-H 1569 0.89 N1-H 1570 0.90 N1-H
1477 0.96 N1-H+ N3-H 1486 0.98 N1-H+- N3-H 1463 1.01 N1-H+ N3-H
1466 0.80 N1-H 1451 1.03 N1-H N3-H 1440 0.99 N1-H+ N3-H
1447 0.96 N1-H+ N3-H 1391 0.96 N1-H+ N3-H 1390 1.00 N1-H+ N3-H
1419 1.18 N3-H 1372 0.93 N1-H 1358 0.98 NI1+HN3-H
1390 0.97 N1-H+ N3-H 1363 1.17 N3-H 1296 1.04 N1-tt N3-H
1333 1.20 N3-H 1323 1.16 N3-H 1250 0.84 N1-H
1298 0.92 N1-H 1304 0.91 N1-H 1244 1.22 N3-H
1256 0.91 N1-H 1258 0.89 N1-H 1132 1.02 N1-4HN3-H
1247 1.25 N3-H 1251 1.15 N3-H 1039 1.18 N3-H
1181 1.04 N1-H+ N3-H 1223 0.98 N1-H+ N3-H 1028 0.91 N1-H
1107 1.00 N1-H+ N3-H 1102 1.12 N3-H 1015 1.32 N3-H
1035 1.22 N3-H 1095 0.92 N1-H 1004 0.93 N1-H
1018 0.88 N1-H 1019 0.93 N1-H 953 0.91 N1-H

995 0.99 N1-H+ N3-H 1006 1.21 N3-H 942 1.26 N3-H

938 1.01 N1-H+ N3-H 979 1.01 N1-H+ N3-H

941 1.03 N1-H+ N3-H

24-Melm-C2D in HO solution.? 4-Melm in D,O solution.¢ 4-Melm-C2D in DO solution.4 Wavenumbers (crit) observed at 5C. ¢ Intensity
ratios led/ls, Wwherelgo andls stand for the integrated intensities at 60 antiC5 respectively.
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TABLE 3: Geometrical Parameters Optimized for the N1-H
and N3-H Tautomers of 4-Melm

Toyama et al.

TABLE 5: Scaling Factors for the Diagonal Force Constants
of 4-Melm

bond lengths (A) bond angles (deg)
N1I-H  N3-H N1-H  N3-H

N1C2 1.3612 1.3085 N1C2N3 111.48 111.40
C2N3 1.3107 1.3669 C2N3C4 106.10 107.69
N3C4 1.3805 1.3819 N3C4C5 109.64 104.36
C4C5 1.3698 1.3697 C4C5N1 105.74 111.16
C5N1 1.3806 1.3777 C5N1C2 107.05 105.39
C4C6 1.4927 1.4901 N3C4C6 121.57 123.23
N1H7 1.0065 C2N1H7 126.55

N3H7 1.0072 N1C2H8 122.53 126.15
C2H8 1.0790 1.0790 C2N3H7 126.23
C5H9 1.0767 1.0789 N1C5H9 122.14 121.47
C6H10 1.0913 1.0901 C4C6H10 111.13 109.64
C6H11 1.0929 1.0945 C4C6H11 110.85 112.08

TABLE 4: Internal Symmetry Coordinates for the In-plane
Vibrations of 4-Melm

S1
S4
S7
S10

S11

S12
S15
S16

S17

S18
S19
S20

stretch

vN1H {vN3H}?2 S2 vC2H S3 vC5H
vC4C6 S5 vC5N1 S6 vC4C5
vN3C4 S8 vC2N3 S9 vN1C2

CHs symmetric stretchi{CHz)°

CHs degenerate stretchCHs)°

bend

ONIH{ON3H}2  S13  oC2H S14  OC5H
0C4C6

0.2¢(C5N1C2)— 0.5¢(N1C2N3)+ 0.6 ¢(C2N3C4)—

{0.6 ¢(0518 '1%"2()“‘—38%%?&?82%8%‘8.%%%& N3C4)+

0.2¢(N3C4C5)— 0.5¢(C4C5N1}ab
(oringly

—0.6$(C5N1C2)+ 0.4¢(N1C2N3)— 0.4 $(N3CAC5)+
0.6¢(CAC5N1
{0.4¢(N1C2N3)— 0.6 p(C2N3Caj+ 0.6 p(N3CACE)—

0.4¢(C4C5N1)ab
(oring2)
CHs symmetric deformationdCHs)¢
CHjs degenerate deformationdCHs)®
CHsrock (oCHjz)©

aThe coordinates in braces are for the-N3tautomer? ¢ represents

bending.c Abbreviations of the coordinates are given in parentheses.

N1-H tautomer | N3-H tautomer

oring1

SR

dring2

Figure 4. Definitions of two ring deformation coordinates of the neutral

imidazole ring.

in D20 solution (b, 4-Melm-ND; c, 4-Melm-C2D,ND) at %.
The deuteration at C2 causes extensive s_pet_:tra! changes belowydrogen bonding on the force field may also differ between
1500 cntt (compare Figures 2b and 3a), indicating that many the N, (proton donor) and N(proton acceptor) sites. To take

in-plane vibrations of the imidazole ring involve atomic motions

factor internal symmetry coordindte value  errof
fa vNpH (vN1H, vN3H)¢, vC2H,vC5H,vC4C5, 0.9728 0.0037
vCBN1,vN3C4,vCACE,veCHis, 74CHs
fa vNpC2 (vN1C2,vC2N3 1.0978 0.0127
f3 YNaC2 (vC2N3,vN1C2 0.9212 0.0080
fa  vC5H,0C4C6,0,CHs, 04CHs 0.9508 0.0028
fs ONpH (ON1H, ON3H)* 1.0367 0.0171
fo  OC2H 1.0077 0.0125
fz  odringl 0.9370 0.0133
fs oring2 1.0187 0.0099
fg  pCHs 1.0078 0.0093

aNp and N, stand for the protonated and nonprotonated nitrogen
atoms, respectively. The off-diagonal force constants were scaled with
the geometrical means of the scaling factors for the diagonal force
constants? Standard errors of the scaling factot§.he coordinates in
parentheses are those of the N (first) and N3-H (second)
tautomers.

