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The carbonyl stretching vibrations of the title com-
pounds were studied using DFT calculations at the
B3LYP/6-311G�� level and the IR spectra in terms of the
intramolecular hydrogen bond (H-bond). Two types of H-
bond systems were examined: type I in which the H-atom
of the OH group points towards to neighboring carbonyl oxy-
gen atom, and type II in which the H-atom points away. The
results of the DFT calculations show that the IR spectra of
2-hydroxy-1,4-naphthoquinone (1), 3-chloro-2-hydroxy-1,4-
naphthoquinone (2), 3-bromo-2-hydroxy-1,4-naphthoqui-
none (3), and 2-hydroxy-3-iodo-1,4-naphthoquinone (4) in
CCl4, are well explained by the assumption of the two types
of H-bond systems.

The hydrogen bond is one of the most important chemical
concepts for the explaining chemical properties in many re-
gions.1 A hydrogen bond forms between two or more mole-
cules (intermolecular H-bond), and sometimes within the
molecule itself (intramolecular H-bond). Sometimes, thanks
to the hydrogen bond the chemical properties and the structure
of the compounds are changed dramatically. Here, we have
studied the stretching vibrations of the carbonyl groups via
the intramolecular H-bond in 1 and its 3-substituted deriv-
atives. Compound 1 was initially obtained from lawsonia
inermis as one of the hydroxy-1,4-naphthoquinone derivatives
of the natural products, and it has been thought that it has an
intramolecular H-bond by some authors (Scheme 1).2,3 Padhye
and Kulkarni reported, on the other hand, that no intramolec-
ular hydrogen bond was found in 1.4,5 Compound 1 and its var-
ious derivatives have also been studied by many authors from
the perspective of its synthesis, structure,6–8 and pharmacology
or biochemistry.9–11 Compound 1 has also been investigated as

an indicator, which shows as a pale yellow color in acidic so-
lutions and brown-red in high pH solutions.12 The property of
the OH group in 1 is different from that of 5-hydroxy-1,4-
naphthoquinone (juglone), which is a structural isomer of 1.
For example, the pKa of juglone is 8.913 and similar to that
of phenol (pKa ¼ 9:82),14 but the pKa of 1 is smaller than that
of phenol as shown in Table 1. This is due to the difference in
the intramolecular hydrogen bond in each molecule. Here, we
have studied the properties of the intramolecular H-bonds and
the carbonyl groups of 1 and its 3-substitute derivatives, i.e.,
3-chloro-2-hydroxy-1,4-naphthoquinone (2), 3-bromo-2-hy-
droxy-1,4-naphthoquinone (3), 2-hydroxy-3-iodo-1,4-naphtho-
quinone (4), and 2-hydroxy-3-methyl-1,4-naphthoquinone (5)
from both experimental and theoretical perspectives. The
UV–vis and NMR spectra were also measured for compounds
1 to 5.

Figure 1 shows the IR spectra of 1–5 in CCl4 in the region
of OH stretching vibration (�(OH)). Compounds 1 and 5 give
almost the same frequencies for �(OH), however, the peak
position for 2 to 4 gradually shifts to low frequencies. Table 1
lists the �(OH) along with the 1HNMR chemical shifts and
pKa values. From these results we see that the properties of
the OH proton are all in accordance with our native chemical
intuition, i.e., a small pKa value means that the proton is easily
released, and this corresponds to the strength of the OH bond,
which leads to a lower �(OH). Also, a small amount of charge
density on the proton leads to lower field chemical shifts. Judg-
ing from the OH group behavior, the strength of the interaction
between the hydrogen atom of the OH group and the oxygen
atom of the neighboring carbonyl group increases from 2 to
4. Figure 1 shows that the IR spectra of 2–4 in the region of
1600–1700 cm�1, which correspond to the C=O stretching
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Scheme 1.

