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The Crystal and Molecular Structure of 2,5-Dihydroxy-

1,4-benzoquinone at —162 °C

DAG SEMMINGSEN

Department of Chemistry, University of Oslo, Oslo 3, Norway

The crystal structure of 2,5-dihydroxy-1,4-
benzoquinone has been determined at - 162 °C
from three-dimensional counter data. The
space-group is O2/c with a=17.801(1), b=
6.951(1), ¢=9.939(2) A, and B=90.04°. Full
matrix least-squares refinements have yielded
a conventional R value of 0.035 for 916 ob-
servations having sin §/4> 0.55. The molecules
are situated at the centers of inversion, and
there are two different C—O bonds [1.235(1)
and 1.327(1) A] and three different C—C bonds
[1.506(1), 1.442(1) and 1.355(1) A]. The planar
structure shows some quinoid character al-
though the double bonds are only partially
localized. The hydrogen atom attached to the
hydroxyl group appears to participate in two
weak hydrogen bonds, one of which ties the
molecules into infinite planar sheets, the other
is a weak intramolecular interaction.

The crystal structure of the dipotassium salt
of 2,5-dihydroxy-1,4-benzoquinone has recent-
ly been reported.! The anion CH 02~ was
found to have D,; symmetry in the crystal
within experimental error, thus there is virtu-
ally complete delocalization of the z electrons
along the l-oxopropen-3-olat fragment. Inter-
mediate character although not complete con-
jugation in corresponding bonds has also been
found in the crystal structures of fluoro- and
chloroanilic acids.?® To further investigate the
effects of conjugation in this type of molecule,
the crystal structure of 2,5-dihydroxybenzo-
quinone was determined. The determination
was also carried out as part of a series of struc-
ture investigations of compounds containing
the 1-oxo-propen-3-ol chain.4®
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EXPERIMENTAL

The compound was synthesized by the
method given by Jones and Shonle (Dec. 217
°C),* and suitable deep-red to orange crystals
were grown by slow cooling of a solution of the
compound in absolute alcohol. The crystals
were frequently found to be twinned with
(101) as the twin plane. Oscillation and Weis-
senberg photographs indicated monoclinic sym-
metry. (@=17.89, b=6.95, ¢=10.10 A, f=
91.4°, t=25 °C). Systematic absence of reflec-
tions hkl for h+k=2n+1 and kOl with ! odd
determined the space group to be either Cc or
C2/c. The latter was assumed and proved to
be correct by the structure refinements. Cell
dimensions at — 162 °C were determined from
the setting angles of 30 reflections with 26-
values larger than 35°. Three-dimensional
intensity data were collected from an almost
rectangular crystal of dimensions 0.35 x 0.45 x
0.30 mm on a SYNTEX P1 diffractometer
with graphite monochromated MoK« radiation
(Kay, A=0.70926 A; Kay,, 1=0.71354 A). The
diffractometer was operated in the -2 scan-
ning mode and equipped with an Enraf-Nonius
liquid nitrogen cooling device (modified by
H. Hope). The temperature at the position of
the crystal was —162+2 °C. Data were col-
lected in one quadrant of reciprocal space to
20max = 80° with a variable scan speed depend-
ent on intensity. Below 20=50° the scan
speed was varied between 2 and 8° min7?,
above 20=50° between 2 and 4° min™'. In
the latter shell a threshold value was applied
to avoid measurement of very weak reflec-
tions (< 20(I)). A symmetric scan range of 2°
corrected for angular dependence of spectral
dispersion were performed, the ratio of back-
ground time to scan time was 0.6. A total of
1406 intensities excluding space group absences
were measured, of which 1294 were greater
than 2¢(I) and regarded as observed, the re-
maining 112 were rejected from the final
structure analysis. The intensities and their
standard deviations were corrected for Lorentz
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Table 1. Fractional coordinates and thermal parameters with estimated standard deviations: A,
for the refinement with an inner cut-off at sin §/4=0.55 A-, B, for the refinement of all data.
Expression for anisotropic vibration is exp [— 2a*(h*a**U11 + -+ + 2kib*c*U23)].