2b and 3b). The present vibrational analysis using the data of
both C2- and N-deuterated isotopomers are thus expected to
provide a significant improvement of the force field compared
to the previous vibrational analyses using only the data of
N-deuterated isotopomets!’

The Raman spectra of 4-Melm-C2D, 4-Melm-ND, and
4-Melm-C2D,ND were also recorded at 6. Table 2
summarizes the wavenumbers, temperature dependences of
Raman intensityR = lgo/ls), and assignments to tautomers for
individual Raman bands. Not included in the table are very weak
Raman bands at 1637 and 1323dmof the C2D isotopomer,
those at 1605, 1409, 1330, 1134, and 1044 twf the ND
isotopomer, and those at 1606, 1283, 1221, and 1163 afn
the C2D,ND isotopomer because they may be assigned to
overtones, combinations, and out-of-plane vibrations. The
wavenumbers of in-plane fundamentals listed in Tables 1 and
2 were used in the following normal coordinate analysis.

Optimized Structures of the Tautomers.The geometrical
parameters optimized for the N1-H and N3-H tautomers of
4-Melm are listed in Table 3, and the structures are illustrated
in Figure 1. It is noted that all bond lengths are slightly shorter
than those of the previous DFT calculatidAd? possibly
reflecting the improvement of the basis set. The largest
difference in bond length between the N1-H and N3-H tautomers
is seen for the N3C2 and C2-N3 bonds. If we denote the
protonated nitrogen aspNand nonprotonated one as, Nhe
Np—C2 bond is longer than the,NC2 bond by about 0.05 A.

In conjunction with the bond length difference, thg-NC=C
angle is larger than the ;N\C=C angle by 4-7°. The other
bond lengths and angles are not much affected by the tautomer-
ization.

Vibrational Force Field. The DFT force constants calculated
for the Cartesian coordinates were transformed into those for a
set of nonredundant internal symmetry coordinates, which were
defined as described by Majoube ef&Exceptions were two
ring deformation coordinategyingl andoring2 (Table 4). In
the original definitions obring1 anddring2 by Majoube et a3
both protonated and nonprotonated nitrogens ¢hNd N,) are
treated equally. In the neutral imidazole ring, however, either
N1 or N3 is protonated and the geometry around ibl
significantly different from that at N Furthermore, effects of

into account the asymmetry, we definédngl as a coordinate

around C2, and the Raman spectral data of the C2D isotopomerprimarily involving the C2-N,—C bending anddring2 as
are very useful in refining the force field of 4-Melm. On the another coordinate orthogonalddngl. The two ring deforma-
other hand, significant effects of N-deuteration are seen only tion coordinates are illustrated in Figure 4. It is seen that the
in the wavenumber regions around 1450 and 1150'¢Figures

oring2 has a significant contribution from the €R,—C



Vibrational Modes of 4-Methylimidazole

J. Phys. Chem. A, Vol. 106, No. 14, 2002407

TABLE 6: In-plane Vibrations of 4-Melm
N1-H tautomer N3-H tautomer

Vobs? Veale assignment (PED) Vobs? Veale assignment (PED)

3609 vN1H (100t+) 3598 vN3H (100t)

3217 vC5H (99+ 3196 vC2H (87+), vC5H (13+

3195 vC2H (99— 3190 vC5H (8AH-), vC2H (13—

3058 VdCH3 100+) 3066 14CH3 92+

2988 9H) 2974 vsCHs (93+
1576 1577 CACS (54F), vCAC6 1&) OC5H (10+) 1596 1598 vCACS (437), 5N3Hg 0+), vC4C6 1&)
1493 1496 0C2H 35—% vCZN3§ ; vC5N1 (9-) 1493 1491 OC2H (27+), 04CHs (24+), vYN1C2
1468 1482 ON1H (37—), v"N1C2 (3#-), 04CHs (11+) 1468 1463 04CH3 (39—), vC2N3 (28-), 0C2H 13+
1452 1455 04CH3 73— vN1C2 (9+ 1427 1431 6N3H 24-), 64CHs (24+), vC4AC5 (23-
1390 1385 0sCHs 1390 1389 0sCH;s (95+
1304 1308 vC2N3 4e+ vN3C4 & oring2 (15-) 1344 1344 WN1C2 (35F), YN3C4 (28t), oring2 (11-)
1265 1269 vN3C4 26— vC4C6 6C2H (14-) 1259 1263 OC5H (47), 5C2H (26t+), YN1C2 (6-)
1229 1228 SC5H (42+), 6C2H 2 vC5N1 18- 1234 1232 vC5N1 (31-), vN1C2 (15+), vC4C6 (14+)
1165 1159 vN1C2 47— 6N1H 28— O0C2H (10+ 1149 1137 vC2N3 (36t), L ON3H 28-), 0C2H (13t+)
1088 1074 vC5N1 (44-), 0C5H 20— ON1H (8+) 1104 1114 vCSNl 45F OC5H (16t+), oring2 (7+)
996 1001 pCHs (53+), vCACS (18-), oring2 (12f 1014 1013 pCHs (33+), dring2 cr vC4C5 18-
977 964 vN3C4 (37), ring2 (21 ), pCHa (11+ 977 980 oCHz 35— érlng . vN3C4 (23-
942 942 oringl (54+), oring2 (27-) 934 937 6r|ngl (69+) vN3C4 g g

