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Lists of structure factors and anisotropic displacement parameters have
been deposited with the TUCr (Reference: L11092). Copies may be ob-
tained through The Managing Editor, International Union of Crystallog-
raphy, 5 Abbey Square, Chester CH1 2HU, England.
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Abstract

The crystal structures of ~-resorcylic acid (2,6-
dihydroxybenzoic acid), C7HgOy4, (I), v-resorcylic acid
monohydrate, C;Hs04.H,0, (II), and pyridinium ~-
resorcylate, CsHgN*.C;HsO4~, (III), have been deter-
mined. In (I) and (II), the carboxyl group of the -
resorcylic acid molecule is in an anti conformation and
the carboxylic OH group is involved as a donor in an
O—H- - -O intramolecular hydrogen bond. This bond is
part of an infinite hydrogen-bonded chain with mixed
o- and m-bond cooperativity. Structure (II) is disordered
and may be considered to result from the superposition

©1994 International Union of Crystallography
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CsHgO,

of two lower-symmetry structures related by a mirror
plane. Structure (III) consists of discrete complex units
formed from the anion and cation by means of an N—
H. - -O hydrogen.bond.

Comment

~-Resorcylic acid is one of the strongest carboxylic
acids (pK, = 1.3). It is also an interesting example of
a molecule with two possible intramolecular hydrogen-
bond systems, one with two phenolic OH groups and
another with one phenolic and one carboxylic OH group
involved as donors in intramolecular hydrogen bonds;
these two forms, A and B, are shown in the scheme
below.
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Solution '"H NMR studies of this acid in the pres-
ence of bases of different proton-acceptor ability show
that structure A prevails and that an intermolecular
hydrogen-bond interaction with the base occurs through
the carboxylic OH group (Golubev & Denisov, 1992).
Some strengthening of the intramolecular hydrogen
bonds was observed as the proton-acceptor ability of
the base increased. In order to study the hydrogen-bond
interactions of -y-resorcylic acid in the solid state, it was
recrystallized from solvents of different proton-acceptor
and proton-donor ability. The only forms obtained were
anhydrous vy-resorcylic acid, y-resorcylic acid monohy-
drate and, where a strong base was present in the crystal-
lization mixture, an A~.--H—B* complex. This paper
presents X-ray structure analyses of <-resorcylic acid
(I), its monohydrate (II) and its pyridinium salt (III).

The carboxyl group of the y-resorcylic acid molecule
in (I) is in an anti conformation as a result of the
intramolecular hydrogen bond with the hydroxyl group
at O4. Unlike the structure in solution, the molecular
structure in the crystal corresponds to form B, in
which one phenolic OH group acts as an intra- and
the other as intermolecular hydrogen-bond donor. The
molecules are linked by hydrogen bonds to form infinite
chains along [011]. Intra- and intermolecular hydrogen
bonds form a chain with alternating o- and w-bond
cooperativity (Jeffrey & Saenger, 1991) (Fig. 1). The
energy of the H atoms involved in the hydrogen bonds
along this chain can be considered to be characterized
by double-minimum potentials. A concerted proton-
transfer process induced along this chain would cause a
transformation from form B to form A. The two minima
are of different energies and only molecules of form B
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Fig. 1. View of the crystal packing of (I) along [001] showing the
hydrogen-bonded chains of alternating o- and w-bond cooperativity.
Hydrogen bonds are shown by dotted lines. Displacement ellipsoids
are plotted at the 50% probability level.

are found in the crystal. The hydrogen-bond geometry
is given in Table 3.