A

ATOM X Y 2 vit
01 ;2’)74( 4] 52877¢ 7) «71082¢ 8) ,0136¢
02 2399340 8) .08262¢ 7) «59847¢ 8) ,08216¢
c1 3sze2t 7) «90704¢ 8) «01304( 8) L0113¢
c2 pas292¢ 7y «08643¢ 8) «54470( 8) ,0129¢
[+ «44118¢ 8) J32136¢ 9) «86307¢ 6) ,0181¢
B

ATOM X Y 2 Ul
0y ;20!77( 8) .52986¢ 9) «71841( 6) L0161¢(
02 39971¢ 9) +85335¢ 9) «59537¢ 8) ,0224¢
c1 2388A3(10) 50691 (11) «61288C 7) L0112(
c2 245205019) «68613(11) «54469( 7) L0132(
cy 4412301 #32158(11) «56321C 8) ,0154(

ATom x Y k4 8
HO L 3387¢21) .8172(22) 26622(17) 3,40 D)

and polarization effects and a 2 9, uncertainty
to account for experimental uncertainties was
included in the latter. Atomic form factors
used were those of Doyle and Turner’ for
oxygen and carbon atoms and those of Stewart
et al.® for hydrogen atoms.

Computer programs employed during the
present study are those of Refs. 9 and 10.

CRYSTAL DATA (-162 °C)

2,56-Dihydroxy-1,4-benzoquinone, CH,O,,
monoclinic. Space group C2/c, a="7.8008(14),
b=6.9405(13), c=9.987(19) A, B=90.044(10),
V=538.1 A%, M=140.10 g mol™, F(oq =288,
Z=4, Dg,.=1.1729 g cm™3, D, (25 °C)=1.65
g cm™,

SOLUTION AND REFINEMENTS

The structure was solved by direct methods *
and further refined by full matrix least squares
methods. The function minimized was Jw-
(Fo—F .3, w=0(F,)? The hydrogen atoms
were located in a difference Fourier map at the
end of the isotropic refinement. However, the
hydrogen atom (H,) attached to the hydrox-
ylic oxygen was initially placed on the line
joining the donor and acceptor of the inter-
molecular hydrogen bond. During the sub-
sequent refinements the isotropic temperature
factor of Hg increased from 3.0 to 5.5 A3,
while the atom position shifted near to that
determined from the difference map, where-
upon the value of the thermal parameter again

ua2 V33 ui2 ['1% ] uay
01310 2) ,0122¢ 2) ,0008¢ 1) ,L0077( i) ,00085¢( 1)
«0089( 2) ,0308( 2) ,0008¢ 1) ,0106( 2) e,0013¢ 1)
20092¢ 2) ,0090( 2) ,0002¢( 2) ,0838( 1) ,0087( 1)
«0000¢ 2) ,0112¢ 2) o,0002( 1) ,2047( 2) e,2001¢ 1)
+0083¢ 2) ,0129(¢ 2) »,0003( 2) ,0066( 2) ,d002( 1)

u22 ["A R} ne [G¥) u23
«A13BC 2)  L0130(¢ 2) LPR10C 2) LON7S( 2) A0l 2)
WARR2( 2)  L0174( 3) LIPABC 2) LA1AL 2) e, A012( 2)
8191 3)  (e104( I) ,AA92C I) ,AA3N( 2) L, AeaS( 2)
«2N89C 3) LR119( 3) e,2000C 2) L,A041( 2) =, ,2003( 2)
WB0A9C 3)  LPL134( 3I) =,A045( I) L0u6A( I)  LAann6( 2)

ATOM X v 2 "
He «4835(19) «2107(21) ,6288(14) 2,9¢ )

declined to 3.4 A? Refinement with all data
terminated with the residuals R=0.036, Ry=
0.044 and S=2.16.* In the final refinements
only data for which sin 6/A>0.565 were in-
cluded, leaving 916 structure factors for a
refinement of heavy atoms only. During these
refinements the positional parameters shifted
by up to 7 standard deviations, while all Uy
were reduced by amounts up to 4 standard
deviations. The residuals obtained were R=
0.030, Ry=0.030 and S=1.2. Positional and
thermal parameters from the refinement of
“high” angle data are given in Table 1 together
with the values from the refinement of all data.

