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336. X-Ray Studies of Molecular Overcrowding. Part IV.X The
Crystal and Molecular Structure of 2-Chloro-5-nitrobenzoic Acid.

By G. FErRGgusoN and G. A. Sim.

2-Chloro-5-nitrobenzoic acid crystallizes in the monoclinic system,
space group P2,/c, with four molecules in a unit cell of dimensions & = 5-86,
b= 513, ¢ = 26-65 A, B = 97° 54’. The molecules occur as centro-
symmetrical dimers with hydrogen bonds (2-61 A) between adjacent
carboxyl groups. The carboxyl group is rotated 23° and the nitro-group
7° out of the plane of the benzene ring.

THE molecules of o-chloro- and o-bromo-benzoic acid have been shown to be non-planar
in the solid state.l:? Among more heavily substituted benzene derivatives 2-chloro-5-
nitrobenzoic acid appeared to us to offer the possibility of demonstrating a relayed steric
effect, for buttressing of the hydrogen atom at position 6 by the bulky 5-nitro-group
could lead to the carboxyl group’s being twisted further out of the benzene plane than in
o-chlorobenzoic acid. We have therefore determined the crystal structure of 2-chloro-5-
nitrobenzoic acid and refined the atomic parameters extensively by three-dimensional
Fourier and least-squares methods.
TaBLE 1.

Final atomic co-ordinates.

(Co-ordinates x, y, and z are referred to the monoclinic crystal axes and are expressed as fractions of
the axial lengths, with origin at the centre of symmetry. Co-ordinates X’, Y, and Z’ are referred to
ortzogona,l axes a, b, and ¢’ (¢’ being taken perpendicular to the a- and b-crystal axes) and are expressed
in A units.)

Atom x y z X’ Y z'
(070 ) R —0-2551 0-1807 0-1006 —1-863 0-927 2-654
(075 R —0-4479 0-0736 0-1162 —3-051 0-378 3-068
C(3) vevrennnns e —0-5264 0-1526 0-1598 —3-670 0-783 4-218
C4) coonvennn e.  —0-4142 0-3503 0-1889 —3119 1-797 4-986
(07 (:) I —0-2209 0-4581 0-1734 —1-930 2-350 4-577
(07 () R —0-1431 0-3791 0-1300 —1-315 1-945 3-432
C(T) vevvniinnninnnen —0-1520 0-0996 0-0550 —1-092 0-511 1-451
(00 ) —0-1858 —0-1173 0-0367 —1-223 —0-602 0-968
(076) R —0-0226 0-2753 0-0384 —0-273 1-412 1-015
(076 ) I 0-0806 0-7441 0-1922 —0-232 3-817 5076
[O1C ) R —0-1861 0-7523 0-2391 —1-966 3-859 6-312
N o —0-1002 0-6646 0-2034 —1-332 3-409 5-370
Clociiiiiiiiiiinns —0-6040 —0-1761 0-0822 —3-840 —0-903 2-169

The final co-ordinates of the atoms are given in Table 1; the standard deviations,
calculated from the least-squares residuals in the usual way, in Table 2; and the inter-
atomic distances and valency angles in Table 3. The arrangement of the molecules in the
crystal is indicated in Fig. 1.

1 Part III, Ferguson and Sim, Acfa Cryst., 1962, 15, in the press.
2 Ferguson and Sim, Proc. Chem. Soc., 1961, 162; Acta Cryst., 1961, 14, 1262.
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TABLE 2.
Standard deviations of the final atomic co-ordinates (A).
o(x) a(y) o(2) o(#) o(y) a(2)
e 0-0042 0-0055 0-0041

C(l) weernennnnen 0-0055 0-0076 0-0054

.. 0-0058 0-0079 0-0058
0-0058 0-0082 0-0057
0-0057 0-0078 0-0058 0-0044 0-0053 0-0042
0-0056 0-0080 0-0055 ceee .. 0-0049 0-0062 0-0049
0-0057 0-0078 0-0058 Cliociiiiiianan. 0-:0015 0-0022 0-0016
0-0057 0-0073 0-0058

0-0044 0-0054 0-0042
0-0045 0-0056 0-0046

The plane through the carbon atoms of the benzene ring, calculated by the method of
Schomaker ef al,® has equation

0-50771X" — 0-68389Y + 0-52395Z’ + 0-19423 = 0.

The small displacements of the benzene carbon atoms from this plane (Table 4) are not
significant. The displacements of the chlorine and nitrogen atoms are also not significant.

Fi1c. 1(a).

SRR T

Fic. 1. The crystal structure of 2-chloro-5-nitrobenzoic acid as viewed in projection along
(a) the a-axis and (b) the b-axis.

The exocyclic carbon atom C(7), on the other hand, is displaced from the benzene plane
by 0-051 A, implying an out-of-plane deflection of the exocyclic carbon—carbon bond of
about 2°. This displacement, though small, is considerably greater than the estimated
standard deviation of position and appears to be significant. For confirmation of this
point the plane through the carbon, nitrogen, and chlorine atoms was calculated; it has
equation

0-50083X" — 0-68361Y + 0-53090Z' + 0-14758 = 0.
Application of the y2-test 4 to the displacements of the carbon, nitrogen, and chlorine atoms
from this plane (Table 4) mdlcates that these atoms cannot all be regarded as coplanar,
for YA2 = 1-28 x 1073 A2 and 32 = YA%/c% = 26.

The atoms of the carboxyl group, C(7), O(1), O(2), and carbon atom C(1) of the benzene

ring lie on the plane

0-72169X" — 0-35446Y + 0-59458Z' + 0-09759 = 0.

3 Schomaker, Waser, Marsh, and Bergman Acta Cryst., 1959, 12, 600.
4 Fisher and Yates, “ Statistical Tables,” Oliver and Boyd Edinburgh, 1957.
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The angle between the plane of the carboxyl group and the plane of the benzene ring is
23-0°. The atoms of the nitro-group, N, O(3), O(4), and carbon atom C(5) of the benzene
ring lie on the plane

0-41333X’' — 0-68278Y -} 0-60247Z" — 0 35560 = 0.