The observed structure of (II) may be considered to be
either disordered <y-resorcylic acid monohydrate or hy-
dronium ~y-resorcylate in which complete proton trans-
fer from the carboxylic acid to the water molecule has
occurred. In the latter case, the structure would be con-
sistent with the space-group symmetry Pnma, while in
the former the crystal structure would be a superposition
of two lower symmetry (Pn2,a) structures related by a
mirror plane perpendicular to b (Fig. 2), which average
in space to the corresponding Pnma symmetry, a result
that would otherwise be physically and chemically im-
possible. The ~-resorcylic acid molecule is situated on
a mirror plane through C4, C1 and C7 which is not a
symmetry element of this molecule; therefore, disorder
has to be taken into account. While the non-H atoms
obey the mirror symmetry approximately, the H atoms
of the OH groups do not. Therefore, with the excep-
tion of H3, H4 and H1W, the H atoms were treated as
disordered and were refined with an assumed site occu-
pancy of 0.5. As in (I), the carboxyl group is in an anti
conformation and acts as a donor in the formation of an
intramolecular hydrogen bond. The phenolic OH groups,
the water molecules and the carboxyl groups form an in-
finite hydrogen-bonded chain along [010] with mixed o-
and m-bond cooperativity (Fig. 3). As the mirror plane
is perpendicular to b, the hydrogen-bonded chains run
simultaneously in both directions along the b axis. The
observed crystal symmetry is therefore the result of ei-
ther a dynamic process in which proton transfer occurs
along the hydrogen-bonded chains [in contrast to (I),
proton transfer would not cause a transformation from
form B to form A in this case] or, more probably, of the
domain structure of the crystals. The water molecule,
which is located on a mirror plane, forms additional bi-
furcated hydrogen bonds with the carboxylic O atoms
leading to sheets of hydrogen-bonded molecules. The
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Fig. 2. Stereoview of the crystal packing of (II) viewed along [100].
H atoms have been omitted and hydrogen bonds are shown by
dotted lines. This model is compatible with both the disordered
structure of ~y-resorcylic acid monohydrate and the ordered structure
of hydronium <-resorcylate.

Fig. 3. The hydrogen-bonded chain with mixed o- and w-bond
cooperativity proposed for the disordered structure of ~-resorcylic
acid monohydrate, In the crystal, hydrogen-bonded chains run
simultanously in both directions along the b axis but only one
direction of the chain is shown here. Displacement ellipsoids are
plotted at the 50% probability level.

structure is also stabilized by stacking interactions be-
tween the aromatic rings in neighbouring sheets, adja-
cent rings being 3.39 A apart.

As the H atoms involved in the hydrogen bonds in
(IT) have not been located unambiguously, the possibility
of proton transfer from the carboxylic acid to the water
molecule needs to be considered. If this occurred, the
~-resorcylate anion and the hydronium cation would
have their molecular mirrors coincident with the mirror
plane of the space group. The H atoms involved in
the O1:-:03 and O3-:--01W hydrogen bonds would
then have full site occupancies. When H10 and H30A
were assigned zero site occupancy and H30B and H1W,
placed in their calculated positions, were refined with
full site occupancy, HIW was shifted towards O3 and
H30B towards the middle of the vector between Ol
and O3. This was accompanied by a nearly twofold
increase in the isotropic displacement factors of H30B
and HI1W and by an increase in R from 0.065 to 0.068
[WR(F?) changed from 0.154 to 0.161]. Indirect proof
that (II) has a hydrate structure is provided by the
fact that the hydrogen-bonded O---O distances for a
hydronium ion would be expected to be shorter than
the observed values (Table 3). Moreover, the 01 —C7—
O1’ angle [117.3 (4) compared with analogous angles in
(I) and (IIT) of 117.8(2) and 122.5(2)°, respectively]
also indicates a carboxylic group rather than carboxylate
anion geomeltry.
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The structure of (III) consists of v-resorcylate an-
ions and pyridinium cations, as expected. An anion
with C,, symmetry is formed as a result of proton
transfer from ~-resorcylic acid to the base, and the
two phenolic OH groups act as donors in intramolec-
ular hydrogen bonds. The anion and cation interact via
an NI'—HIN..-02 hydrogen bond, forming discrete
hydrogen-bonded units in the crystal (Fig. 4). Some fur-
ther stabilization of the complex, via a C2'—H2'- - -0O1
interaction as in other pyridine—carboxylic acid com-
plexes (Dega-Szafran, Gdaniec, Grunwald-Wyspianska,
Kosturkiewicz, Koput, Krzyzanowski & Szafran, 1992),
is also observed. The C,, symmetry of the anion is
quite distorted, particularly in the region of carboxy-
late group. For example, the C7—O2 bond is 0.009 A
longer than C7—O1 and the O4---02 intramolecular
contact is 0.06 A longer than O3- - -O1, probably because
the strong N1’—HIN- - -O2 hydrogen bond reduces the

negative charge at O2.

