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Refinement of the Structure of Salicylic Acid

By M.SUNDARALINGAM AND L. H.JENSEN
Department of Biological Structure, University of Washington, Seattle, Washington 98105, U.S.A.

(Received 2 April 1964 and in revised form 12 August 1964)

The crystal structure of salicylic acid has been refined with the use of unidimensionally-integrated
photometric three-dimensional Weissenberg data. Positional and anisotropic thermal parameters of the
non-hydrogen atoms and positional and isotropic thermal parameters of the hydrogen atoms were
refined by the least-squares method. The R index for observed reflections is 5-9 %, excluding a number
of reflections suffering varying degrees of secondary extinction. Average standard deviations in atomic
positions are: O 0-0024, C 0-0035, H 0-040 A. Hydrogen atom thermal parameters are, on the average,
slightly smaller than those of the non-hydrogen atoms. Bond lengths between non-hydrogen atoms are
in good agreement with the previous two-dimensional studies of Cochran, but the average C-H bond
length of 0-973 A is about 0-1 A longer than reported in that work.

Previous work by Cochran (1953) on the crystal struc-
ture of salicylic acid* was done in projection on (010)
and along [001] with photographic and Geiger-counter
data. The estimated standard deviations in the C-C
bond lengths averaged 0-009 A. Our purpose was to
obtain more accurate parameters, especially for the
hydrogen atoms, by refinement based on three-dimen-
sional data.

Experimental

Salicylic acid crystallizes in space group P2;/a with
unit-cell parameters:

a=11-52+0012, b=11-21 0011, ¢=492+0-005 A,
and =90° 50’ + 2’ (Cochran, 1953).

Unidimensionally-integrated equi-inclination c-axis
Weissenberg photographs of the zero through the
fourth levels were collected by the multiple-film tech-
nique. Intensities were measured with a recording
microdensitometer scanning at right angles to the dir-
ection of integration on the camera. Within the linear
response range of the film, the area under the trace
may be taken as proportional to the integrated inten-
sity. Photographs were taken using three different
needle-like crystals ca. 0-2 mm in diameter.

The structure factors were brought to a common
scale from zero and first-level data of a fourth crystal
set to rotate about [110]. The errors in interlayer scale
factors are estimated to be less than 59;. Of the ap-
proximately 1460 reflections accessible with Cu K« ra-
diation, 732 (50%;) were measured.

The refinement

The refinement was carried through on an IBM 709
computer using Busing & Levy’s (1959) full-matrix
least-squares program. A total of 115 parameters were

* After the experimental work reported here had been com-
pleted, we learned that Dr G. S. Pawley had also carried out
a three-dimensional refinement at the University of Cambridge,
England.

varied: 48 positional parameters for the 16 atoms, 60
anisotropic thermal parameters for the non-hydrogen
atoms, 6 isotropic thermal parameters for the hydrogen
atoms and one scale factor. The weighting function
used was essentially that suggested by Hughes (1941):

Yw="T]F, if Fo>7-0
Yw=1-0 if Fo<7-0

The scattering factors for carbon and oxygen were
those of Berghuis, Haanappel, Potters, Loopstra, Mac-
Gillavry & Veenendaal (1955) and those for hydrogen
were from McWeeny (1951).

Refinement began with the coordinates reported by
Cochran (1953). In the initial stages, the hydrogen
parameters were fixed, and the non-hydrogen para-
meters and the scale factor were refined, first with iso-
tropic temperature factors, then with anisotropic tem-
perature factors. Next the non-hydrogen parameters
were fixed and the hydrogen parameters were refined;
in the first few cycles only the positions were refined,
then both position and thermal parameters were re-
fined. A similar series of refinement cycles was re-
peated twice to insure complete refinement. In the last
refinement cycle, no shift of a hydrogen parameter
exceeded 0-1 of the standard deviation of that par-
ameter. The final R index is 5-9%, based on 732 ob-
served reflections from which were excluded 24 reflec-
tions suffering various degrees of secondary extinction.
If F, is taken equal to F. for these reflections, R is
reduced to 5-0%.

