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The crystal structure of quinolinic acid (2,3-pyridinedicarboxylic acid) has been determined by the method of

X-ray diffraction.
b=12.729, ¢=7.850 A, and f=116.96°.

zwitter ion in the crystal.

The crystal is monoclinic, with a space group of P2,/c and with cell dimensions of a=7.421,
The crystal structure was solved by the inspection of a Patterson map.
The final R value was 6.789%, for 1224 observed reflections.

The quinolinic acid molecule takes the form of a

The pyridine ring in the molecules shows a significant deformation from the G,y sym-

metry of idealized geometry. The lengths of the two C~C bonds joining the carboxyl groups to the ring are longer

than the normal value.

There is an intramolecular hydrogen bond between the adjacent carboxyl groups.

The

bond lengths in the two C—O groups which participate in this intramolecular hydrogen bond are longer than those

of the other two G-O groups.
other is free from it.

der Waals forces.
hydrogen-bond system.

This work is a part of series of O-H-:N hydrogen
bonding studied based on X-ray crystal structure anal-
yses of some carboxylic acids with a pyridine ring.
The O-H:--N or *N-H:--O hydrogen bond has been
found in all the crystals of dipicolinic acid," dinico-
tinic acid,? and cinchomeronic acid® thus far studied,
without exception. It seems that it would be of in-
terest to elucidate the effect of a nitrogen atom in a
pyridine ring on the hydrogen-bond formation in
solids.

The melting point of a quinolinic acid crystal is
the lowest of those of the six pyridine dicarboxylic
acids, and this molecule has adjacent carboxyl groups.
These facts suggest that there is some hydrogen bond
which acts not between molecules, but within a mole-
cule. Such an intramolecular hydrogen bond is known
in 3,4-furandicarboxylic acid,* which has an aromatic
five-membered ring. On the contrary, while the
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One of the two carbonyl oxygen atoms participates in a hydrogen bond, while the
The molecules are arranged in layers closely parallel to the (0 1 0) plane.
the same plane is hydrogen-bonded to form an endless chain along the a axis.

Each molecule on
These chains are packed by the van

The thermal diffuse scattering observed on Weissenberg photographs can be explained by this

crystal structures of five carboxylic acids which have
adjacent carboxyl groups substituted on a benzene
ring(phthalic acid,® trimellitic acid,® hemimellitic
acid,” pyromellitic acid,® and mellitic acid®) have
previously been determined by the X-ray method,
no intramolecular hydrogen bond between the adjacent
carboxyl groups has been found in their crystal struc-
tures. If the geometrical configuration plays an
important role in the formation of an intramolecular
hydrogen bond between the adjacent carboxyl groups
substituted on the aromatic six-membered ring, it may
be impossible to form this type of hydrogen bond in
crystal. In this regard, it will also be of interest to
find out the mode of the hydrogen bond in this crystal.

Experimental

The crystals were obtained in the form of light yellow prisms
by recrystallization from an aqueous solution. Weissenberg
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TABLE 1. CRYSTAL DATA FOR QUINOLINIC ACID

Molecular formula C,H;NO,
Molecular weight 167.12
Crystal size ~0.3%0.3%0.3 mm
Crystal system Monoclinic
Space group P2,/c
Cell dimensions;

a 7.421-0.006 A

b 12.729+0.008

¢ 7.850+0.008

B 116.96+-0.08°

|4 660.9--0.8 A3
Z 4
Density (calculated) 1.680 g/cm3
Density (observed) 1.66
Radiation Cu Ka(A=1.5418 A)
Linear absorption coefficient 14.17 cm—!
Number of independent

reflections 1371

The atom numbering

H(l) H@
H@ GC@#) G

¢y G@3) 0@

H (5)