653 vC4C6 (42 6r|ngl(26+) oring2 (13+) 646 vC4C6 (41), oring2 (31—), vN3C4 (6+)

334 0CA4C6 (93-), pCHz (13-) 321 0CAC6 (93-), pCHs (12-)

aWavenumbers (cri) observed at 10C. Taken from Table 12 Calculated wavenumbers in ¢ ¢ Potential energy distribution (%) followed
by the relative vibrational phase.

TABLE 7: In-plane Vibrations of 4-Melm-C2D
N1-—H tautomer N3-H tautomer

Vobs? Veale assignment (PED) Vobs? Veale assignment (PED)

3609 vN1H (100+ 3598 vN3H (100+

3217 vC5H (100t 3191 vC5H (100t

3058 v4CHz (100+) 3066 v4CHz (92+

2988 vsCH3 (99+ 2974 vsCH3 (93+

2372 vC2D (9H 2372 vC2D (97+)
1576 1576 vC4C5 (56+-) vC4C6 (15-), 6C5H (11+ 1595 1594 vC4C5 (46-), ON3H (18+), vC4C6 (16t)
1477 1475 ON1H 235—) vN1C2 (32+), 04CHz (20+ 1477 1474 0dCHs (68+), pCH3 (13+ vN3C4 (8-)
1466 1464 0dCH3 (43+), ON1H (14+), vC5N1 (14 1447 1444 vC2N3 (48-), vN1C2 ,ON3H (17—
1447 1437 vC2N3(47—) 0dCHs (24—), vN1C2 (22+) 419 1410 leCZ 25+), vCAC5 (22, 04CHs (19—
1390 1384 0sCHs 1390 1389 4+
1298 1297 vN304 42— , vC2N3 (31), dring2 (16-) 1333 1332 vN3C4 (27-), vYN1C2 (26-), vC5N1 (12+)
1256 1253 vC5N1 (31-), vC4C6 (20t), 0C5H (20+) 1247 1245 O0C5H (52-), vC5N1 (19+), vC2N3 (16t
1181 1175 vN1C2 (40-), ON1H El%g,éCSH él?r; 1181 1181 vCSN1§35+g,éN3H 19+). vC2N3 (15-
1107 1091 vC5N1 (35+), 0C5H (29+), ON1H (14— 1107 1107 vC5N1 (33t), 0C5H (15+), vC2N3 (13t
1018 1017 oring2 (27+), vN3C4 (14-), oringl (10f) 1035 1027 ring2 (28-), vN3C4 (16-), vCAC5 8—)
995 995 pCH;z (56—), YN3C4 (19-), vC4C5 (9t) 995 1001 pCH;z (63—), YN3C4 (11-) vC4C5§]
938 932 6r|n gl (48t), orin 2 34-) 938 948 6r|ngl(59—) 6r|n92 (20+), 0C2D ()

857 502D(63—) vN3C4 (9-) 852 0C2D (59+), dringl (16+) 'WN3C4 (9

651 vC4C6 E4H—; oringl (27), oring2 (12+) 645 vC4C6 241%% oring2 (3}) vN3C4 (6+)

331 0C4C6 (93-), pCHz (13-) 318 0C4C6 (93-), pCHz (11

a\Wavenumbers (crt) observed at 3C. Taken from Table 2 Calculated wavenumbers in cfa ¢ Potential energy distribution (%) followed
by the relative vibrational phase.

TABLE 8: In-plane Vibrations of 4-Melm-ND
N1-D tautomer N3-D tautomer

Vobs? Veale assignment (PED) Vobs? Veale assignment (PED)