The angle between the plane of the nitro-group and the plane of the benzene ring is 7-0°.

The tilt of the carboxyl group to the benzene plane (23-0°) is considerably greater than
that in o-chlorobenzoic acid (13-7°). This difference may be attributed either to inter-
molecular packing forces or to an intramolecular buttressing effect. It is clear that
crystal forces can be important in conformation effects; biphenyl, for example, is centro-
symmetrical and hence planar in the solid state,? while in the gas phase electron-diffraction
studies ® indicate that the two rings are inclined at about 45° to one another. On balance,
however, we consider that intramolecular forces are of more importance in the present case.
In o-chlorobenzoic acid it is highly probable, in view of the in-plane deflections of the

TABLE 3.

Interatomic distances (A) and angles.
Intramolecular bonded distances

C(1)—C(2) +veeereninrrennnnn 1-372 C(6)—C(1) ..cvvvnernrnnen 1-394 CB)-N .o 1-452
C(2)—C(3) ..oovvvevnrnnnnns 1-368 C(1)=C(7) evrenenennennn 1-489 O(B)—N ..oeviiininnns 1-:210
C(3)—C(4) ..ovvvvvnennrnnnns 1-387 C(T)=O(1) cevvrvnrrennnn. 1:220 O(4)-N ... 1-222
C(4)=C(8) ..ovvvrvnnenrnnnnn 1-374 C(7)=0O(2) -evveverrnnnnn 1-294
C(5)—C(6) ..covvvvrnrnnnnenn 1-362 C(2-Cl ......ceenenee 1-753
Intramoleculay non-bonded distances
C(7)---Cl .viininnnns 3173 O(2)---C(6) ......... 2-685 O4)---C(4) eovvnnnnnns 2-709
O)---Cl .eeninnnennnn. 2-896 O(3) ---C(6) ......... 2715 O()---C(2) vevrnrnennns 2-951
Intermoleculay distances *
O1) -+~ O(2)1 «evvrvennens 2-613 O(4) - - C(Blyy-venevnnn 3-392 C(4) O@3)vt 3-595
O4) * " Nyp ceveeeninnens 2-988 C(7)-+-0O2)1 .covvenn 3412 C) - Cliy .vvvennnne. 3-601
O(2) -+ Oy +evvvvens 3-120 Cl---O2)yr  .eevurnns 3-457 N CB)y -eveeeenrnns 3-612
O(4) - - O(B)gr cevevennnnns 3-128 Cl---O(l)yr  .evvenens 3-472 C(6) Cliy veveveenenns 3-630
O(3) -+ O(4)1r -evvveennnen 3198 Cl- - C(T)yreeeerneennes 3-493 N N oeeeeeeennnnnn. 3-650
O2) -+ - O(L)ry +vvevvenenns 3-258 OB) - - *Nypuervrernnins 3-509 CBY - C@2hy cevvennns 3-670
O(4) -+ C(B)xx -vvvvvvnnnnn 3-273 O2)---0(2) -........ 3-521 O@B) - C(l)ry +eveenens 3-679
O(3) -+ C(B)y -eeverrnnenn 3:315 O@3) -+ - C(4)gg .vevvvee- 3-528 N O coevernenens 3-680
(010 NI 010 |} 3343 O4)---Cld)y-eeevee.- 3-535 O(3) 1y ceeeenennens 3-699
C(7) - - O cevvrnnennnn 3-349 N---CQpyceenneennnnn 3:557 0(3) CB)r +veeveees 3-728
O(4) - - - O(4)pr-ceeecnvnnns 3-365 C®B)---O(l)gy.-cenenes 3-571
* The subscripts refer to the following positions:
I —x —y, — 2z v x, 14+, 2
II —x %4y 3+ —2 V 14+2x 149,z
nmr —x1-y —z VI »—1, Y, z
Interbond angles
C(1) C(2) C(3) 121-8° C(ly C(7) 0O(2) 114-0°
C(2) C(3) C(4) 120-2 O(1) C(7) O(2) 1248
C(3) C(4) C(5) 118-2 C(1) C(2) C 121-9
C(4) C(5) C(6) 121-5 C(3) C(2) C1 116-4
C(5) C(6) C(1) 120-6 C4) C(5) N 119-2
C(6) C(1) C(2) 117-7 C(6) C(5) N 119-4
C(6) C(1) C(7) 116-8 C(5) N O(3) 119-2
C(2y C(1) C(7) 125-5 C(5) N O(4) 1185
C(1) C(7) o() 1213 O3 N 0O(4) 122-4

exocyclic carbon-carbon and carbon-chlorine bonds, that the hydrogen atom at position
6 adjacent to the carboxyl group is displaced away from its ideal radial position. With
the introduction of the bulky 5-nitro-group in-plane deflection of the hydrogen atom at
position 6 is prevented and the increased H - - - O(2) interaction could lead to the carboxyl

5 Dhar, Indian J. Phys., 1932, 7, 43; Hargreaves, Rizvi, and Trotter, Proc. Chem. Soc., 1961, 122,

¢ Karle and Brockway, J. Amer. Chem. Soc., 1944, 66, 1974; Bastiansen, Acta Chem. Scand., 1949,
3, 408.
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group’s rotating further out of the benzene plane, as is indeed observed. An identical
buttressing effect can be invoked to explain the tilt (7°) of the carboxyl group in 4-chloro-3-
nitrobenzoic acid,? for benzoic acid ® and 2-naphthoic acid ? are planar in the solid state.
Similar arguments can be advanced concerning the orientations of the nitro-groups in a

TABLE 4.

Deviations (A) of the atoms from various planes.
(@) Plane through the benzene ring atoms C(1), - - - - C(6). (b) Plane through C(1), - - - - C(7), N, Cl.
(¢) Plane through C(1), C(7), O(1), O(2). (d) Plane through C(5), N, O(3), O(4).