Fig. 4. The structure of the hydrogen-bonded complex (III). Displace-

C7HgO4, C;Hs04.H,O AND CsHgN*.C;H504”

ment ellipsoids are plotted at the 50% probability level.

Experimental

Compound (I) was obtained by recrystallization of y-resorcylic
acid from chloroform, (II) from a methanol/water mixture and

(III) from a methanol/pyridine mixture.

Compound (T)
Crystal data

C7HgOs

M, =154.12
Orthorhombic
Pna2,

a=14.174 3) A
b=12132(2) A

¢ = 3.8280 (10) A
V =658.3 (2) A’
Z=4

Dy = 1.555 Mg m™3

Data collection

" KM-4 four-circle diffrac-
tometer

Cu K« radiation

A=154178 A

Cell parameters from 24
reflections

0 = 6-25°
p=1.124 mm™!
T=2932)K

Transparent plate
0.4 x 0.4 x 0.08 mm
Colourless

Omax = 64.97°
h=0-—16

w/20 scans
Absorption correction:
none
654 measured reflections
654 independent reflections
610 observed reflections
[l > 20()]

Refinement

Refinement on F?

RIF? > 20(F%)] = 0.0326

wR(F?) = 0.0901

S=1.189

654 reflections

115 parameters

Only coordinates of H atoms
refined except H3, H4, H5
for which only U’s refined

w = 1/[o*(F2) + (0.0599P)?

+ 0.0081P]

where P = (F2 + 2F3)/3

Compound (IT)
Crystal data

C7H604.H20

M, =172.13
Orthorhombic
Pnma

a=6778 () A
b=9411 () A
c=11.890 (2) A
V=7584(2) A
Z=4

D, = 1.507 Mg m~?

Data collection

KM-4 diffractometer
w/26 scans
Absorption correction:
none
750 measured reflections
750 independent reflections
665 observed reflections
[ > 20()

Refinement

Refinement on F?
RIF? > 20(F%)] = 0.0652
wR(F?) = 0.1544
S =1.235
750 reflections
88 parameters
All H-atom parameters
refined
w = 1/[6*(F2) + (0.0406P)>
+ 0.0081P)
where P = (F2 + 2F})/3
(A/0)max = 0.004

k=-14—-0
1=0—4
3 standard reflections
monitored every 100
reflections :
intensity variation: 2%

(A/0)max = 0.001

Apmay = 0.197 ¢ A3

Apmin = —0.138 ¢ A3

Extinction correction:
SHELXL93 (Sheldrick,
1994)

Extinction coefficient:

0.017 (3)

Atomic scattering factors
from International Tables
for Crystallography (1992,
Vol. C, Tables 4.2.6.8 and
6.1.1.4)

Cu Ko radiatipn

A=154178 A

Cell parameters from 25
reflections

6 =12-23°
u = 1136 mm™!
T=293(2)K

Transparent prisms
0.5 x 0.4 x 0.2 mm
Colourless

Omax = 69.94°
h=0-—38
k=0-—11
1=0—-14
2 standard reflections
monitored every 100
reflections
intensity variation: 2%

Apmax = 0.198 ¢ A2

Apmin = —0.360 e A3

Extinction correction:
SHELXL93 (Sheldrick,
1994)

Extinction coefficient:

0.034 (3)

Atomic scattering factors
from International Tables
for Crystallography (1992,
Vol. C, Tables 4.2.6.8 and
6.1.1.4)



Compound (III)
Crystal data
CsHgN*.C;Hs04”
M, =233.22
Monoclinic

P2| /n
a=82062) A
b=10.182(2) A
c=133133) A

B = 100.94 (3)°
V=1092.1 4) A3
Z=4

D, =1418 Mg m™3

Data collection

KM-4 diffractometer
w/26 scans
Absorption correction:
none
1732 measured reflections
1672 independent reflections
1172 observed reflections
[ > 20(D]
Ry = 0.0177

Refinement

Refinement on F2
RIF? > 20(F)] = 0.0412
WR(F?) = 0.1047
S =1.193
1672 reflections
199 parameters
All H-atom parameters
refined
w = 1/[cX(FZ) + (0.0801P)*
+ 0.0081P]
where P = (F2 + 2F2)/3
(A/0)max = 0.005
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Cu K« radiation

A=154178 A

Cell parameters from 25
reflections

8 =9-26°

= 0.906 mm™!