3217 vC5H (99+ 3196 vC2H (87), vC5H (13+

3195 vC2H (9H 3190 vC5H (8A-), vC2H (13—

3058 v4CHz (100+) 3066 v4CHz (92+

2988 vsCHs (99 2974 vsCH3 (93+

2652 vN1D (98+ 2643 vN3D (99
1569 1568 vC4C5 (60-), vC4C6 (18f), 0C5H (11— 1576 1573 vC4C5 (57-), vC4C6 (18+), 0C5H (11-)
1486 1489 O0C2H (36t), vC2N3 (33—) vN1C2 (20+ 1486 1487 OC2H (28t), YN1C2 (26+), 64CHs (24+
1451 1455 04CHs (77+), vC2N3 ) 1451 1454 04CHs (58—), YN1C2 (15+), 0C2H (14+
1391 1397 vN1C2 (45i-) ON1D (18—) vC5N1 (18-) 1391 1391 0sCHs (98+
1372 1383 0sCHjs (88 1363 1369 vN3C4 (3A), vC2N3 (35-), oringl (19—
1304 1306 vC2N3 41 , ¥N3C4 (35¢+), oring2 (17) 1323 1337 vN1C2 (40-), vC5NL1 (12+), orin 2 12+
1258 1265 vN3C4 (20t), . 0C2H (20+), vC4AC6 (14-) 1251 1255 OC5H (55t), 6C2H (2'H+), ¥C5N
1223 1224 OC5H (46-), 5C2H (26-), vC5N1 (15t) 1223 1228 vC5N1 525—; oC2H Elg—g vN1C2 %;H—)
1095 1098 vC5N1 (23+), vN1C2 (22+), 6C5H (11+) 1102 1118 vC5N1 (55-), 0C5H (13-), oring2 (
1019 1009 pCHs (35+), vCACS5 (20-), C5H (15+) 1006 1011 pCHs (48+), vCAC5 (17-), oring2 9—)
979 972 vN3C4 33# CHs (26+), oringl (24— 979 977 6r|ngz 34+), YN3C4 (14+), pCH3 12+)
941 939 oring2 ( 50|n 1( 13—) vN1C2 (6+ 941 938 oringl (61—), vYN3C4 (14~

855 6N1D (66+) 6r|ng1(22+) vC5N1 (7-) 882 ON3D (85-), dringl (8+), oring2 (7—

651 vC4C6 E42F; ér|r|1_?1(25+) oring2 (14+) 640 vC4C6 §39F; énr|1_?2 (31 ) vN3C4 (61)

331 0C4C6 (93- 316 0C4C6 (93-

a2\Wavenumbers (crt) observed at 3C. Taken from Table 2 Calculated wavenumbers in cfa ¢ Potential energy distribution (%) followed
by the relative vibrational phase.

bending. To a good approximatiodringl and dring2 are

regarded as ring distortions at, ldnd N,, respectively.
In ab initio molecular orbital calculations, the calculated numbers observed in aqueous solution, it may be reasonable to

wavenumbers or force constants are usually scaled to make ause different scaling factors for the force constants that would

comparison with the experimental wavenumbers. In this study, be affected differently by hydrogen bonding in the aqueous

we have computed DFT force constants for an isolated molecule
of 4-Melm. To reproduce the experimental vibrational wave-
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TABLE 9: In-plane Vibrations of 4-Melm-C2D,ND

N1-D tautomer N3-D tautomer

Vobs® Vealc? assignment (PED) Vobs? Vealc? assignment (PED)

3217 vC5H (100+) 3191 vC5H (100t)

3058 v4CHs (100+) 3066 v¢CHs (92+

2988 vsCH3 (99+ 2974 vsCHs (93+

2652 vN1D (98+ 2643 vN3D (98+

2371 vC2D (9H 2371 vC2D (9H
1570 1568 vCAC5 (60-), vC4C6 (18+), 6C5H (11-) 1576 1571 vCAC5 (59-), vC4C6 (19+), 6C5H (11-)
1463 1466 04CHjs (66+), pCHs (9+), vN1C2 A?Jr% 1463 1470 04dCHs (71+), pCHs (12+%+
1440 1435 vC2N3 (46-), YN1C2 (35t), 04CH3 (20—) 1440 1428 vN1C2 (52-), vC2N3 (34), 6C2D (13-)
1390 1386 0sCHjs (83+), vCACB6 (12+) 1390 1390 8<CHs (100+ .
1358 1372 vC5N1 (29-), vYN1C2 (24+), ON1D (17-) 1358 1359 vN3C4 (50-), vC4C5 (17), oringl (16+)
1296 1296 vN3C4 (43-), vC2N3 (32+), oring2 (17-) 1296 1313 vN1C2 (33+), vC2N3 (19+), vC5N1 (15-)
1250 1245 vC5N1 (34-), 6C5H (25+), vC4C6 (20+ 1244 1242 OC5H (50t), vCSNléZZ— , vC4C6 (14f)
1132 1132 OC5H (31+), YN1C2 (16+), vC5N1 (13+ 1132 1143 vC5N1 (57+), SC5H (18+), 5C2D (8+)
1028 1023 oring2 (16+), oringl (13+), vC4C5 (13- 1039 1039 oring2 (24+), 0C2D (15-), vC4C6 (11)
1004 997 pCHz (45+), YIN3C4 (21), vCAC5 (7-) 1015 1009 oCH; (56+), ¥C4C5 (15-), 6C5H g6+)
953 950 oring2 (29-), oringl (24+), ON1D (13-) 942 944 oringl (56t+), oring2 (14-), vC2N3 (6-)

883 0C2D (23t+), ON1D (19+), oring2 (18- 894 ON3D (35+), ¥N3C4 (20+), oring2 (13+)

820 ON1D (40-), 6C2D (35t), oringl (13— 831 0C2D (46-), ON3D (27+), oringl (15-)

650 vCAC6 (41, oringl (26+), dring2 (13+) 639 vCAC6 (39-), oring2 (32-), vN3C4 (6+)

329 0CAC6 (92-), pCHs (13-) 314 5C4C6 (92-), pCHz (11-)

aWavenumbers (crt) observed at 3C. Taken from Table 2 Calculated wavenumbers in cf € Potential energy distribution (%) followed
by the relative vibrational phase.