(@) (%) () @

=

0-005 —0-010 0-003 —
—0-006 —0-010 — —
0-006 0-014 — —
—0-006 0-004 — —
0-006 0-005 — 0-000
—0-005 —0-018 — —
0-051 0-022 —0-009 —
0-492 0-460 0-004 —
—0-379 —0-416 0-003 —
0-125 0-116 — 0-000
—0-136 —0-124 — 0-000
0-000 0-000 — 0-001
Cluoiiii —0-001 —0-007 — —

number of molecules. Thus in #m-dinitrobenzene,® 1-chloro-2,4-dinitrobenzene,* and
2-chloro-5-nitrobenzoic acid nitro-groups adjacent to buttressed hydrogen atoms are
rotated 11°, 15°, and 7°, respectively, out of the benzene plane. Nitrobenzene 2 and
p-nitroaniline ¥ are planar, as would be expected.

The in-plane displacements of the exocyclic carbon-carbon and carbon—chlorine
bonds away from one another are similar to those in o-chlorobenzoic acid; the exocyclic
valency angles C(1)-C(2)-Cl and C(2)-C(1)-C(7) are increased from the normal value
of 120° to 121-9° and 125-5°, respectively, while the adjacent angles C(3)-C(2)-Cl
and C(6)-C(1)-C(7) are decreased to 116-4° and 116-8°, respectively (Table 3).

In the carboxyl group the angle CCO considerably exceeds the angle CC(OH). This is
the customary pattern for un-ionized carboxyl groups and is presumably why the conform-
ation adopted by the molecule is that in which the carbonyl-oxygen atom of the carboxyl
group is adjacent to the bulky halogen atom in the or#ho-position. A sufficient clearance
between the halogen atom and the neighbouring oxygen atom is ensured for a smaller
inclination of the carboxyl group to the benzene plane than would be required by the
opposite conformation with carbonyl- and hydroxyl-oxygen atoms interchanged. The
preferred conformation in o-chlorobenzoic acid and in o-bromobenzoic acid is also that in
which the carbonyl-oxygen atom is adjacent to the halogen atom.

The dimensions of the nitro-group do not differ significantly from those reported for
nitrobenzene 12 and sm-dinitrobenzene.l® In each molecule the angle ONO exceeds 120°
while the angles CNO are less than 120°. These angular variations in nitro- and carboxyl
groups can be explained qualitatively in terms of inter-electron repulsions decreasing in
the order non-bond-non-bond pairs, non-bond-bond pairs, and bond-bond pairs.

The carbon—chlorine distance of 1-753 A does not differ significantly from the distance

7 Ferguson and Sim, unpublished results.

8 Sim, Thesis, University of Glasgow, 1955.

¢ Trotter, Acta Cryst., 1961, 14, 101.

10 Trotter, Acta Cryst., 1961, 14, 244.

1 Watson, Nature, 1960, 188, 1102.

12 Trotter, Acta Cryst., 1959, 12, 884.

13 Donohue and Trueblood, Acta Cryst., 1956, 9, 960.



[1962] Molecular Overcvowding. Part IV. 1771

of 1-737 A in o-chlorobenzoic acid.2 As the mean carbon-chlorine distance in halogenated
aliphatic compounds is1* 1767 A and the radius of an sp®hybridized carbon atom is
0-02—0-03 A smaller than that of an sp®-hybridized carbon atom, there appears to be
little, if any, double-bond character associated with the carbon-halogen bond in 2-chloro-5-
nitrobenzoic acid.

The closest intermolecular approach occurs between oxygen atoms of adjacent carboxyl
groups related by a centre of symmetry. The OH -+-O distance here is 2:613 A, which
is normal for this type of hydrogen bonding. All other intermolecular approach distances
(Fig. 1 and Table 3) correspond to normal van der Waals interactions.

EXPERIMENTAL

Crystal Daia.~—2-Chloro-5-nitrobenzoic acid, C;H,CINO,; M = 201-5; m. p. 165°. Mono-
clinic, @ = 586 - 0-02, b = 513 & 002, ¢ = 26-65 4 0-05 A, B = 97° 54’ 4 20’, U = 794 As,
D, =16178, Z =4, D, = 1687, F(000) = 408, space group P2,/c (Cy;?%. Absorption
coefficient for X-rays (A = 1-542 A), u = 42-0 cm.!. Crystallization from aqueous ethanol
solution gave single crystals of 2-chloro-5-nitrobenzoic acid in the form of thin, narrow laths
elongated along b. The most prominent face is (001).

Experimental Measurements.—Rotation, oscillation, and moving-film photographic methods
were used, with copper-K, radiation (A = 1-542 A). The cell dimensions were determined
from rotation and equatorial layer line Weissenberg photographs. The space group was
determined uniquely from the systematic halvings in the reflexions. The intensity data were
obtained from equatorial and equi-inclination upper-layer multiple-film Weissenberg photo-
graphs. The intensities were estimated visually and were corrected for Lorentz, polarization,
and the rotation factors appropriate to upper layers.}® The various layers were placed on the
same relative scale by comparison of common reflexions on different photographs. The
absolute scale was obtained at a later stage by comparison of measured and calculated values
of the structure factors. In all 1027 independent reflexions were observed (Table 7).

TaBLE 5.
Progress of the least-square refinement.

Cycle ......... 1 2 3 4 5 6 7

R oo 0-185 0-155 0-132 0-110 0-102 0-093 0-090

TwA? ... 748 532 426 356 328 288 276
TABLE 6.

