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The crystal structures for 3-hydroxychromone and 5-hydroxychromone have been obtained. Both mole-
cules exhibit intramolecular hydrogen bonding between the hydroxy group and the ketone oxygen atom.
However, only the 3-hydroxy derivative contains hydrogen bonds between molecules. By comparing the
current results with those obtained for the corresponding flavone derivatives, the effect of the B phenyl
group on hydrogen bonding is inferred.

� 2008 Elsevier Ltd. All rights reserved.
Flavones (1), specifically the hydroxy-substituted derivatives,
are naturally occurring compounds that show extensive health
benefits.1 Numerous studies attempting to relate reactivity with
this pharmacology have been reported.2–11 Some of these com-
pounds are also present in the heartwood of a tree resistant to fun-
gal decay.12 The mechanism by which these compounds prevent
fungal decay from occurring has been the subject of investigations
in these laboratories.13,14 To determine the importance of the B
phenyl ring, 5-hydroxychromone (2a) and 3-hydroxychromone
(3) were synthesized, and their reactivities of possible importance
in wood protection were compared with the related hydroxyflav-
one compounds 4a and 5a, respectively.15,16
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Some surprising results were obtained when the binding of the
hydroxychromones and -flavones with Al3+ in methanol was inves-
tigated (Eq. 1).15 The 5-hydroxy derivatives have essentially the
same chelation properties with the aluminum ion. However,
3-hydroxychromone has markedly lower binding affinity toward
this metal ion than flavonol. The significant difference between
the 3-hydroxy and 5-hydroxy pairs was unexpected based on the
cinnamoyl resonance form invoked to stabilize the binding of
the hydroxyflavones with Al3+.17
xHLþ Al3þ
� ½AlðLÞx�

ð3�xÞþ þ xHþ

HL ¼ 5a; x ¼ 2
HL ¼ 4a;2a;3; x ¼ 1

ð1Þ
In light of these results, it was of interest to know whether there
is a significant difference in the hydrogen bonding characteristics
between the hydroxychromone and -flavone derivatives in the
solid state. Particularly intriguing are the hydrogen bonding
parameters in the 3-hydroxychromone because of the interesting
observations of Etter.18 She noted that the hydrogen bonding dis-
tances varied as the angle of the B phenyl ring to the C heterocyclic
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ring in a series of flavonols. As the B ring rotated out of conjugation
with the C ring, the parameters indicated that the hydrogen bond
strength decreased.

Compounds 2a and 3 were synthesized according to literature
procedures.19–21 Crystals of 3 suitable for diffraction studies were
obtained by crystallization from a methanol solution. Crystals of
2b were obtained from the reaction mixture after the unsuccessful
methylation of the hydroxy group in acetone. The crystal struc-
tures were obtained at room temperature on a Bruker SMART
1000 diffractometer using the SHELX package for structure refine-
ment.22,23 Figure 1a shows the thermal ellipsoid diagram for indi-
vidual molecules of 2a while that for 3 is given in Figure 2a.
Packing diagrams are shown in Figures 1b and 2b, respectively.

The hydroxy group in 5-hydroxychromone forms the expected
intramolecular hydrogen bond with the 4-keto oxygen atom. The
hydrogen atom of this interaction is coplanar with the rest of the
molecule. In this crystal, there is only the intramolecular O–
H� � �O hydrogen bond. The shortest intermolecular distance in the
structure is between an adjacent 4-keto oxygen atom and the
hydrogen atom (position not refined) at C3 [C–H: 0.93 Å;
H� � �O4{symmetry: �x + 1, �y + 1, z + 0.5}: 2.65 Å; C� � �O:
3.547(4) Å; <CHO: 163�]. A comparison of the intramolecular
hydrogen bond parameters in 2a and 2b26 with those for selected
Figure 1. (a) Thermal ellipsoid diagram for 2a. (b) Packing diagram for 2a.

Figure 2. (a) Thermal ellipsoid diagram for 3. (b) Packing diagram for 3.

Table 2
Intramolecular hydrogen bond parameters for 3 and selected 3-hydroxyflavones

Compound B–C Torsion (�) O3-H (Å) H� � �O4 (Å) O3� � �O4

3 0.86 (2) 2.43 (2) 2.768 (1
5g 72.2a 0.68b 2.45 2.764b

5f 67.0c 0.80b 2.31 2.748b

5b 60.5d 0.89 2.39 2.765
5c 23.1d 0.86 2.30 2.72
5e 11.3e 0.87b 2.25 2.700b

5a 5.5d 0.96 2.20 2.677
5d 1.2e 1.01b 2.48 2.681b

a C3–C2–C10–C20 torsion angle.
b Obtained from structure deposited in Cambridge Structural Database24 using Mercu
c 180� - C3–C2–C10–C20 torsion angle.
d Dihedral angle between least squares planes for B phenyl ring and AC rings.
e C60–C10–C2–C3 torsion angle.
5-hydroxyflavones27–32 is given in Table 1. Perusal of this table
suggests that the removal of the B phenyl ring from the flavone
derivatives has very little effect on the hydrogen bonding charac-
teristics. This is consistent with the similar binding affinities of
the 5-hydroxy compounds with Al3+.15