1677 ? 1496 % 1482 1598 5 1491 % 1463
1455§,\ 1385 g 1308 1431 ? 1388 E 1344

1269 ? 1228 ; E 1159 1263 ; ? 1232 E 1137
1074 ; 1001 64 1114 E ? 1013 ? 980

942 ;/\ 653 334 93 646 ? 32

Figure 5. Normal modes calculated for the in-plane vibrations (below  rigyre 6. Normal modes calculated for the in-plane vibrations (below

1600 cnt) of the N1-H tautomer of 4-Melm. The atomic displacement 1600 cn1?) of the N3-H tautomer of 4-Melm. The atomic displacement
vectors are enlarged three times. vectors are enlarged three times.

environment. Table 5 lists the scaling factors used for the

diagonal elements of the force constant matrix expressed inobtained is 0.9945. The scaling factors for thg—€2 (f,,
terms of the internal symmetry coordinates. The off-diagonal 1.0978) and N-C2 (f3, 0.9212) stretches are significantly larger
elements of the force constant matrix were scaled with the and smaller than the average value, respectively, indicating that
geometrical means of the scaling factors for the corresponding partial double-bond characters of thg-NC2 and N—C2 bonds
diagonal element®. These scaling factors were determined by increase and decrease, respectively, upon hydrogen bonding in
the least-squares fitting of the calculated wavenumbers to theagueous solution. It is also noted that the hydrogen bonding
experimental ones. The average value of the scaling factorsincreases the practical force constant for theHNbend {5 for
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Figure 7. UV (240 nm) Raman spectra of (a) 4-Melm, (b) 4-Melm-  Figure 8. UV (240 nm) Raman spectra of (a) 4-Melm, (b) 4-Melm-
C5D, and (c) 4-Melm-C2D,C5D in ¥ solution. The sample concen-  C5D, and (c) 4-Melm-C2D,C5D in fD solution. The sample concen-
tration was about 50 mM. The 983 cfnband is due to S€~ added tration was about 50 mM. The 983 ctnband is due to Sg&~ added

as an internal intensity standard. The calculated wavenumbers areas an internal intensity standard. The calculated wavenumbers are
indicated with vertical bars extending upward (N1-H tautomer) or indicated with vertical bars extending upward (N1-H tautomer) or
downward (N3-H tautomer). downward (N3-H tautomer).

ONpH, 1.0367) at the protonated nitrogen and decreases the forcg, s of tautomerism-sensitive Raman bands at 1576/1596, 1452/
constant for the ring deformatiofy for oring1, 0.9370) atthe 457 1304/1344, 1265/1259, 1229/1234, 1165/1149, 1088/1104,
nonprotonated nitrogen. The calculated wavenumbers andggg/1014, and 942/934 cth We will discuss the vibrational
potential energy distributions are given in Tables%for the modes of the possible tautomer marker bands of 4-Melm in

N1-H and N3-H tautomers of 4-Melm, 4-Melm-C2D, 4-Melm- . .
ND, and 4-Melm-C2D,ND. The root-mean-square deviation of L?L%té?:eto the previously proposed tautomer marker bands of