Anisotropic temperature factors (b; X 10°).

by bas by bag big by
Cl) .oviiiinininnen 3747 6267 177 229 346 877
C(2) .oreeiininnns 4226 6153 202 63 136 491
(071 ) I 4235 7689 184 197 539 787
C4) .ooveninnnnn. 4323 6392 193 124 570 —695
(071 ) I 3945 7596 172 100 275 661
C(6) .oveevnennnnnns 3879 6685 202 152 479 1316
C(7) o 4479 4345 207 —174 563 149
(070 ) R 5562 6854 232 —472 777 194
o(2) ...... eeeeaes 6093 5526 247 —126 1180 —350
O(3) .ovvinininnnns 5570 7369 273 —276 837 —2034
O4) .ovnenennnn 5680 6546 228 — 354 556 1240
N o 4611 5570 213 —48 518 —558
Cl i 4241 6091 221 —188 230 —660

Structure Analysis—The initial »- and z-co-ordinates of the atoms other than hydrogen
were derived from the b-axis Patterson projection. Preliminary refinement of the crystal
structure in the b-axis projection was then carried out by Fourier and least-squares methods;
in seven rounds of calculations the value of R, the usual discrepancy factor, fell from 0-52 to
0-15 for the %0/ reflexions.

14 Syutton, ‘‘ Tables of Interactomic Distances and Configuration in Molecules and Ions,” Chem. Soc.
Spec. Publ. No. 11, 1958.
15 Tunell, Amer. Min., 1939, 24, 448.
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TABLE 7.

Measured and calculated values of the structure factors.
I Fo, Fo hk I Fo Fohk ¢ Fo, Fohk I Fo, Fehk I Fo Fohk I Fo F

4 272 - 279 -24 40 . 50 -18 78 - 69 <24 177 - 187 29 19 15 -8 8 - 97
6" 2 - 23 -22 47 - 16 €17 - 12 123 & 12 -28 4T 46 -7 19 = 22
568 = 638 20 160 170 14 125 - 114 -22 50 =~ 48 27 €< 9 = 10 -6 19 27
.10 96 110 -18 <15 -12 <17 -21 39 = 43 - 74 79 -5 104 95
12 65 «~ 67 ~16 473 477 =10 €17 = 34 -20 26 - 2 -25 2 - 19 -4 <21 21
14 347 - 362 -14 66 - 57 -8 <17 16 -19 61 71 -24 63 - -3 33 35
16 220 - 18 -12 740 - EB6 -6 128 -120 -18 162 158 -23 70 -~ 78 -2 66 7
18 273 - 275 -10 767 - 693 -4 30 - 26 -17 105 101 22 59 - T0 -1 22 20
20 <16 - 14 -8 306 - 303 -2 96 107 -16 75 « T - 16 45 0 42 51
22 70 64 -6 29 2 0 135 208 -15 65 « 62 -20 £ 12 - 1 1 35 - 31
24 178 178 -4 728 841 2 137 144 ~214 20 - 19 -19 <'12 12 2 38 - 40
26 122 124 -2 632 562 4 <17 22 -13 40 418 107 - 111 3 45 a 45
21 48 - 51 0 160 206 6 173 =183 12 359 ~ 342 -17 7% - T3 4 5 - 50
30 <14 - 2 442 527 8 122 w125 -11 260 263 -16 £ 12 10 5 5 58
32 <11 - 25 4 597 649 10 <17 = 32 -10 120 119 =15 35 - 25 6 37 ~ 37
502 514 6 561 582 12 201 194 -9 101 107 -1 <12 - 14 7 <10 13
2 51 - 75 8 153 173 14 31 9 -8 389 417 -13 138 -134 8 36 - 44

3 a7 468 10 214 225 16 46 44 -g 31 19 -12 28 20 9 <10 ,
4 48 52 12 501 - 521 18 8 - T1 - 571 620 <1162 49 10 75 66
2 549 - 546 14 334 - 342 20 55 = 53 -5 6 - 35T -10 198 - 2% 11 1
442 485 16 252 -243 6 0-18 120 98 -4 54 - 60 9 174 180 12 85 73
T 153 - 153 18 <16 - -16 103 83 -3 449 - 444 -8 61 = 57 13 44~ 44
8 624 - 669 20 120 130 -4 69 = 5 =2 57T =~ 50 -7 101 108 14 14 3
9 55 =~ 67 22 100 112 12 83 = T -1 51 - 47 -6 149 160 15 < 6
10 230 -~ 235 24 <17 - 17 -1 199 = 204 0 405 - 420 -5 138 152 16 8l = 77
11 53 - 5% 26 90 - 98 -8 €16 =~ 38 1 2 - 6 -4 271 271 7 1-16 16 15
12 60 - 60 28 75 -~ 80 -6 <16 = 13 2 30 22 -3 40 - 28 <15 11 - 13
13 108 110 30 114 120 -4 2151 138 3 50 = 42 -2 170 158 ~14 45 =~ 47
14 183 1 2 0.3 .58 56 -2 108 95 4 122 - 128 -1 92 - 88 -13 < 3
15 150 «~ 154 =30 107 - 110 0 91 = 84 5 218 226 Q <11 4 -12 66 - 62
16 328 3 28 <16 - 11 2 52 - 41 6 245 237 1 26 - 19 A1 < 7 3
17 69 - 67 -26 <17 - 14 4 28 14 7 261 270 2 285 -283 10 < 7 4
18 82 86 24 63 65 6 19 83 8 247 - 244 3 130 -114 -9 < 8 12
19 52 51 -22 118 137 8 173 162 9 155 =150 4 49 45 -8 25 20
20 203 «215 -20 122 133 10 112 108 10 339 - 364 5 3% - 45 -7 < 8 - 14
21 26 - 17 -18 <15 - 2T 12 58 - 53 1 57 - 60 6 23 - 1 -6 63 66
22 47 - 52 1 103 - 94 14 < 11 10 12 123 - 122 T 80 85 -5 28 - 22
23 18 - 16 <14 125 -125 7 0-10 <11 ~ 13 150 147 8 163 17 -3 22
24 103 - 111 12 173 176 -8 57 45 14 88 « 85 9 £ 12 2 -3 29 « 26
25 68 74 ~10 9 146 -6 4 = 55 15 53 59 10 < 12 0 -2 13 13
26 100 103 -8 161 - 152 -4 123 -220 16 229 219 11 105 - 120 .l 16 - 12
27 42 41 - 51 - 37 -2 <12 17 66 78 1! - 78 0 84 - T8
28 40 4] -4 651 ~ 697 0 40 24 18 172 364 13 23 - 13 1 39 35
65 « 53 -2 577 =525 2 60 65 19 71 = T4 14 187 =« 191 2 B - 38
30 56 52 o 183 188 4 5T 58 20 60 67 15 1 63 3 33 25
31 28 - 18 2 651 589 1 1 -34 - a7 21 122 =115 16 80 - T4 4 50 37
32 63 .- 60 4 468 438 -33 12 - 15 22 €12 13 17 34 29 5 20 17
33 12 9 6 2 377 32 12 - 18 23 40 29 18 66 71 & 3 34
o 739 -76 8 261 - 249 31 4 33 24 32 - 16 19 22 30 7 17 - 12
1 119 68 10 54 T4 <30 <10 - 0 25 20 20 T2 67 1 2a31 T3 - 58
2 105 12+ 379 - 246 29 <10 17 26 83 = 78 21 29 - 19 -30 <19 - 22
3 315 280 14 328 313 28 <11 14 27 31 22 33 31 29 <21 - 11
4 218 -2% 16 104 108 -27 19 24 28 19 - 18 23 30 - 23 28 710 - 62
5 2 227 ‘18 109 97 26 £ 12 18 29 16 8 24 < 7 27 €23 - 1
6 316 282 20 122 - 120 25 37 - 33 3 28 38 5 1-28 34 27 26 <25 - 36
7 118 105 22 208 - 208 ~24 65 71 31 44 « 42 <27 < 6 -25 < 25 17