gl(ﬁ) G2 0(2
HGB N G
II1(4) g)(U

photographs showed the crystal to be monoclinic, with a space
group of P2,/c. The cell dimensions were measured from
zero-layer Weissenberg photographs, which had been calibrat-
ed with superimposed Al powder lines. They are given,
along with other crystal data, in Table 1. There are four
molecules in a unit cell, corresponding to the density of
1.66 g/cm® observed by the flotation method. One of the
crystals was in the shape of a sphere with the average di-
ameter of 0.3 mm. The intensity data were collected for
the 0—10 layers around the b axis and the 0—2 layers around
the ¢ axis by the use of the multiple-film equi-inclination
integrating Weissenberg technique with Cu K« radiation.
The intensities of the diffraction spots were estimated visually
by comparison with intensity standard. Of the possible
1513 reflections within a Cu Ke sphere, 1371 independent
reflections were measured; 147 were too weak to be ob-
served. The absorption coefficient is 14.17 cm=! for Cu Ka
radiation, and no absorption correction was applied. Ap-
preciable thermal diffuse scattering was observed along the
directions of the b* and c* axes on Weissenberg photo-
graphs.

Structure Determination and Refinement

The crystal structure was solved by the inspection
of a sharpened Patterson map which had been resolved
enough to give the orientation and location of the
molecules in the unit cell. The first postulated struc-
ture gave an R value of 419, which decreased to 159,
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after three cycles of least-squares refinement with in-
dividual isotropic thermal factors. Since the 0 4 0
reflection seemed to have a strong extinction effect,
this reflection was removed from the later refinements.
The coordinates and anisotropic thermal parameters
were refined in a block-diagonal least-squares procedure,
minimizing the function 3w(F,—F,)2%, where:

w=20.5 for 0.5 = |F,|,
w=1.0 for 6.0 > |F,|] > 0.5 and
w = 6.0/|F,| for |F,| = 6.0.

The atomic scattering factors used were those listed
in the International Table for X-ray Crystallography
for C, N and O atoms and the spherical scattering
factors proposed by Stewart, Davidson, and Simpson!®
for the H atom. At the stage of R=9.69,, a difference
Fourier map was computed, and from it the positions
of the five hydrogen atoms were located (Fig. 1).
With anisotropic thermal parameters for non-hydrogen
atoms and isotropic thermal parameters for hydrogen
atoms, the final R value was 6.789,, excluding unob-
served reflections. The observed and calculated struc-
ture factors are listed in Table 2. The fractional
coordinates and thermal parameters are listed in Table
3.

Fig. 1. A composite drawing of the electron density as-
sociated with the hydrogen atoms. The contours are at
intervals of 0.l1e-A-3, beginning with the 0.2¢-A-3
contour.

Results and Discussion

Molecular Structure. The bond lengths and an-
gles are listed, along with their estimated standard
deviations, in Table 4, and they are shown in Fig. 2.
Figure | shows a difference Fourier map along the b
axis, in which there is no high peak except those due
to hydrogen atoms. Figure 3 shows the anisotropic
thermal ellipsoids of the non-hydrogen atoms and the
isotropic thermal ellipsoids of the hydrogen atoms.
The net charges and zn-bond orders calculated by the
CNDO/2 method™) are shown in Fig. 4.
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Orbital Theory,” McGraw-Hill Book Co., New York (1970).
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TABLE 2. THE OBSERVED AND CALCULATED STRUCTURE FACTORS

F,, F, and DF have been multiplied by 10. The unobserved reflection is indicated by an asterisk. The
reflection, for which the |F,—F,|/|F,| is larger than 0.3, is indicated by a plus sign.