T=2932)K

Needle

0.3 x 0.2 x 0.05 mm

Colourless

Omax = 62.49°
h=-9—-9
k=0—11
=015

2 standard reflections
monitored every 100
reflections
intensity variation: none

Apmax = 0.191 ¢ A3

Apmin = —0.184 ¢ A3

Extinction correction:
SHELXL93 (Sheldrick,
1994)

Extinction coefficient:
0.032 (2)

Atomic scattering factors
from International Tables
Sfor Crystallography (1992,
Vol. C, Tables 4.2.6.8 and
6.1.1.4)

Table 1. Fractional atomic coordinates and isotropic or

equivalent isotropic displacement parameters (A?)

Uiso for H atoms; Ueq = (1/3)2;2]U,~ja‘.‘aj? a;.a; for others.

a X y z Uiso/Ueq
01 0.32734 (11) 0.95654 (12) 0.1199 (11) 0.0477 (6)
02 0.21241 (12) 0.83726 (15) 0.1133 (11) 0.0510 (7)
03 0.49314 (12) 0.90%02 (13) 0.3657 (10) 0.0438 (6)
04 0.23830(12) 0.65025 (14) 0.3845 (11) 0.0482 (6)
Cl1 0.36031 (14) 0.7831(2) 0.3743 0.0295 (6)
C2 0.45459 (15) 0.8111(2) 0.4524 (10) 0.0310 (6)
C3 0.5129(2) 0.7363 (2) 0.6217 (11) 0.0372 (6)
C4 0.4792(2) 0.6338 (2) 0.7091 (12) 0.0409 (7)
C5 0.3880 (2) 0.6030 (2) 0.6354 (11) 0.0380 (6)
Cé6 0.32897 (15) 0.6764 (2) 0.4665 (10) 0.0320 (6)
C7 0.29946 (15) 0.8631 (2) 0.1948 (11) 0.0335 (6)
H20 0.2062 (24) 0.7675 (27) 0.1833 (123) 0.068 (10)
H30 0.4423 (25) 0.9487 (29) 0.2756 (121) 0.078 (12)
H40 0.2294 (19) 0.5899 (24) 0.4268 (105) 0.043 (8)
an

otw 0.8192 (10) 5/4 0.1923 (5) 0.093 (2)
Ol 0.8952 (4) 0.8649 (2) 0.4839 (2) 0.0503 (8)
03 0.8957 (4) 1.0032 (2) 0.3005 (2) 0.0519 (8)
Ci 0.8946 (6) 3/4 0.3046 (3) 0.0325(9)

C2 0.8937 (4)
c3 0.8906 (5)
C4 0.8877 (7)
C7 0.8958 (6)
HIW 0.8159 (156)
H2w 0.7220 (143)
H10 0.9216 (186)
H30A 0.8558 (85)
H30B 0.8639 (129)
(IID)

C1 0.4607 (2)
2 0.5093 (2)
C3 0.6107 (3)
C4 0.6639 (3)
C5 0.6194 (3)
C6 0.5173 (2)
c7 0.3481 (2)
(o] 0.2963 (2)
02 0.3062 (2)
03 0.4575 (2)
04 0.4748 (2)
N1’ 0.0942 (2)
c2' 0.0552(2)
c3’ —0.0525 (2)
c4 —0.1172(2)
cs’ —0.0749 (2)
Ce’ 0.0314 (2)
H40 0.4049 (41)
HIN 0.1653 (32)
H30 0.3875 37)
H2' 0.1055 (26)

0.8777 (3)
0.8770 (3)
3/4

3/4

1.1844 (106)
5/4

0.9607 (151)
1.0566 (70)
0.9816 (103)