However, in the case of the 3-hydroxy derivatives, there is a
significant difference in the hydrogen bonding characteristics
between the flavone and chromone compounds. Table 2 summa-
rizes the hydrogen bonding parameters for 3 and 5a18 and some
other 3-hydroxyflavone derivatives.18,33–36 Notice that for the
intramolecular hydrogen bond, the carbonyl oxygen atom to the
hydroxy hydrogen atom distance is significantly longer for 3 than
5a indicative of a weaker interaction. In fact, the chromone deriv-
ative has a weaker hydrogen bond than any of the flavones (5a–c)
considered in Etter’s paper.18

Unlike the 5-hydroxychromone, intermolecular O–H� � �O hydro-
gen bonds occur in the solid state for 3. The molecules form stacks
with the molecules alternating such that the benzene ring of one
chromone is above the pyrone ring of the next chromone (Fig.
2b). A 3-hydroxychromone molecule then forms a hydrogen-
bonded dimer with another molecule in an adjacent stack (A).
The dimeric hydrogen bonding motif also occurs for most of the
3-hydroxyflavones considered here (5b, 5c, 5e, 5f, and 5g). How-
ever, 3-hydroxyflavones can also adopt a hydrogen bonding geom-
etry where the OH serves as a hydrogen bond donor to one
molecule, while a different molecule serves as the donor for the
keto oxygen atom acceptor. Thus, hydrogen-bonded polymeric
structures are formed (B). 5a and 5d adopt this motif which may
be the reason for the longer O–H distance in these molecules.
Either motif involves bifurcated hydrogen bonding. The inter-
molecular O–H� � �O hydrogen bond parameters are compiled in
Table 3. Again, this intermolecular hydrogen bonding interaction
is generally weaker in 3 than in the corresponding flavonols.
Table 1
Intramolecular hydrogen bond parameters for 2a, 2b and selected 5-hydroxyflavones

Compound O5-H (Å) H� � �O4 (Å) O5� � �O4 (Å) <O5HO4 (�) Ref.

2a 0.91 (5) 1.70 (5) 2.579 (4) 162 (4) This work
4a 1.02a 1.68 2.596a 148a 27
4b 1.06 1.54 2.574a 163 28
4c 0.82b 1.84b 2.574 148b 30
4d 0.80a 1.90a 2.586a 142a 31
4e 0.82b 1.83b 2.571 149b 29
4f 0.95 1.69 2.586 156 32
2b 0.84a,b 1.83a,b 2.587a 149a,b 26

a Obtained from structure deposited in Cambridge Structural Database24 using
Mercury.25

b Hydrogen atom positions not refined.

(Å) <C4O4H (�) <O3HO4 (�) <HO3C3 (�) Ref.

) 76.7 (5) 104 (2) 111 (1) This work
74.3b 111b 114b 34
76.2b 115b 107b 35
78.8 106 114 18
79.1 111 112 18
79.8b 112b 111b 36
82.5 110 109 18
82.9b 89.7b 121b 33

ry.25



Table 3
Intermolecular O–H� � �O hydrogen bond parameters for 3 and selected 3-hydroxy
flavones

Compound O3–H (Å) H� � �O4 (Å) O3� � �O4 (Å) <O3HO4 (�) Ref.

3 0.86 (2) 1.94 (2) 2.739 (1) 154 (2) This work
5g 0.68a 2.09 2.723a 156a 34
5f 0.80a 2.05 2.784a 151a 35
5b 0.89 1.86a 2.688a 155a 18
5c 0.86 1.92 2.713 154 18
5e 0.87a 1.96 2.732a 147a 36
5a 0.96 1.88 2.734 146 18
5d 1.01a 1.87 2.739a 143a 33

a obtained from structure deposited in Cambridge Structural Database24 using
Mercury.25
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Therefore, the hydrogen bonding in 3 follows the trend identi-
fied by Etter, where the removal of the B phenyl ring is an extreme
case of complete deconjugation of the ring.18 In addition, the rela-
tive bonding of 3 and 5a with Al3+ in methanol15 is reflected in the
relative strength of the hydrogen bonding in these compounds.
However, very little difference in either hydrogen bonding strength
or aluminum ion binding ability exists between 2a and 4a.