8 170 180 24 43 42 23 63 - 65 3 l-32 32 25 26 < 7 = 11 24 < 26 -
9 28 - 20 26 206 222 -22 97 =110 S31 <7 - 11 25 42 38 23 < 26 14
10 115 -108 28 46 - 51 21 < 12 3 -30 < 8 = 9 -24 20 - 13 22 122 122
1 56 - 58 3 0a-32 < 9 - 17 -2 148 - 143 29 < 9 4 -23 32 21 <26 - 6
12 88 - -30 <12 - 17 -19 63 67 -28 49 = 4T -22 82 79 -20 73 - 83
13 112 118 -28 62 «18 8 = 67 27 < 10 1 -21 <10 13 <19 <25 = 10
14 37 42 26 82 81 -1 178 183 -26 89 9 -20 53 -18 38 - 24
15 98 24 <17 T -1 104 116 -25 32 = 30 -19 40 «~ 39 =1 98 107
16 67 64 22 <17 =~ =15 79 90 -24 22 14 -18 50 - 60 pt 138 - 138
17 195 185 -2 133 - 140 -14 245 245 =23 29 26 -17 102 = 109 ~15  19% 188
18 241 246 -18 101 - 92 13 53 - -2Z 114 119 -1 40~ 42 -14 198 201
19 94 - 93 -16 54 - 44 -12 57 - T0 =21 50 = 46 -15 <12 Bg ~13 164 160
20 76 - B4 =14 401 420 <11 188 - 176 -20 223 =223 «14 269 - 2 -12 222 221
21 353 -333 -12 109 110 -10 291 2 <19 227 - 228 -13 20 14 ~11 132 128
22 A7 -4 -10 142 =133 -9 374 - 350 -18 275 ~293 -12 T4 68 -10 =223 229
23 €26 - 53 -8 274 ~290 -8 259 - 248 -17 42 38 «11 67 - 65 -9 340 =351
24 <26 - 44 -6 T2 - 75 -7 T = T8 -6 37 - 25 -10 2102 11 -8 125 =131
25 <25 - 4 -4 170 154 -6 258 =256 -15 197 200 -9 20 32 -7 300 -313
26 85 - 88 -2 455 451 -5 76 - 90 -4 19 - 12 -8 51 66 -6 141 «152
2 52 43 0 3% - 356 -4 3N 384 -13 88 94 - 58 61 -5 T8 = 70
28 <L22 32 2 97 - 715 -3 176 183 <12 120 127 - 53 62 -4 257 -281
29 68 59 4 218 -228 -2 304 274 -11 169 173 -5 <12 =~ 16 -3 22 « 28
295 - 274 6 76 - 82 -1 37 - 18 =10 257 258 -4 109 =133 -2 36 . 22
2 297 - 266 e 44 39 G 2 376 -9 41 - 30 -3 <12 6 -1 170 161
3 97 =~ T8 10 449 471 1 573" =550 -8 103 -1l0 “2 T3 19 0 219 -224
4 291 250 12 84 T0 2 307 305 -7 19 - 14 -1 50 63 kN 28 - 29
5 327 334 14 187 - 213 3 501 504 -6 124 114 0 63 62 2 311 276
& 16 74 16 102 - 116 4 1365 -1610 -5 85 88 153 56 3 763 65
7 100 120 18 - 82 5 542 597 -1 33 25 2 55 53 3 202 -216
8 196 190 20 62 79 6 28 32 -3 66 - 68 3 75 89 5 449 = 534
9 104 112 22 102 94 7 70 = 66 -2 34 - 34 4 190 185 & 109 120
10 105 102 24 <15 - 13 8 255 -27T3 -1 16 11 5 95 - 89 7 268 - 289
11 173 - 174 4 0 30 49 45 9 92 4 o 388 393 6 65 - T0 8 49 45
12 49 47 -28 70 55 10 377 5 1 204 - 202 T 152 <170 9 480 552
13 252 - 264 -26 38 - 47 11 44 41 2 202 199 8 59 - 66 10 206 « 210
14 37 50 24 58 - 52 12 285 264 3 206 -219 9 38 35 11 230 230
1 169 165 -22 49 53 1 106 - 128 4 31 - 31 10 20 - b l2 320 320
16 <10 18 -20 28 -~ 19 12 96 - 108 5 109 - 116 11 53 43 13 170 160
17 44 60 -18 326 320 15 95 - 95 6 351 - 371 12 61 71 14. 117 129
18 167 - 161 -16 302 - 290 16 57 - 5 7 <10 - 13 19 14 15 51 = 56
19 37 37 -14 360 - 358 17 73 - 83 8 200 - 210 14 64 56 16 < 24 22
20 25 - -12 59 54 18 41 - 41 9 156 163 15 36 28 17 215 - 199
21 24 24 -10 < 16 =~ 10 19 £ 11 = 18 10 132 - 136 16 32 23 18 < 25 3
22 66 - 69 -8 223 228 20 49 .54 11 100 99 17 32 - 30 19 132 133
23 82 =~ 80 - 276 265 21 156 164 12 48 48 18 T 20 - 64
24 <10 - T -4 125 -1 22 234 239 13 61 66 19 21 19 21 < 26 33
25 21 - 38 -2 83 87 23 < 12 5 1 30 23 20 34 20 22 58 - 68
26 66 - 59 0 161 - 178 24 76 - T2 15 64 - 58 21 12 23 57 - 43
27 <8 - 8 2 92 - 89 25 143 - 128 16 146 134 6 1 -24 6T 27 24 T2 59
28 <. 8 3 4 156 152 26 43 - 32 17 63 - 67 23 < 5 - 11 25 < 24 =~ 10
22 21 6 100 90 27<11 - 1 18 128 - 129 -22 59 = 50 26 <25 - 15
30 25 28 8 61 51 28 61 =~ 5T 19 22 28 21 LT - 2 27 63 - 49
0 124 -101 10 169 - 191 29 < 9 1 20 46 - 34 20 < ~ 17 28 < 20 19
1 <11 - 22 12 70 - 3 57 - 63 21 24 22 -19 50 43 29 57 -~ 50
2 97 - 106 1 - 3 12 13 22 27 22 -18 47 - 46 30 44 - 35
3 214 -212 16 67 61 3 34 25 23 57 48 -7 23 19 3L 27 = 26
A 131 19 18 75 2 13 60 55 24 K] -16 20 25 2 2 -3 33 - 2T
g 153 - 148 20 25 47 <31 £ 8 4 25 <9 - 7 -15 33 - 14 -31 37 32
© <11 22 77 - 68 -30 66 59 26 103 95 -1 17 14 =30 9 36
74 63 24 58 - 45 -29 35 = 36 27 _40 - 39 13 18 - 29 <20 w 11