the calculated wavenumbers from the experimental ones is 6.3 )
cm L. The normal modes of in-plane vibrations below 1600 _ 1he 1576/ 1596 cmt bands are assigned to the=885 stretch
cmL are depicted for 4-Melm in Figure 5 (N1-H tautomer) (Table 6). A.5|g|j|f|cantd|fference between the tautomers is seen
and Figure 6 (N3-H tautomer). in the contribution of the _N—H _be_nd. In the NS-H tautomer,
To test the reliability of our force field, we have calculated the C4=CS5 stretch mode is definitely coupled with the N3
the vibrational wavenumbers of four additional isotopomers, Pend, whereas the same mode is not significantly coupled with
4-Melm-C5D and 4-Melm-C2D,C5D in 40 and DO solutions. the N1-H bend in the N1-H tautomer. The strong coupling
The experimental wavenumbers to be compared with the With the N,—H bend in the N3-H tautomer may be related to
calculated ones were taken from the UV (240 nm) resonancethe large atomic displacement of C4 compared to that of C5
Raman spectra (Figures 7 and 8). Wavenumbers of a few (Figures 5 and 6), reflecting its vibrational mode like a=€5
vibrations that were not detected in our UV Raman spectra were C4—C6 antisymmetric stretch (Table 6). The upshift of the<C4
taken from the paper of Bellocq et &.who reported the visible ~ C5 stretch by 20 cmt in the N3-H tautomer is thus ascribed to
Raman and infrared spectra of 4-Melm-C2D,C5D isOHand the vibrational coupling with the N3H bend. Actually, upon
D,O solutions. Tables 10 and 11 compare the calculated N-deuteration, the coupling diminishes and the<@5 stretch-
wavenumbers with the experimental ones for 4-Melm-C5D and ing wavenumbers of both tautomers become closer to each other
4-Melm-C2D,C5D in HO and QO solutions. The calculated (1569 and 1576 cr, Table 8). The 1576/1596 crhbands of
band positions are indicated with vertical bars in the UV Raman 4-Melm correspond to the 1568/1585 chibands of histidiné.
spectra in Figures 7 and 8. A good agreement is seen betweerThe substitution from Ckl(4-Melm) to CH (histidine) at the
the calculated and observed wavenumbers (standard error, 7.@C6 position seems to slightly decrease the=C#4 stretch force
cm™1), giving support for the reliability of our force field. constant. For both 4-Melm and histidine, the=6d5 stretch
Vibrational Modes of Tautomer Markers. As shown in vibration is useful in identifying tautomers in,® solution but
Table 1, the N1-H and N3-H tautomers of 4-Melm give nine not in D,O solution.
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TABLE 10: Observed and Calculated Wavenumbers of the C5D and C2D,C5D Isotopomers of 4-Melm in D
N1-H tautomer N3-H tautomer
Vobs? Vealc? assignment (PED) Veale assignment (PED)
4-Melm-C5D
%ggg 1554 CA4C5 (52+), vCAC6 (15-), ON1H (9+) 1983 VCACS (39-), ON3H (24+), vCACE (16)
4 V!
1490 1489 OC2H (25+), vC2N3 (24-), ON1H (22+ 1486 0dCHs (28+), 6C2H (27), vN1C2 (23+)
1477 yN1C2 (49F), SN1H (26-), SC2H (14+
142(7) 1454 0dCHs (75+) 14% édCCI-(|:3 (1(121;)) 1:5023N3é 37;%)) 55((::2H ((17 g
14 14 vC4Ch N3H dCHs (17+
1392 1384 0sCH3 (99-) 1387 0CH3 (91—
1342 1341 vN1C2 (35+), YN3C4 (29+), dring2 (9-)
1297 1299 vCZN3E4F? vN3C4 (33+), oring2 (14+)
ggg 1269 vN3C4 (27), 6C2H (15+), vCALE (14) 1238 O0C2H (31+), vN1C2 (21-), vN3C4 (12+
Vi 4
1189 1173 vC5N1 Es'&g,éCZH 21&;, o0C5D El&% 1182 yC5N1 (64+), 0C5D Elerg yC2N3 213%;
ﬂig 1158 VN1C2 (47), ONIH (287), 0C2H (13- 1134 C2N3 ), ON3H (30-), 6C2H (14+
4
1020 1011 pCHj3 (43+), oring2 (23+) vC5N1 (10~ 1024 pCHs (2%+) oring2 % , vC4C6 (10~
966 vN3C4 %30+ ), oring2 (29-), pCHz (19+ 979 oring2 (324), pCHs (29+), yN3C4 (22+
952 gfg érln%l( ét)) 61}(:42(1%-%) vN3C4 (8- ggg érln 1 51+ (:Hg,1 ?1+ )vN(S:%ﬁ £7(%8)+)
rin ring %
644 vC4C6 539% oringl (26+) oring2 (14) 640 vC4C6 23%; oring2 (31-), YN3C4 (6+)
328 0C4C6 (93-), pCH3 (13-) 316 0C4C6 (93+), pCHz (11+)
4-Melm-C2D,C5D
%ggz 1551 CACS (55+), ¥CACE (17-), SringL (6+) 1579 yC4C5 (42-), SN3H (224), vC4C6 (1#)
Vi % ring
1471 ON1H i51—) vN1C2 (3H), vCSnglz—) 1472 0dCHs (72+), pCHz (13+), YN3C4 (8-)
1460 1459 04CHs (67+), pCHs (7+
1442 1432 vC2N3 (56-), lecz( ), 6C2D (15+) 14(3)5 VCZ(N:§ gggg,vglgz Egs—g,gNgH éléi;
141 1404 N1 , vC4C5 (2H), ON3H (1
b e oomee B SRHED mice eo). orcs o)
v -), v
1287 1287 vN3C4 ES&;,VCZNSEZ%;,énn’g\I (1&)
ﬁgg 1232 vC5N1 (42-), vCAC6 (13+), vC2N3 (10-) 1100 VCENL (T7), vCACE (12)
1174 1160 vN1C2 (30+), ON1H (27+) yC5N1 (21) 1160 yC2N3 24(%3 ON3H (27+), vYN1C2 (9
e W e e, e e ) R
rng Vv rn 3 —), V!
943 942 6r|ngl§36—; oring2 (27+), vC4 E 949 6r|ngl(60+) oring2 (19-)
884 0C2D (45+), 6C5D (20+), oringl 14— 898 0C2D (37), 6CSD 33+), pCHz (12+)
795 0C5D (50t+), 6C2D (16-), 6ring2 (12+ 810 0C5D (38-), 6C2D (26t), 6r|ngl(16F)
642 vC4C6 (39, oringl (261), oring2 (10+) 639 vC4C6 (391, oring? (31-), vN3C4 (74)
326 0C4C6 (92-), pCHs (13-) 313 0CA4AC6 (92-), pCHz (11-)

aObserved wavenumbers in ci® Calculated wavenumbers in cf ¢ Potential energy distribution (%) followed by the relative vibrational
phase ¢ Raman wavenumbers reported by Bellocq etal.

The vibrational modes of the 1452/1427 chibands largely
differ from each other (Table 6). The 1452 chband of the
N1-H tautomer is predominantly contributed from the degenerate pair of 4-Melm. The wavenumber difference between 4-Melm
deformation of the Cklgroup, whereas the 1427 cfband of
the N3-H tautomer arises from a coupled modes of the-N3
bend, CH degenerate deformation, and -€@5 stretch. The
protonated nitrogen is closer to the €group in the N3-H

tautomer than in the N1-H tautomer, and this proximity may

cause a stronger coupling between the-N bend and the CH

deformation in the N3-H tautomer. In histidine, however, the

CHgs group of 4-Melm is replaced with a GHyroup and the
coupling between the N3H (Nsz-H) bend and the CH
deformation may not occur. Actually, no tautomer marker bands 1320 cnt? region? the 1320/1354 c¢cm bands may be useful
have been found in the 148A400 cnt? region for histidine®