In the following discussion heavy atom
parameters from the high angle refinement
will be considered, though only small changes
in bond lengths (maximum 3x 10~ A) were
observed.

An analysis of the molecular motion in terms
of rigid body vibrations indicated that the
molecule may be regarded as rigid since 4U =
0.0003 A*.i112 Corrections for librational mo-
tions range from 1x 10~ (C1-01) to 4x 10
A (C1-C2) and have not been applied. The
r.m.s. amplitudes range from 0.173 to 0.078 A
with the larger component perpendicular to
the molecular plane (see Fig. 1). The structure
factors can be obtained from the author upon
request.

* Standard deviations of unit weight S=
[Z W(Fq—F ) /(m— n)]k.
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Fig. 1. Perspective drawing of the molecule
with atom numbering as indicated. The shapes
of the heavy atoms represent 50 %, probability
contours of thermal motion.

DESCRIPTION AND DISCUSSION

The molecular structure of 2,5-dihydroxy-1,4-
benzoquinone in the crystalline state is shown
in Fig. 1,1 which also shows the atom numbering
scheme. The molecules are situated at crystal-
lographic centers of inversion. Bond lengths and
angles from both refinements are given in Table
2 together with hydrogen bond parameters.

The molecular structure of 2,5-dihydroxy-
1,4-benzoquinone corresponds to that found
previously in the chloro- and fluoroanilic
acids.?® The structure is basically of quinoid
character, however, some degree of conjuga-

Table 2. Interatomic distances, bond angles
and hydrogen bond parameters, with estimated
standard deviations: A, for the refinement with

an inner cut off at sin §/A=0.55 A-1, B, for
the refinement of all data.
A
DISTANCE 1%} DISTANCE 11
0 €1 1.23%3C &) 02 o €2 1,3267¢ 7)
¢l . 2 ijavedt 7) €L w C3 1,4423C 8)
€2 @ €I 1,3847¢ 7) WO e 02 7987
HC « €3 9392 01« 02 2,6683¢C 7)
0f « WO 2,2273 01 « 02 2,7275¢ 6)
0f » WO’ 2,1199
ANGLE ) ANGLE )

cf = €2 119,1¢ 1) €1 = €2 C3 122,00 1)
g:: c§ e C2  118,9( 1) 01 = Cie C2 137,20 1)
0f « Ci « C3 323,7¢ 1} 02e C2e C1 116,2C 1)
02« €2 C3 121,9¢C1) €2 02e HO 131,6
Ci e 01 » MO 80,6 02 e HO ® Oi’ 114,4
€1~ 01 = NO' 113.4 02 MO e 03/ 1143
B .
DISTANCE 13} OISTANCE [31)
01 « €1 1,2360( 8) 02 = €2 1,3300¢ 9)
Ct - €2 1.5045(12) €1 « €3 1,4398(10)
€2 - €3 1,3533(10) HO =« 02 +804018)
HC » €3 ,942(13) 0f = 02 2,6618( 8)
01 « MO, 2,229(16) 01 » 027 2,7296C 8)
ot » HO” 2,116(17)
ANGLE ) ANGLE )
€3 e €1 = €2 119,40 1) €1 = €2 €3 122,0¢ 1)
€1« €3 e C2 118,9( 1) 0f » C1 = C2- 117,8C 1)
01 « €§ « €3 123,7¢ 1) 02 = €2 e C1 116,4C 1)
02 €2« €3 121,7C 1) C2 s 02 = HO 111,5(11)
Cl « Nl = HO  A92,8(5) 02 » HO = 01 114,1(14)
Cl « 01 « HO' 313.4( 2) 02« MO~ 0F §14,2012)
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tion exists along the sequence of atoms O1*—
C1*—C3—C2—02.1 Thus C1*—C3 [1.442(1) 4]
is definitely shorter than C1-—C2 [1.506(1) A],
indicating only minor conjugation across the
latter bond. There is therefore markedly less
conjugation in the 1-oxo-propen-3-ol chain
than in the 1-oxo-propen-3-olat chain in the
free acid and in the dipotassium salt.! The
C1~C2 bond in the present study is also prob-
ably shorter than the corresponding value in
the salt [1.543(7) A]. The bond lengths in the
conjugated chain are similar to those found in
the trans-enol arrangements of dimedone ¢ and
phenylmalondialdehyde.®