32 <12 - 25 5§ 0 -26 133 103 -28 22 13 28 <6 - 1 -12 30 29 -28 < 21

-30 77 75 -24 75 68 27 65 « €4 29 20 17 A1l 3L W 33 27 < 23 = 25
-28 183 163 -22 140 118 -26 49 « 54 4 1-31 41 50 ~10 22 « 25 -26 43 42
-26 63 - 56 -20 100 - 9% ~25 41 29 «30 85 82 ~9 103 - 109 ~25 m -7
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TABLE 7. (Continued).

k1l Fo Yo h k1 Fo Fo b k1 Fp Fo h k I Fo Fg ¥ I Fo Fe hk 1 Fo
-24 99 - 117 2 <21 - 20 -3 67 - 99 4 164 166 -26 47 - 44 8 26
w23 186 - 215 3 101 109 -2 63 - 75 5 g4 - 105 -2 17 - 14 9
-22 105 -119 4 173 170 -1 108 -12% 6 63 - T4 24 20 . 17 1 28
-21 58 2 5 47 = 59 0 4T = 58 7 182 -197 -23 33 32 i 56
-20 < 26 6 66 - 76 10125 131 8 122 142 22 38 - 41 12 2%
Clg 226 23 7 W6 -6 2 <26 - 5O 9 119 =13 21 & 66 > 6t
~18 64 54 8 > - 77 2 AT 66 10 32 = 33 -20 < 11 14 16
-17 44 50 9 219 =122 4 62 ~ 68 11 32 33 =19 129 118 2 33
-16 89 87 10 79 -'79 5 <L26 - 7 12 87 98 -18 < 11 18 1 a7
-15 76 68 11 425 - 30 5 106 106 13 75 93 17 <11 - 17
<14 196 200 12 46 56 7 T4 T4 14 49 56 -16 83 7 18 3L
-13 119 - 110 13 8o , 77 8 <2 - 12 15 102 124 -15 167 =~ 165 19 52
o1 82 = T2 14 81 73 9 <25 a 13 16 63 77 14 41 34 20 24
-11 < 20 - 16 15 58 63 10 € 24 17 €17 - -13 122 - 117 21 £ 6
<10 92 * 69 16 67 T2 11 47 - 18 411 - 12 €11, =+ 7 5 3-23 25
-9 113 103 17 58 = 58 12 56 - 43 19 61 - 62 -1 97 - T8 22 11
-8 135 125 18 <L 26 15 3£ 222 - 3 20 19 - 14 =10 66 - 56 21 £ 7
-7 94 . 82 19 56 = 41 14 <21 -~ 23 21 72 - 85 -9 94 . 88 -20 13
-6 262 =253 20 €25 - 15 15 49 46 22 62 - 63 -8 102 87 9 4
-5 23 215 21 <24 - 13 16 <19 7 23 £10 - 12 <7 60 58 -18 5
-4 192 184 22 <23 - 16 7 3% 23 24 37T - 33 -6 50 - 44 -17 60 °
-3 152 - 140 23 32 18 75 65 25 89 92 -5 63 43 -16 20
-2 28 - 24 4 - 3 48 « 38 26 45 - 38 -4 77 -~ 66 -15 £ 9
-1 198 -209 25 69 62, 6 2 -4 <20 8 33 -3 133 -135 -14 25
0 174 - 187 26 28 1 - T4 95 28 22 16 -2 50 . 30 -13 27
1 350 - 322 .27 B 37 12 <21 2 2 3.3 27 30 -1 209 - 222 -12 16
2 214 ~199 4 2 -22 91 - 100 -11 < 22 39 -29 84 83 0 49 -~ 55 <11 41
3 33 - 45 -21 54 « 55 -10 92 , 123 28 < 7 7 1 21 223 «10 < 10
2 235 - 247 20 €25 - 17 -9 < 23 - 58 =27 81 78 2 148 159 -9 32
5 396 4517 19 <26 - 24 -8 <23 - 23 -26 94 - 84 3 193 202 -8 27
& 153 -173 -18 115 -119 -7< 23 14 -25 g2 -~ 51 4 31 - 37 -7 31
7 99 - 105 17 < 26 22 -6 < 23 & 32 24 210 -~ 14 5 137 134 -6 <1
8 419 444 -16 52 54 -5<23 - 33 -23 <10 - 6 <10 -~ 4 -5 s
236 - 210 =15 67 69 -4 <23 - 3 -22 36 30 7 29 40 -4 21
10 < 21 o 14 94 93 -3 <23 - 1 -21 48 - 51 8 75 85 -3 33
11 43 - 49 -13 < 26 11 -2 423 - 5 -20 27 20 9 301 - 261 -2 <11
12 98 93 12 87 96 -1 <23 27 <19 <11 - 11 10 25 31 -1 7
1 73 - .79 =11 80 - 76 0 51 48 <18 < 11 25 1 65 - 64 0 42
134 123 - 128 -10 56 64 1 <23 -17 62 59 12 131 -118 177