A common characteristics of the band pair at 1304/1344'%cm

is large contributions of the N-C2 stretch and the N3C4
stretch (Table 6 and Figures 5 and 6). In the 1304 tmode

of the N1-H tautomer, the N3C2 stretch is coupled with the
N3—C4 stretch out of phase, while the NC2 stretch is coupled

with the N3-C4 stretch in phase in the 1344 chmode of the

N3-H tautomer. The wavenumber downshift on N-deuteration
is negligible for the 1304 cmt band of the N1-H tautomer, but

it amounts to 21 cmt for the 1344 cm? band of the N3-H

tautomer (1304/1323 cm, Figure 3b and Table 8). Despite

A pair of Raman bands is seen at 1320/1354 tfaor histidine®
and it is likely to be the counterpart of the 1304/1344-¢ém

and histidine may be ascribed to a small increase of the N3
C4 stretch force constant induced by thesg#Melm)— CH,
(histidine) substitution at C6 through the €€6 linkage. In

the Raman spectra reported previolsthe relative intensity

of the 1320/1354 cmt Raman bands seems to change with
temperature, though the temperature dependence was not
explicitly stated in the papérWe propose that the 1320/1354
cm! bands are new tautomer markers of histidine. Since UV
excitation enhances the Raman bands of histidine in the-1350

in analyzing the tautomeric state of histidine by UV Raman
spectroscopy.

Exchange of vibrational mode occurs between the band pairs
at 1265/1259 and 1229/1234 chon going from the N1-H to
N3-H tautomer (Table 6). In the N1-H tautomer, the 1265tm
band arises mainly from the N3gN-C4 stretch and the 1229
cm~ ! band from the C5H bend. In the N3-H tautomer, on the
contrary, the 1259 cnt band is contributed mainly from the
C5—H bend and the 1234 cm band from the N1(l)—C5
stretch. Accordingly, the correct pairing of the tautomer marker
bands in this wavenumber region may be described as 1265/

the large downshift of the N3-H tautomer marker, the wave- 1234 (N,—C4/C5 stretch) and 1229/1259 ci(C5—H bend).
number difference between the marker bands still remains aboutin the 1306-1200 cnt! region of the Raman spectrum of

20 cntl. In the visible and UV Raman spectra of 4-Melm in
D,O solution, the 1304/1323 crh bands are well resolved

histidine, three bands are seen at 1282, 1260, and 1238, cm
of which the former two bands are assigned to theHN(N1-

(Figures 3b and 8a), indicating the utility of the bands as H) and Nz-H (N3-H) tautomers, respectivefyThe 1282 cm?
tautomer markers in D solution as well as in D solution.

band of histidine is correlated with the 1265 chband of
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TABLE 11: Observed and Calculated Wavenumbers of the C5D and C2D,C5D Isotopomers of 4-Melm in O

N1-D tautomer

N3-D tautomer

Vobs? Veale” assignment (PED) Veale assignment (PED)
4-Melm-C5D,ND
1554 1547  yCACS5 (57-), vCAC6 (19+), oringl (8-) 1553 vC4C5 (55-), vCAC6 (20+), Sring2 (6+)
1485 1480 O0C2H (39+), vC2N3 (34-), YN1C2 (20+) 1481 0C2H 2304—), vN1C2 (28t), 64CHs %26+g
1454 1455  O4CHs (78+), vC2N3 (8+) 1454 04CHs (56—), YN1C2 (16+), 0C2H (15+
1411 1392  vN1C2 (52-), ON1D (19+), vC5N1 (16+)
370 1983 0:CHs (1) iggi 6%%%%52; N3C4 E35—§ C4C5 (18t)
137 4 Vi V!
1326 1334 vN1C2 (38+), vN3C4 (15+), oring2 (11—
1296 1297  vC2N3 (41), vN3C4 §40+), oring2 (16+)
%528 1264 OC2H (ZH), »N3C4 (cOn), vCACE (13) 1230 5C2H (33-), ¥N1C2 (15+), vC5N1 (11-)
1%73 1(%63 v85|\|(12 43)+)(,S éCZZH( (%S_S), 6(:5(:3 214,3 1176 vC5N1 (70%), 5C5D 5164-3: OC2H (12+)
104 104 H ,0ring2 (16+), vN1 1
1020 e 1028 pCHs (36—), oringl (11+), oring2 (8+)
S e e I el
ring , oring , v ring , Vv
869 ON1D (48+), oringl (16+), 6C5D (10+ 885 ON3D 562+}, r_in931 Elg—g,pCHg(E‘H—)
793 0C5D (56+), ON1D (16-), vC5N1 (11) 834 dC5D (60+), oringl (10-), vC5N1 (#)
643 vC4C6 238+g, oringl (26+), dring2 (11+) 633 vC4C6 &3#;, oring2 (30-), YN3C4 (7+)
326 OCAC6 (92+), pCHz (13+) 311 dC4C6 (92-), pCHz (11-)
4-Melm-C2D,C5D,ND
1558 1548 gc(étcg ((5& , v((:Z4C(68(2)O—), oringl (9+) 152% gCéHCS(§56+7—)), vgﬁcg ﬁ?) oring2 (7+)
145 145 H3 (75+), pCH3 (8+ 14 d ,
1439 1430 VCON3 (53¢ ,ﬁNf’cz (39-), 0C2D (14-) 1423 YN1C2 (59—),'2/C23N3 (4%H), 5C2D (14-)
1389 1383 0sCHs (91+) 1389 0sCHs (99+ )
%ggg 1368 vN1C2 (29+), vC5N1 (27-), ON1D (20-) %%?(1) v”igg ég%l—; vgzzlﬁg E%gg 62%%1\]11((115—22)
14 , V ) V!
BB Eeenen ey
v Vv ,
1195 1189 vC5NL1 (78-), vCAC6 (1&3,605D (10+)
20 oneaenaL) e, IR e GREL Rt
v , oring ), ring v ,orin
949 946 oring2 (34+), oringl (20-), ON1D (11+) 950 oringl (44+), oring2 (8-), pCHs (6+)
918 927 pCH3z (19-), 6C2D (18-), 0C5D (13-) 915 pCHs (22+), 0C2D (19+), 0C5D (16t)
819 ON1D (44—), 6C2D (30t), oringl (14-) 852 ON3D 542—}, o0C5D élS-l—; 0C2D (11+)
788 0C5D (55+), oring2 (13+), ¥C5N1 %1(%) 807 dC5D (32+), 6C2D (30-), dringl (16-)
641 vC4C6 (38r), oringl (26+), oring2 (11+) 632 vC4C6 (37), oring2 (31-), vYN3C4 ()
324 OCAC6 (92+), pCHz (13+) 309 dC4C6 (92-), pCHz (11-)