A slight tendency towards higher conjuga-
tion in the O1 - C1 —C3 — C2 — 02 skeleton upon
substitution of hydrogen for the more electron
withdrawing halogens may be noted. The C—O
double bond increases from 1.215(3) A in fluoro-
anilic acid ? to 1.235(1) A in the present work,
while the C—O single bond decreases from
1.334(3) to 1.327(1) A. Further the C—C double
bond increases from 1.332(4) to 1.355(1) A,
while the C1—-C3 single bond contracts from
1.456(3) to 1.442(1) A. On the other hand the
slight expansion of the C1—-C2 bond from
1.496(4) to 1.506(1) A may indicate a decrease
in conjugation across this bond. The distances
found in chloroanilic acid? lie between those
found for fluoroanilic acid ? and the title com-
pound except that the C— O single bond length
does not differ significantly from that found
in the present work.

The molecule is planar within the estimated
standard deviations. The average absolute
discrepancy from the root-mean-square plane
through the heavy atoms in the asymmetric
unit is only 0.001 A, and the largest deviation
(0.002 A for C1) is not significant. The hydrogen
atoms also lie in this plane with deviations for
H¢ and H, of 0.035 and 0.026 A, respectively.

A packing diagram of the structure is shown
in Fig. 2.2 The molecules are linked together
to form infinite sheets of hydrogen bonded
layers [O---O, 2.728(1) A] extending in the
(101) plane. The stacking of layers perpendicular
to (101) is such that C—O bonds of adjacent
molecules overlap in an approximately anti-
parallel manner with an average layer separa-
tion of 3.16 A. This suggests that the attractive

t Atoms marked with an asterisk are those
centrosymmetrically related within the molecule.
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Fig. 2. Stereoscopic illustration of the crystal structure of 2,5-dihydroxy-1,4-benzoquinone. Thermal

ellipsoids are scaled to include 50 9, probability.

forces between layers may be partly due to
dipole-dipole interactions.!* The intermolecular
contacts between these atoms do, however,
correspond to normal van der Waals distances
(C1---01, 3.06 A; C2---02; 3.09 A).”* In addi-
tion to the O---O hydrogen bonds there are
two other intermolecular interactions within
the sheets. These are from H¢ to O1 and 02
of lengths 2.67 and 2.49 A, respectively, and
are similar to CH---O contacts commonly oc-
curring in quinoid compounds.

The intermolecular hydrogen bond [O---O,
2.728(1) A}, is weak and of a similar length to
those found in fluoro- and chloroanilic acids
(2.720 and 2.769 A, respectively).®® The hy-
drogen atom is displaced significantly off the
line joining the two oxygen atoms (/O —H...O
=114°) with an Hgy---O separation of 2.12(2)
A. An examination of intramolecular contacts
reveals that the Hy---O1 distance within the
molecule is only 2.23(2) 4, and although longer
than the intermolecular contact, it is shorter
than the sum of van der Waals radii for hy-
drogen (1.0 A)™ and oxygen (1.4 A)Y sug-
gesting the presence of a bifuracted hydrogen
bond arrangement. The corresponding intra-
molecular O---O distance is 2.658(1) A and the
O—H:.-O angles i 114°. The intramolecular
interaction constituting a five-membered ring
system is certainly weak, however somewhat
similar arrangements have previously been
found in the crystal structure of tropolone ? and
there is also evidence of such interaction in (— )-
noradrenaline and some related compounds.'®
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