1 68 T2 -9 79 « 94 2 <22 34 -16 98 o1 13 57 41 2 <10
16 <25 - 14 -8 45 - 50 3 44 - 38 -15 19 16 14 28 - 25 3 < 10
17 123 119 -7 87 - 88 4 <22 - 25 -13 49 36 15 19 32 <10
18 53 50 -6 58 - 56 5 .57 - 56 -13 30 25 16 27T - 2 5 51
19 121 107 -5 112 115 6 <21 - 23 -12 190 184 17 69 62 6 38
20 . 94 -4 T4 88 7 36 - 31 «11 154 - 151 18 T6 69 T 133
21 a7 42 -3 87 99 8 60 - 56 -10 127 - 133 19 <10 - 1 8 40
22 < 25 27 -2 <24 13 9 41 40 -9 161 -152 20 < 9 9< 9
23 44 - 33 -1 73 82 10 <17 > -8 17 - 6 21 4T - 44 10 44
24 <23 - 5 o 62 76 11 88 77 -7 49 - 46 22 14 - 11 51
25 8 - 69 1 83 - 94 12 27 22 -6 198 - 193 23 46 - 40 12 <8
26 65 .~ 63 2 128 - 136 13 40 37 -5 174 164 246 14 - 11 13 59
27 46 - 37 3 207 - 220 1 35 33 -4 38 - 28 4 3.271 40 59 1 51
28 <17 - 20 4 112 -1% 1 3-30 24 - 19 -3 221 239 26 16 - 12 15 25
231 36 - 35 5 159 167 29 22 - 23 -2 35 31 -25 25 i 16 < &
-30 33 30 6 <25 - 3 -28 76 - 66 -1 185 178 -24 <7 17 37
-29 <17 - 11 7 161 167 -27 97 - 85 o 37 27 23 3 48 6 3 .17 34
-28 64 .- 66 8 7 - T8 -26 40 1 48 - 33 -22 < 9 -16 18
-27 51 « 57 9 & 26 35 -25 82 80 2 63 . 57 21 < 9 - 24 -15 42
-26 44 - 18 10 96 106 -2 44 40 3 185 - 201 20 3 24 -1 1
-25 T4 76 11 < 26 18 -23 108 113 4 20 3 -19 57 - 65 “13 28
28 < 24 5 12 47 51 22 64 78 5 56 =~ 53 -18 £ 10 -12 12
-23 56 69 13 107 =114 «21 <11 - '3 6 28 - 36 17 < 10 11 -11 45
-22 81 7 14 < 26 16 20 20 - 7 .7 33 - 32 -6 89 - AN -10 17
-21 144 - 151 15 104 =~ 90 19 £11 - 6 8 102 13 -15 41 13 -9 57
-20 76 78 16 <724 7 -18 112 132 9 158 180 -14 106 99 -8 <8
=19 47 -~ 55 17 53 = 51 =17 221 - 272 10 - 94 ~13 139 |, 130 -7 < 8
18 L 26 - 16 18 41 - 29 -16 118 124 11 111 124 «12 34 -6 < 8
-17 66 - 60 19 29 27 -15 77 - 94 12 < 10 11 -11 41 - 35 -5 118
-16 46 - 21 20 &4 - 56, 14 30 .« 26 13 139 =232 =10 24 = 26 -4 20
-15 €25 - 21 89 €6 -13 168 179 14 79 89 -9 88 -~ 97 -3 20
~14 <24 - 13 22 66 57 12 25 15 109 - 119 -8 <11 - 11 -2 38
-13 82 87 23 £ 15 i2 -1 g3 88 15 26 - 25 -7 160 - 150 -1 38
-12 70 59 24 . 3 23 -10 168 - 165 37 20 - 23 -6 47 - 49 o 28
-11 156 15 5 2 -16 & 24 28 -9 18 15 13 33 36 -5 160 - 147 1 25
«10 67 «15 & 25 « 48 -8 28 25 19 50 46 -4 64 - 65 2 14
-9 47 145 -4 < 25 - 11 -7 56 - 66 20 23 - 22 -3 183 183 3 46
-8 305 314 -13 103 -~ 99 -6 71 - 79 21 116 121 -2 23 20 4 18
-7 145 ~158 «12 51, - 60 -5 125 -17 22 33 22 -1 71 5 28
-6 38 4 <11 £ 26, - 13 -4 168 -~ 164 23 <9 15 0 98 e 117 6 23
-5 130 =127 <10 < 26 60- 3 94 - 85 24 48 40 1 <11 7 44
-4 52 =~ 40 -9 176 210 -2 178 =192 25 28 « 26 2 18 233 8 o8
-3 £20 - 31 -8 <26 - -1 124 131 26 41 - 29 3 51 52 g 3
-2 401 - 382 -7 <26 - 9 0 94 80 27 54 = 4T 4 42 49
el 63 84 -6 108 , 126 103 291 3 3 -9 9 - 5 104 « 80
o 82 - 95 -5 108 - 103 2 67 = T -28 20 7 6 21 35
1 24 205 -4 47 63 3 32 - 18 -27 18 = 21 7T 24 = 23