In Table 1 are listed observed and calculated struc-
ture factors, and in Tables 2 and 3 the atomic param-
eters and their standard deviations. The average
standard deviations in the positional parameters are
00024 A for oxygen, 0-0035 A for carbon and 0-040 A
for hydrogen.

Discussion

The bond lengths and angles (Fig. 1) involving non-
hydrogen atoms agree well with Cochran’s two-dimen-
sional analysis, except for the lengths of the C(2)-C(3)
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and C(7)-O(1) bonds. The benzene ring is distorted
from hexagonal symmetry, and the bond lengths, as
indicated by Cochran, suggest that the quinoid struc-
ture

H(4)

1174 C(4)122 0°
119-0° H(3)
) 120-5° C(S))(

119-4° 120:56° 120-4°

1211;K1204

116:0° ¢(7) 122:9°

121 25\
0(1)/6( 0(2)

111-4°

H(B) 1228

Lo H@ T
P "3
/,'L 1-025 '9-9«\

v Ty
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Y X7
?H(S)% & % &H(S)

C(5) C(3)

1-365 1-381
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0(3)

2:291
o2 C(6) c(2)

H(:)/% e
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i
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1-000

o)

H(1)
(6)

Fig. 1. (a) Bond angles and (b) bond lengths (A) in salicylic
acid. (Uncorrected for thermal motion).
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N\

OH

is the major valence-bond structure contributing to the
over-all resonance state of the molecule (see Cochran
(1953) for the other canonical structures). Thermal
motion alone could not account for the observed
shortening of the C-C bonds.

Table 3. Parameters of hydrogen and (in parentheses)
their standard deviations

xla ylb z/c B
H(l) —-0-0692 0-0781 0-9828 2:73
(0-0034) (0-0034) (0-0078) (0-84)
H(2) 0-2096 0-0213 0-5449 3-28
(0-0038) (0-0039) (0-0073) (0-93)
H(3) 0-2936 0-2380 0-:0674 2:94
(0-0035) (0-0036) (0-0081) (0-85)
H(4) 0-1801 0:4123 —0-0338 4-05
(0-0041) (0-0040) (0-0085) (1-01)
H(5) 0-0085 0:4365 0-2139 3-28
(0-0037) (0-0036) (0-0077) (0-90)
H() —0-0511 0-3094 0-5489 2-41
(0-0033) (0-0035) (0-0069) 0-79)

The precise determination of the structure of 2-am-
ino-3-methylbenzoic acid by Brown & Marsh (1963)
shows many bond lengths which are similar to those
in salicylic acid. This is to be expected since the elec-
tronic properties of the OH and NH, groups are quite
similar. In 2-amino-3-methylbenzoic acid the resonance
interaction of the amino group with the benzene ring
and the ortho carboxylic group probably arrests the
inductive and hyperconjugative effects of the methyl
group which is meta to the carboxyl substituent. The
largest difference between the C-C bond lengths in
salicylic acid and 2-amino-3-methylbenzoic acid is in
the C(2)-C(3) bond and is probably due to the presence
of the methyl substituent adjacent to the amino group
in the latter compound.

In salicylic acid the angle C(1)-C(7)-O(1) of 116-0°
is significantly less than the 120° angle between the
bonds of a trigonal carbon atom, and the angle
C(1)-C(7)-0(2) of 122-8° is significantly greater. This
feature is observed in both aliphatic and carboxylic
acids (see Table 4 of Higgs & Sass (1962) and Table 7
of Nardelli, Fava & Giraldi (1962)). Angle O(2)-C(7)-
O(1) is a little greater than 120°, as commonly ob-
served in other carboxylic acids.