2 Observed wavenumbers in ¢t Calculated wavenumbers in cfa ¢ Potential energy distribution (%) followed by the relative vibrational
phase 4 Raman wavenumbers reported by Bellocq etal.

4-Melm. Since the 1265 cm band has a significant contribution  the origin of the wavenumber downshift in the N1-H tautomer
from the N3-C4 stretch (Table 6), the large wavenumber upshift compared to the N3-H tautomer. Upon N-deuteration, the 1088
on going from 4-Melm to histidine may also be ascribed to the cm~! band of the N1-H tautomer shifts up to 1095 ¢nand
increase of the N3C4 stretch force constant, which was overlaps the practically unshifted 1102 chiband of the N3-H
assumed above to explain similar upshifts of the 1304/1344 tautomer (Figure 3b and Table 8). Since the overlap of the bands
cm™! bands. The remaining 1260 cfband of histidine is is extensive in RO solution, the C5N1 stretch vibration may
assigned to the C5H bend of the M-H (N3-H) tautomer (1259 be useful only in HO solution. Noguchi et al. demonstrated
cm 1) and the 1230 cmt band to an overlap of the NAC5 the utility of the C5-N1 stretch bands of histidine at1090/
stretch of the &-H (N3-H) tautomer (1234 cri) and the 1105 cnt?! as tautomer markers in infrared spedfta.
C5—H bend of the N-H (N1-H) tautomer (1229 cn). In DO The 996/1014 cmt bands are significantly contributed from
solution, the tautomer marker Raman bands of histidine have the CH; rocking (Table 6). Other contributors are the-835
been observed at 1278 and 1261 €5 which correspond to  stretch and the ring deformation at the protonated nitrogen
the 1258/1223 and 1223/1251 chbands of 4-Melm-ND (oring2). The contribution of the CiHocking is especially large
(Table 8). for the 996 cm! band of the N+-H tautomer. In the UV
Overlapping of two broad bands at 1165 (N1-H tautomer) resonance Raman spectrum of 4-Melm excited at 218 nm, no
and 1149 cm?! (N3-H tautomer) produces a very broad band band is seen around 996 chf This observation is consistent
around 1155 cmt in the Raman spectrum of 4-Melm in,& with the large contribution of the GHocking to the 996 cmt
solution (see Figure 2b and Table 1). These bands havevibration because vibrations of a @Hjroup would not be
significant contributions from the )\-C2 stretch and the \\-H enhanced by UV excitation. Ashikawa and Itoh found tautomer
bend (Table 6). Owing to their vibrational modes localized at marker Raman bands at 983 M) and 1004 cm! (Nz-H)
the protonated nitrogen, the wavenumbers of these bands ardor histidine and correlated them with the 996 (N1-H) and 1014
expected to be sensitive to the hydrogen bond at the protonateccm=! (N3-H) bands of 4-MelInf.However, the 983 cmi band
nitrogen. Actually, the band of the N1-H tautomer has been of histidine is unlikely to have the same origin as that of the
reported to shift to 1191 cni in the solid staté’ These bands 996 cni! band of 4-Melm because the 983 chband is
may be useful as markers not only of tautomerism but also of enhanced with 218 nm excitation in contrast to no enhancement
hydrogen bonding at the protonated nitrogen. In the Raman of the 996 cm! band? A possible origin of the 983 cnd band
spectrum of histidine in kD solution, a broad band is seen at is the N3-C4 stretching mode coupled withring2, which is
1159 cnrl8 observed at 977 cmi in the visible Raman spectrum of 4-Melm
Both bands of the 1088/1104 cpair are assigned to the  (Figure 2b and Table 6) and enhanced with 218 nm excitdtion.
C5—N1 stretch coupled with the G3H bend (Table 6). A small Since the 977 cm band has a significant contribution of the
contribution of the N+H bend is also seen for the N1-H N3-C4 stretch as the 1265 crhband discussed above, the
tautomer (Table 6). The coupling with the NH bend may be CHs; — CH, substitution may raise the wavenumber of this mode
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