Examination of the a-axis Patterson projection yielded the y-co-ordinate of the chlorine
atom. Structure factors were calculated for the 0%/ reflexions on the basis of the chlorine atom
alone (R = 0-58) and were used to derive an electron-density projection on (100) from which
y-co-ordinates were deduced for the other atoms. Refinement of this projection was continued
by evaluating Fourier and difference Fourier syntheses, four rounds of calculations reducing
the value of R for the 04/ reflexions to 0-15.

The final electron-density projections on (010) and (100) are shown in Fig. 2.

At the start of the full three-dimensional refinement the atomic co-ordinates derived from
the two-dimensional analysis and an isotropic temperature factor B of 4-0 A? were employed
in the calculation of structure factors for the %1/, 42/, and 73! reflexions. The values of R for
these reflexions were 0-26, 0-27, and 0-29, respectively. Improved positional parameters were
then obtained by interpolation in three-dimensional electron-density distributions; both I,

T
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F1c. 2(a). Fic. 2(b).

A

Fic. 2. Electron-density projections: (a) on (010} and (b) on (100). Contours at intervals
of le A2 except at the chlorine atom (2e A~2 after the four-electron contour line). The
one-electron line is broken.

. A . Fi1G. 4. Sections through (a) the three-di-

Fic. 3. Section through the three-di- mensional electron-density distribution
mensional difference electron-density and (b) the three-dimensional difference
distribution evaluated in the plane electron-density distribution evaluated
of the benzene ring. Contour scale: in the plane containing the oxygen atoms
0-1eA™3, negative levels broken, zero of the carboxyl group and the origin of
contour dot-dashed. the unit cell. ~ Contour scale (a) le A3,

(b) 0-1e A3, negative levels broken, zero
contour dot-dashed.
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and F, syntheses were computed, and back-shift corrections for termination-of-series errors
were applied.

At this stage allowance was made for the hydrogen atoms. Those of the benzene ring were
placed radially at a distance of 1-0 A from the carbon atoms to which they are covalently
bonded, and that of the carboxyl group was placed 1-0 A from O(2) on the line to O(1) of the
opposite carboxyl group. The temperature factor B was assumed to be 4-0 Az

When the overall value of R had been reduced below 0-19 we proceeded to a least-squares
refinement of positional and anisotropic temperature-factor parameters. The programme
used was that devised by Rollett.1® In the least-squares analysis 205 unobserved reflexions
were included, each with a value of | F,| equal to one-half of the minimum |F|locally observable.
Hydrogen contributions were included in the structure-factor calculations, but only the para-
meters of the other atoms were adjusted by the programme. The course of the refinement
is shown in Table 5.

The theoretical atomic scattering factors used in the structure-factor calculations were
those of Berghuis e# al. for carbon, nitrogen, and oxygen,!’ those of McWeeny for hydrogen,!®
and those of Tomiie and Stam for chlorine.?® The final value for the discrepancy factor R is
0-090 over all the observed structure factors. The final atomic co-ordinates are listed in Table 1.
The parameters defining the anisotropic thermal vibrations are in Table 6; they are values
of b;j in the equation

exp (—B sin0/a2) = 2= Ould + bukt + bogl® + buahk + boghl + byzld)

The final calculated and measured values of the structure factors are shown in Table 7.

Location of the Hydrogen Atoms.—After completion of the three-dimensional least-squares
refinement a further set of structure factors, F,’, was computed, the hydrogen atom contri-
butions being omitted. Fourier syntheses with coefficients (F, — F,’) were then evaluated to
represent the difference between the electron distribution existing in the crystal and that
calculated for chlorine, carbon, oxygen, and nitrogen atoms only, at their appropriate positions
in the unit cell and with their appropriate thermal vibrations.

The hydrogen atoms of the benzene ring show up clearly as well-resolved peaks of about
0-4 eA-3 in the difference electron-density distribution evaluated in the plane of the benzene
ring (Fig. 3). In order to minimize the effect of errors in the thermal parameters the data used
in this synthesis were limited to terms with sin%? 6 < 0-4, hydrogen-atom contributions to
terms outside this range being negligible. The carbon-hydrogen bond lengths measured
directly on this map are H-C(3) 0-98 A, H-C(4) 0-96 A, and H—C(6) 0-88 A.

Triple F, and (F, — F,’) syntheses computed in the plane through the four oxygen atoms
O(1), O(2), O’(1), and O’(2) and the centre of symmetry at the origin of the unit cell are shown
in Fig. 4. The expected position of the carboxyl hydrogen atom, on the dotted line joining
the oxygen atoms O(2) and O’(1), is indicated by a cross at 1-0 A from O(2). On the difference
map the low peak of 0-21eA-3 situated between the oxygen atoms and to one side of the dotted
line may be attributed to the hydrogen atom.

The extensive calculations were carried out on the Glasgow University DEUCE computer
with programmes devised by Dr. J. S. Rollett and Dr. J. G. Sime. We are grateful to Professor
J. Monteath Robertson, F.R.S., for his interest and to the Carnegie Trust for the award of a
scholarship which enabled G. F. to participate in this work.
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