In addition to intermolecular O–H� � �O hydrogen bonding, there
are also intermolecular C–H� � �O interactions in the solid state for 3.
The hydrogen atoms at carbons 2, 5, and 6 interact with oxygen
atoms on adjacent chromone molecules. The interactions are
C2–H2� � �O4 [C–H: 0.93(2) Å; H� � �O4{symmetry: x + 1, y, z}:
2.56(2) Å; C� � �O: 3.423(2) Å; <CHO: 155(2)�], C5–H5� � �O1 [C–H:
0.92(2) Å; H� � �O1{symmetry: x � 1, y, z}: 2.61(2) Å; C� � �O:
3.504(2) Å; <CHO: 164(1)�], and C6–H6� � �O3 [C–H: 0.98(2) Å;
H� � �O3{symmetry: x � 1, y, z � 1}: 2.54(2) Å; C� � �O: 3.465(2) Å;
<CHO: 158(2)�]. Interactions of this nature are common in the crys-
tal structures of flavones.18,29

Attempts to explain the hydrogen bonding and metal binding
observations using a simplistic approach are difficult. The hydro-
gen bonding behavior suggests that with full conjugation of the B
phenyl ring, the 4-carbonyl group is a better hydrogen bond accep-
tor, the 3-hydroxy group is a better hydrogen bond donor or both
are true. It is possible to rationalize the enhanced hydrogen bond
donor ability of the 3-hydroxy group with conjugation of the B
phenyl ring. When coplanar with the C ring, this phenyl group
can resonance stabilize the electron density on the oxygen atom
(resonance forms II and III). This will have the effect of making
the oxygen–hydrogen bond more polarized resulting in a better
hydrogen bond donor.
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In conclusion, the present work serves to confirm that the
removal of the B phenyl group from flavonol has a dramatic effect
on the intra- and intermolecular hydrogen bonding characteristics
of the 3-hydroxy group. In contrast, very little effect on this inter-
action is shown when this phenyl group is removed from
5-hydroxyflavone. These results are in accord with the Al3+ binding
affinities of the compounds. Theoretical studies to understand
these effects are underway.
Acknowledgement

This project was supported by the National Research Initiative
of the USDA Cooperative State Research, Education and Extension
Service, Grant Number 2003-35103-13616.
References and notes

1. Clifford, M.; Brown, J. E. In Flavonoids: Chemistry, Biochemistry and Applications;
Anderson, Ø. M., Markham, K. R., Eds.; CRC Press: Boca Raton, FL, 2006; pp 319–
370.

2. Pannala, A. S.; Chan, T. S.; O’Brien, P. J.; Rice-Evans, C. A. Biochem. Biophys. Res.
Commun. 2001, 282, 1161–1168.

3. Mira, L.; Fernandez, M. T.; Santos, M.; Rocha, R.; Florêncio, M. H.; Jennings, K. R.
Free Radical Res. 2002, 36, 1199–1208.

4. Moridani, M. Y.; Pourahmad, J.; Bui, H.; Siraki, A.; O’Brien, P. J. Free Radical Biol.
Med. 2003, 34, 243–253.

5. Engelmann, M. D.; Hutcheson, R.; Cheng, I. F. J. Agric. Food Chem. 2005, 53,
2953–2960.

6. Firuzi, O.; Lacanna, A.; Petrucci, R.; Marrosu, G.; Saso, L. Biochim. Biophys. Acta
2005, 1721, 174–184.

7. Rajendran, M.; Manisankar, P.; Gandhidasan, R.; Murugesan, R. J. Agric. Food
Chem. 2004, 52, 7389–7394.

8. Furusawa, M.; Tanaka, T.; Ito, T.; Nishiakwa, A.; Yamzaki, N.; Nakaya, K.;
Matsuura, N.; Tsuchiya, H.; Nagayama, M.; Iinuma, M. J. Health Sci. 2005, 51,
376–378.

9. Ryan, P.; Hynes, M. J. J. Inorg. Biochem. 2008, 102, 127–136.
10. Kontogiorgis, A. C.; Pontiki, A. E.; Hadjipavlou-Litina, D. Mini-Rev. Med. Chem.

2005, 5, 563–574.
11. El Amrani, F. B. A.; Perello, L.; Real, J. A.; Gonzalez-Alvarez, M.; Alzuet, G.;

Borras, J.; Garcia-Granda, S.; Montejo-Bernardo, J. J. Inorg. Biochem. 2006, 100,
1208–1218.

12. Schultz, T. P.; Harms, W. B.; Fisher, T. H.; McMurtrey, K. D.; Minn, J.; Nicholas,
D. D. Holzforschung 1995, 49, 29–34.

13. Binbuga, N.; Chambers, K.; Henry, W. P.; Schultz, T. P. Holzforschung 2005, 59,
205–209.

14. Binbuga, N.; Hasty, J. K.; Gwaltney, S. R.; Henry, W. P.; Schultz, T. P. Inorg. Chim.
Acta 2007, 360, 2339–2344.

15. Binbuga, N.; Henry, W. P.; Schultz, T. P. Polyhedron 2007, 26, 6–10.
16. Binbuga, N.; Ruhs, C.; Hasty, J. K.; Henry, W. P.; Schultz, T. P. Holzforschung

2008, 62, 264–269.
17. Boudet, A.-C.; Cornard, J.-P.; Merlin, J.-C. Spectrochim. Acta, Part A 2000, 56,

829–839.
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