Table 1. The Results of IR, NMR, and pKa

Compound �/cm�1 ��a) �/ppm ��a) pKa

1 3411 — 7.38 — 4.40
2 3394 �17 7.66 0.28 2.50
3 3392 �19 7.83 0.45 2.45
4 3388 �23 8.05 0.67 2.35
5 3411 0 7.31 �0:07 5.30

a) The differences from the values of 1.

Fig. 1. IR spectra of 1 and its derivatives. The left half is
O–H stretching vibration region and the right half is
C=O stretching vibration region.
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vibrations, are different from those of 1 and 5. In this region,
there are three peaks for 2 and 3. The IR spectra of 2 shows
three clearly distinct peaks, but for 3, the highest frequency
peak appears as a shoulder. We tried to characterize these
C=O stretching vibrations and examined the above-mentioned
OH proton properties structurally. Figure 2 shows the IR spec-
tra of 2 in various solvents. We define, hereafter, the peak near
1670 cm�1 is band c, the peak near 1660 cm�1 is band b, and
the peak at 1650 cm�1 is band a. Interestingly, band b became
broad or a shoulder in polar solvents. The three peaks observed
for 2–4 may be considered as a result of Fermi resonance by an
overtone or a combination of some vibrational modes. In fact,
Jose et al. explained that three peaks for 2 observed in the solid
state were due to the Fermi resonance.15 We may assume,
however, taking account of the results of the DFT calculations
given below, that these three peaks observed in the region
1600–1700 cm�1 all correspond to the C=O stretching vibra-
tion modes. Moreover the IR spectra of 2 showed that the ab-
sorbance ratios among these three peaks do not depend on the
concentration of 2 in the range of the concentrations studied, as
shown in Fig. 3. The same results were obtained for 3. There-
fore, we cannot explain the difference in the IR spectra be-
tween 2 and 1 or 5 by invoking an intermolecular interaction,
such as the formation of a dimer or aggregate.16 We measured
the IR spectra of 2 in the mixed solvents of CCl4 and CH2Cl2,

and the results are given in Table 2. The relative absorption in-
tensity of band a mainly does not change. However, the rela-
tive intensity of band b decreases and that of band c increases
as the polarity of the solvent becomes high. The result of the
IR spectra suggests that the existence of two types of conform-
ers. The observed carbonyl stretching frequencies are summa-
rized in Table 3.

The C=O stretching vibration frequencies obtained by the
DFT/6-311G�� level calculations are given in Table 4 along
with the bond lengths and atomic distances (see Scheme 1).
The large differences between these bond lengths and atomic
distances are not found for the sense of the OH bond. For both
type I and II, two C=O groups give a pair of stretching vibra-
tion frequency peaks: one is the symmetric vibration mode and
the other is the antisymmetric mode for all compounds. The
calculated lower frequency peak (symmetric mode) of type
II is nearly equal to that of the calculated higher frequency
peak (antisymmetric mode) of type I. The IR spectra in the
mixed solvents show that the relative intensity of peak b de-
creases and that of peak c increases as the polarity of the sol-
vent mixture increases, and the DFT calculations, taking the
solvent effects into account, show that the relative intensity
of the higher frequency peak of type II increases and that of
type I decreases as the polarity of the solvent increases.17

We may assume that the band c belongs to the calculated high-
er peak of the type II structure, band a belongs to the calculat-
ed lower peak of the type I structure, and band b belongs to
both types I and II structures. It is possible that band a is the
C=C stretching vibration of the quinone ring, and bands b
and c are the carbonyl vibrations from type I only. The calcu-
lated frequencies of the C=C stretching mode, however, are
all very lower than those of the carbonyl regions. Thus, our
assignments agree with that of the IR spectra. For 1, band a
could not be found due to the overlap with band b, and as
the DFT calculations suggest, an equilibrium between the

Fig. 2. IR spectra of 2 in various solvents.

Fig. 3. The relation between the band area and the concen-
tration of 2 in CCl4. (a), (b), (c) correspond to the bands
shown in Fig. 2.