It is evident in Fig. 1(a) that all the substituent atoms
on the ring are displaced slightly counterclockwise so
that angles on either side of the ring atom-substituent
atom bonds are systematically different. No single dif-
ference is significant except the 5-1° between the angles
on either side of the C(2)-O(3) bond. The fact that the
differences are systematic, however, would seem to
indicate that they are real.
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The six carbon atoms in the benzene ring are co-
planar within experimental error (plane 1, Table 4).
The mean deviation of the ring atoms is 0-001 A. Of
the non-hydrogen atoms in the molecule, only O(2)
deviates significantly from the benzene plane. All hyd-
rogen atoms are at distances from plane 1 within ex-
perlmental error, with the poss1b1e exception of H(5)
which is dlsplaced by 0-12 A. It is this atom which is
involved in the shortest C-H bond, 0904 A, and the
shortest H - + - H intermolecular distance, 2-55 A.

Plane 2 in Table 4 is the least-squares plane through
the ten non-hydrogen atoms in the molecule. Atom
O(2) is significantly displaced from this plane, and the
mean deviation of the other nine atoms is more than
three times their mean deviation from plane 1.

Plane 3 in Table 4 is the least-squares plane through
the six non-hydrogen atoms of the centrosymmetrical-
ly related carboxyl groups. The mean deviation of the
atoms from the plane is over five times the mean stan-
dard deviation of coordinates of the atoms involved.
These large deviations stem from the fact that the in-
dividual planes through each of the centrosymmetrical-
ly related carboxyl groups are separated by a distance
of 0-15 A, a feature which is the rule rather than the
exception (Jeffrey & Sax, 1963; Robertson, 1964). It
should also be noted that O(2) is displaced by 0-045 A
from the plane through C(7), O(3), O(1").

The plane of the carboxyl group is inclined at 1-1°
to the benzene plane. In 2-amino-3-methylbenzoic acid,

REFINEMENT OF THE STRUCTURE OF SALICYLIC ACID

Brown & Marsh (1963) report a value of 3° for the
corresponding angle.

Table 4. Displacements from least-squares planes
through various atoms
Atoms with displacements shown in parentheses were not in-
cluded in calculation of the least-squares plane. O(1°), O(2")
and C(7’) are the atoms centrosymmetrically related to O(1),
0O(2) and C(7).

Atom Plane 1 Plane 2 Plane 3
o (0:001) A 0-008 A 0-011 A
0(2) (—0-028) —-0:016 0-013
0(3) (—0-003) 0-006
C(1) —0-001 0-003
C(2) 0-002 0-006
C(3) —0-002 —0-001
C4) 0-001 —0-003
C(5) 0-000 —0-005
C(6) 0-000 ~0-001
Cc) (—0-006) 0-002 —-0016
H(1) (—0-05) (—004)

H(2) (0-03) (—0-02)
HQ3) (—0-05) (—0-05)
H4) (0-03) (0-03)
H(5) (0-12) 0-11)
H(6) (0-04) (0-04)

o(1") —0-011
0(2) —-0-013
C() 0-016

Equatlon of least-squares planes in coordinate system with
axes a, b, c¢*

Plane It —01621x—0-1493y —0-2115z+1=0
Plane 2: —0-1626x—0-1487y—0-2123z+1=0
Plane 3: —0:1619x—0-1666y —0:2057z+1=0

Table 5. Description of the thermal ellipsoids

B;—8n2m‘2 where u; is the root-mean-square dlsplacement corresponding to the ith axis of the ellipsoid.
Cia, Cib, Cic are the direction cosines of the i axis with respect to the crystal a, b, c.