0.6901 (2)
0.7151 (2)
0.8211 (2)
0.9016 (2)
0.8804 (2)
0.7748 (2)
0.5781 (2)
0.50787 (12)
0.55873 (12)
0.6364 (2)
0.75672 (14)
0.3550 (2)
0.2871 (2)
0.1828 (2)
0.1506 (2)
0.2205 (2)
0.3233(2)
0.6704 (32)
0.4313 (26)
0.5642 (26)
0.3195 (19)

0.2437 (3)
0.1274 (2)
0.0707 (4)
0.4285 (3)
0.2417 (85)
0.1437 (81)
0.4277 (108)
0.2647 (53)
0.3865 (86)

0.09301 (12)
0.19854 (13)
0.2327 (2)
0.1632 (2)
0.0601 (2)
0.02472 (12)
0.05733 (12)
0.12215 (10)
—0.03787 (8)
0.26752 (9)
—0.07751 (10)
—0.07506 (12)
0.00242 (14)
—0.01629 (15)
—0.11560 (15)
—0.19398 (14)
—0.17244 (15)
—0.0841 (22)
—0.0620 (19)
0.2173 (23)
0.0664 (16)
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0.0355 (8)
0.0426 (8)
0.0446 (12)
0.0352 (10)
0.093 (34)
0.130 (34)
0.124 (52)
0.020 (16)
0.063 (27)

0.0401 (4)
0.0492 (5)
0.0626 (6)
0.0634 (6)
0.0568 (5)
0.0459 (4)
0.0424 (4)
0.0589 (4)
0.0527 (4)
0.0711 (5)
0.0658 (4)
0.0507 (4)
0.0526 (5)
0.0542 (5)
0.0542 (5)
0.0540 (5)
0.0539 (5)
0.124 (11)
0.087(7)

0.108 (9)

0.061 (6)

Table 2. Selected geometric parameters A, °)

)

01—C7
02—C7
03—C2
04—C6
c1—2
C1—C6
c1—7

C2—C1—C6
c2—C1—-C7
C6—C1—C7
03—C2—C3
03—C2—C1
C3—C2—C1
C4—C3—C2
C3—C4—C5
C4—C5—C6

()

Cc1—2
C1—C7
€2—C3
C3—C4
01—C7
03—C2

c2—C1—C2
Cc2—C1—C7
03—C2—C3
03—C2—C1
Cc3—C2—Cl
C4—C3—C2
C3—C4—C3

am

C1—Ceé
C1—C2
C1—C7
c2—C3
C3—C4
C4—C5
C5—C6
C2—03

1.234 (3) C2—C3

1.311 (3) C3—C4

1.349 (3) C4—C5

1.360 (3) C5—C6

1.411 (3) 02—H20
1.414 (3) 03—H30
1.470 (3) 04—H40
117.7 (2) 04—C6—C5
119.7 (2) 04—C6—Cl
122.5 (2) C5—C6—C1
116.7(2) 01—C7—02
1229 (2) 01—C7—Cl1
1203 (2) 02—C7—Cl1
120.0 (2) C7—02--H20
121.5(2) C2—03—H30
119.4 (2) C6—04—H40
1.403 (3) 01—H10
1.473 (5) 03—H304
1.384 (4) 03—H308B
1.372(4) OlW—HIW
1.267 (3) O1W—H2W
1.361 (3)

117.9 (4) o1—Cc7—ol'
121.1 (2) 01—C7—C1
120.0 (3) C7—O1—HI10
119.2 (3) C2—03—H304
120.8 (3) C2—03—H308
119.7 (3) HIW—O1W—H2W
121.2 4)

1.395 (2) C7—02

1.409 (2) N1I'—C2'
1.487 (2) N1'—Cé’
1.385 (3) c2'—C3'
1367 (3) Cc3'—C4’
1.370 (3) c4'—C5’
1.389 (3) Ccs'—ce’
1.347(2) 03—H30

1.388 (3)
1373 (3)
1.375(3)
1.382 (3)
0.89 (3)
0.93 (4)
0.76 (3)

122.0(2)
116.9 (2)
121.1 (2)
117.8 (2)
121.8(2)
1204 (2)
104.4 (23)
103.5 (22)
109.4 (23)

1.14 (14)
0.71(7)