Table 2. The Carbonyl Stretching Frequency (�(C=O)) of
the Mixed Solvents (/cm�1)

%a) Band c Band b Band a

100 1671 (0.76)b) 1661 (0.05) 1647 (0.19)
50 1672 (0.70) 1662 (0.10) 1647 (0.20)
20 1673 (0.63) 1662 (0.17) 1646 (0.20)
0 1673 (0.57) 1662 (0.24) 1646 (0.19)

a) The volume percentage of CH2Cl2 to CCl4. b) The values in
parentheses are relative intensity.

Table 3. The Observed �(C=O) of 1 and Its Derivatives
(/cm�1)a)

Compound Band c Band b Band a

1 1672 1661 —
2 1673 1662 1646
3 1677 1669 1644
4 — 1667 1632
5 — 1662 1655

a) We set the highest frequency peak as band c, next one band
b and the lowest one band a, respectively. For the compounds
4 and 5, we could not find the corresponding highest frequen-
cy peak, and for 1 we cannot find the lowest one.
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two conformers may exist for 1 in CCl4. On the other hand, for
compound 5, the experimental spectra are clearly explained by
the calculated results for type I only.

Experimental and Calculations

Compound 1 was obtained commercially (Eastman Kodak),
and the four 3-substituted derivatives were synthesized by the
method given in the literature.18 The samples were purified by
recrystallization from the appropriate solvents, and the measure-
ments were performed at room temperature. The IR spectra were
measured on a Bio-Rad FTS30 spectrometer using a 1mm solu-
tion cell with KBr window. The NMR spectra were obtained in
CDCl3 solutions on a JEOL JMN270 spectrometer. The pKa val-
ues were determined from the usual spectrophotometric method
by using a Hitachi-Horiba F-7LC pH meter and a Hitachi 228
spectrophotometer. The wavelengths used for the pKa determina-
tion were 450, 465, 480, 485, and 470 nm, which are the maxi-
mum absorptions for compound 1 to 5, respectively, at various
pH solutions.

The DFT calculations were performed at the Research Center
for Computational Science (Okazaki, Japan) and the Information
Center of Hirosaki University by using the program Gaussian
98,19 at the B3LYP/6-311G�� level. The geometrical parameters
were optimized for the molecules 1 to 3 and 5. For the molecule 4,
the B3LYP/3-21G�� level calculations were performed.
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Table 4. The DFT Calculations of �(CO)a), the Charge Density of H-atom and the Bond Lengths (Scheme 1) of the
Compounds 1 to 5

Compound
and Type Band c/cm�1 Band b/cm�1 Band a/cm�1 q(H)b) r1/Å r2/Å r3/Å r4/Å

1 I — 1669(1.00) 1663(0.02) 0.273 0.977 1.223 1.221 2.003
II 1700(0.74) 1669(0.63) — 0.258 0.965 1.212 1.221 —

2 I — 1682(0.40) 1663(0.55) 0.263 0.977 1.223 1.215 1.995
II 1699(0.886) 1681(0.63) — 0.264 0.970 1.212 1.215 2.428

3 I — 1679(0.39) 1663(0.51) 0.262 0.978 1.223 1.215 1.989
II 1700(0.90) 1677(0.31) — 0.252 0.974 1.212 1.216 2.495

4 I — 1621(0.26) 1609(0.06) 0.376 1.002 1.237 1.243 1.963
II 1644(0.48) 1624(0.07) — 0.376 1.011 1.251 1.242 2.661

5 I — 1661(1.00) 1659(0.13) 0.259 0.976 1.225 1.222 1.989
II 1693(0.88) 1658(0.63) — 0.247 0.964 1.214 1.222 —

a) The calculated values are multiplied by the factor 0.967 except 4. For the molecule 4 we used the basis set 3-21G��
and the factor 0.962. The values in parentheses are relative intensity. b) On the H-atom of the hydroxy group.
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