Atom  Axis { B; u;
o) 1 5-41 A2 0-26 A2
2 2:38 0-17
3 2:99 0-19
o(2) 1 4-90 0-25
2 243 0-18
3 258 018
0o@3) 1 685 0-29
2 2:62 0-18
3 3-51 0-21
Cc(1) 1 258 0-18
. 2 316 0-20
3 301 0-20 |
CQ) 1 2:48 0-18
2 358 0-21
3 3-40 021
C(3) 1 2:66 018
2 518 026
3 4-09 023
C(4) 1 6:00 0-28
2 2:56 0-18
3 4-20 023
C(5) 1 275 0-19
2 5-90 0-27
3 448 0-24
C(6) 1 3-09 020
2 4-12 0-23
3 377 0-22
C(7) 1 317 0-20
2 2-48 0-18
3 2:77 0-19

Cia Civ Cic
0-5728 0-4033 0-7052
—0-7953 0:0627 0-6145
—0-1984 0-9129 —0-3537
0-4943 0-3794 0-7748
—0-8636 0-1117 0-5041
—0-0992 0-9185 -0-3814
0-4465 0-3883 0-7996
—0-8450 —0-0843 0-5258
—0-2673 09177 —0-2900
—0-4073 —0-8834 0-2375
—0-9057 0-4233 0-0348
—0-1174 —0-2008 —0-9708
—0-7956 —0-5826 0-1775
—0-2939 0-6108 0-7395
—0-5297 0-5362 —0-6494
06765 —04571 0-5872
—0-5144 0-8544 0-0813
—0-5270 —0-2471 —0-8054
—0-7533 0-5356 0-3926
—0-3767 —0-8271 0-4227
—0-5392 —0-1705 —0-8168
—0:0648 —0-8412 0-5377
—0-9017 0-2798 0-3426
—0-4274 —0-4627 —0-7704
0-0160 —0-9221 0-3863
0-5399 0-3334 0-7650
0-8415 —0-1964 —0-5154
0-5208 —0-0331 0-8454
—0-7629 —0-4665 0-4587

0-3830 —0-8839 —0-2738
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The greatest difference between the present analysis
and Cochran’s is in the C-H bond lengths, which now
are found to be almost 0-1 A longer (Fig. 1(b)). The
shortest C-H bond, C(5)-H(5), was also the shortest
in Cochran’s work. The average C-H bond distance
of 0-973 A is appreciably less than the theoretical dist-
ance of 1:04 A for a C(sp?)-H bond (Cochran, 1956).
This may be due in part to the effect of thermal oscilla-
tion.

The bond angles involving hydrogen are indicated
in Figs. 1(a) and 2. The C-C-H angles are close to
120° and the C-O-H angles do not deviate greatly
from the tetrahedral value. The C=0O --- H angles,
however, are very different from 120°, a fact that must
be considered in postulating models for hydrogen-
bonded structures.

There are 5 H - - - H intermolecular distances less
than 3-0 A. The closest H - - - H approach is 2:55 A
between H(5) and the centrosymmetrically related
H(5). Of the six non-bonded C - - - H distances less
than 3-3 A, the shortest is 3-18 A and occurs between
C(2) of one molecule and H(6) of a glide related mole-
cule. There are just two non-bonded O - - - H distances
less than 3-0 A. The shortest is 2:66 A between O(3)
of one molecule and H(6) of a glide-related molecule;
the next shortest is 2:74 A between O(3) and H(6) of
a different glide related molecule.

In Table 5 are listed B;, #; and the direction cosines
of the principal axes of the thermal ellipsoids with
respect to the crystal axes a, b, ¢. A ‘rigid body’ re-
finement based on the data of Table 1 has been done
elsewhere (Pawley, 1963).

11171 126:8" 4%/ 13140
0'60%11-4" 1270\ S

i
1784°} H(1)

Fig. 2. Bond angles around the intermolecular and intramole-
cular O-H - - - O bonds.
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The average of the isotropic thermal parameters for
the hydrogen atoms is 3-1 A2, somewhat less than the
mean value of By (Bu=4Pu/a)? where af =a*, b*, c*
for i=1, 2, 3) of 40 A? for the non-hydrogen atoms
to which the hydrogen atoms are bonded. Although
the mean By is not exactly equal to the equivalent
isotropic B, it is a close approximation since f does
not differ much from 90°. (See also Jensen & Sundara-
lingam, 1964).