1.06 (10)
0.85(10)
0.88(10)

117.3 (4)
121.3(2)
111.8 (63)
108.2 (49)
108.0(51)
115.7 (78)

1.264 (2)
1.330(2)
1.341 (2)
1.374 (3)
1.368 (3)
1.361 (3)
1.358 (3)
1.08 (3)
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C6—04 1.352(2) 04—H40 1.04 3)
C7—O01 1.255 (2) N1'—HIN 0.97 (3)
C6—C1—C2 118.1 (2) 01—C7—Cl1 119.20 (14)
C6—C1—C7 121.94 (15) 02—C7—C1 118.3(2)
C2—C1—C7 119.9(2) C2'—N1'—C¢' 1213 (2)
03—C2—C3 119.2 (2) N1'—C2'—C3’ 120.2 (2)
03—C2—Cl1 120.4 (2) Cc4'—C3'—C2’ 118.6 (2)
C3—C2—Cl 120.5(2) Cs'—c4'—c3’ 120.5 (2)
Cc4—C3—C2 119.6 (2) C6'—C5'—C4' 119.2(2)
C3—C4—C5 121.7 (2) N1'—C6'—C5’ 1202 (2)
C4+—C5—C6 119.4 (2) C2—03—H30 100.5 (14)
04—C6—C5 118.0 (2) C6—04—H40 103.4 (16)
04—C6—C1 1212 (2) C2'—N1'—HIN 120.2 (15)
C5—C6—Cl 120.8 (2) C6'—N1'—HIN 118.4 (15)
01—C7—02 122.5 (2)

Symmetry code: (i) x, 3 — y,z.

Table 3. Hydrogen-bonding geometry (A, °)

D—H---A D—H H.A D-A D—H-A
I
03—H30- - -01 0.93 4) 1.74 (9 2.596 (3) 152
02—H20- - ‘04 0.89 (4) 1.68 (4) 2.522 (3) 156
04—H40. . .01’ 0.76 (3) 1.95(3) 2.683 (3) 161
()
O1—H10-..03 1.14 (14) 1.57(13) 2.540 (3) 139 (10)
03—H308B- - -01 1.06 (10) 1.61(11) 2.540 (3) 143 (8)
0O3—H30A- - -01W 071 (D) 2.03(7) 2.705 (4) 159 (6)
OIW—HI1W- . ~O3" 0.85(10) 1.92 (11) 2.705 (4) 152 (10)
O1W—H2w- . .O1" 0.88 (10) 2.33(9) 3.069 (6) 143 (5)
m)
03—H30---01 1.08 (3) 1.46 (3) 2497 (2) 158 (2)
04—H40- - -02 1.04 (3) 1.59(3) 2.556 (2) 152 (3)
NI’—HIN. . .02 0.97 (3) 1.73(3) 2.692 (2) 175(2)
C2'—H2'...01 093 (2) 2.50(2) 3.211(3) 133 (2)

Symmetry codes: (i) § —x,y— §,4+2z @) § —x, }+y,z— }.

The ~-resorcylic acid molecule in (II) lies on a mirror
plane through C7, C1 and C4, therefore the carboxy! and
phenolic OH groups are disordered. The molecule adopts
two overlapping orientations related by the mirror plane. The
positions of all H atoms except for H1W were determined from
a AF map. H10 and H30B were identified as a broad peak
between O1 and O3, which was probably the superposition of
the electron densities of these two closely situated H atoms,
and were both given a site occupancy of 0.5 and refined.
The position of HIW was calculated assuming hydrogen-bond
formation with O(3) and refined.

Data collection, cell refinement, and data reduction; Kuma
KM-4 software (Kuma, 1991). Program(s) used to solve struc-
ture: SHELXS86 (Sheldrick, 1990). Program(s) used to refine
structure: SHELXL93 (Sheldrick, 1994). Molecular graphics:
Stereochemical Workstation (Siemens, 1989). Software used
to prepare material for publication: SHELXL93.
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Abstract

In the title compound, C,,H,;NsOs, the furanose
ring adopts a C(2")-endo envelope conformation (°E),
with the glycosyl linkage anti [ y = 219.0 (2)°]. The
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