Fig. 3(a) is a composite 4F synthesis showing the
hydrogen atoms, and Fig. 3(b) is the corresponding F,
synthesis where the hydrogen atoms appear as small
peaks just resolved from the atoms to which they are
bonded.

The authors wish to thank the University of Wash-
ington Research Computer Laboratory for a grant of
computer time and Stephen Edwards and Douglas
Boyden for technical assistance. We are indebted to
Drs D. F. High, J. M. Stewart and J. Kraut for the
computer programs used. This investigation was sup-
ported by Grant GM 10828 of the National Institutes
of Health. One of the authors (M.S.) was supported
by GT 1-GM136 while the work was in progress.
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Fig. 3. (a) Composite 4F synthesis showing hydrogen atoms
based on reflections with sin 8/A<0-48. Contour interval
0-05 e.A-3 beginning at 0-1 e.A-3. (b)) Composite F, s‘{n-
thesis; non-hydrogen atom contours at intervals of 1 e.A=3
beginging at 2 e.A-3, hydrogen atom contours at 0-75 and
1-0e.A3.
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Topochemistry. XI. The Crystal Structures of Methyl m- and p-Bromocinnamates
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The packing arrangements of methyl m- and p-bromocinnamates have been determined from zonal
and partly three-dimensional photographic data. The molecular shape of these esters, in particular the

conformation of the Cz-C,~C
(o]

system is discussed in terms of non-bonded interactions between

Cﬁ and the oxygen atoms of the carboxyl group, and compared with the configuration of this system

in unsaturated and saturated acids and amides.

Introduction

In part 111 (Schmidt, 1964) of this series we have dis-
cussed the relationship between the photochemical be-
haviour of some ring-substituted cinnamic acids and
their crystal structures. We have pointed out that these
acids occur in three packing types («, f, y) with several
acids crystallizing in more than onc such type (dimor-
phism, trimorphism), that these packing types differ
in the geometry of contact between neighbouring
>C=C< groups, and that the photochemical be-
haviour of the three types is explicable in terms of this
geometry.

We have now begun an investigation of the crystal
chemistry of the esters of cinnamic acids. The photo-
chemistry of methyl cinnamate has been studied by
Liebermann & Zsuffa (1911) and by de Jong (1923)
who isolated small amounts of an oligomer (n=3.4)
and the centric dimer (dimethyl a-truxillate) respective-
ly. It would appear from the work of these authors that

the ratio of the two products is temperature dependent,
and that the yield of the dimer increases at lower tem-
peratures; in view of the low melting point of methyl
cinnamate (33°) the possibility could not be excluded
that oligomerization takes place in the melt rather than
in the crystalline state. In addition to this complication
the cell dimensions of methyl cinnamate (Table 1)
measured on a crystal grown by evaporation of an
ether solution and photographed in a Lindemann cap-
illary, are not suited to a structure analysis. Three
heavy-atom derivatives of the ester were therefore pre-
pared and their crystallographic constants determined
(Table 1). The present paper presents the structure

(”)(2)
VAN
3 OCH;
8 AV e )

9

Fig. 1. Numbering of atoms in the present analysis.

Table 1. Crystallographic constants of some methyl cinnamates

a b
Methyl cinnamate 219 5-8
Methyl p-chlorocinnamate 8:77 5-84
Methyl m-bromocinnamate 7-830 5976
Methyl p-bromocinnamate 8-485 20-703

c B Space group n deale
20-99 104° P2y/c 12 1-25
18-75 95-6° P2y/n 4 1-37
21-208 99°31” P2i/a 4 1-64

5-764 92-2° P2,/n 4 1-58