L FO FC OF L FO FC DF L FU FC UF Lt FO FC OF L FO FC UF L FO FC UF L FO FC DF
Hike 0 © 4 58 6% = =1143137 5 4 20 19 1 =1 196 191 4 =4 58 =39 1 =7 25 29 <3
2 411-288 =22 S 106=102 =& 0 183 =20 1 5 18 =22 4 0210219 =9 =3 50 43 6 =6 42 43 <l

4 32 38 =5 € 88 =87 =1 1 50 =46 =4 6 117 =9 =2 1 343 342 1 Hwe 0 4 -5 99 =38 ¢

6 2% =22 =3 T 83 70 13 2 21 25 =3 Hews 5 2 2 18 =12 =} 1119-119 0 =4 29 =25 =3

8 Al 39 1 8 52 44 8§ Hke 8 1 “9 16 11 O 3 243-%46 3 2 197 215 =18 =3 6% 66 O
Hke 1 0 Hex= 2 1 “8 33 29 4 =ae 0 =5 5 4 49 _a47 2 3 55 =63 10 =2 329 3598 ~29
=8 19 =20 0 =9 14 12 2 =7 26 =22 =3 =7 233 255 =21 5 114 113 0 4 27 =31 4 -1 g =10 2
=6 lal=l48 6 = 103 @5 7 =6 35 29 6 =6 20 20 6 38 =34 *3 5 61 67 =6 0+ 15 =2 =12
=4 60 67 7 =7 19 21 «2 =5 82 69 12 =5 100-100 7 %3 S0 3 6 30 271 3 le 15 8 7
w2 21 =21 0 =6 30 31 =1 =4 U =25 =5 =4 4 =5 Hikm 3 3 7 31 -39 1 2 19 18 O

0
0
0
0135=138 2 =5 35«38 0 =3 116105 11 =3¢ 15 =7 e =9¢# 0 6 =6 8 38 =40 1 3 15 1 3
2 93 =91 =1 =4 2437263 18 =2 4L 32 8 -2 4l ~43 2 -
4 65 =61 =4 =3 107=103 =a «1 9 9 =1 128 131 =3 =7 158=163 &4 =9 12 =12 0 =9 17 =15 =2
6 126=125 C =2 316 36C ~a3 0 4l 0 36 31 4 =6 282=783 1 =8+ 27 18 9 =8 71 75 =3
8 67 65 2 =1 184=181 =3 HKe 9 1 1 23 22 1 =% 46 42 3 =7¢ 010 10 «T¢ 0 7 =7
Heks 2 0 “1 =4 73 =64 =9 =6 95 97 =2 = 25 =25 U
-8 2% 23 1 =2 =3 437 462 =25 =5 61 67 =6 =58 0 =5 5
6+ 14 <8 =% -4 =2 69 T2 =3 =4¢ 6 4 2 =4 léa-lal <3
1

2 2 30 =29
1
2
-4 231-237 6 3 272 272 0 -4 T8 =69 = =1 299=286 =12 =3 30 «29 -1 =3 24 =21 =2
% b
5
[
7

3 86 89

-2 11 105 11 112 108 & =3 53 =45 =8 He=e 4 2 0 95 85 10 =2+ 21 =11 «9 =2 33 34 -l
0 2%%=26% 9 116-11¢ 0 -2+ B 2 (3 -9« Q0 =1 1 1 244=735 =9 =1 49 =47 =2 -1 1% 13 2
2 111 131 =.9 32 <23 =0 H.K=s C 2 -8 12 13 © 2 62 60 1 0 89 86 2 0 18 =18 0
4 247-26% e 49 <42 =6 6 17«22 4 =71 37 -3 O 3 93 =91 =1 1126 119 7 117 «15 =2
6 61 51 10 Hy= 3 31 10 12 =1 =¢ 26 =2% O 4 282-797 1% 2 106 96 10 2 a6 3 1
Hek= 3 0 -9+ 15 ] 7 2 9 =1 =1 =5128-129 O 5 24 =25 0 3 75 =76 0 Hek= g &
-8 3% 28 A =8 50 =49 =1 3 573632 58 =4 4T 46 O 6% 0 =% & 4 38 32 5 =B+ 14 =6 <7
-6 58 =60 1 -7 174 16% 8 4 27 21 .C =3 249-261 12 7+ 19 29 =10 5 37 35 1 =7 0 =2 2
«& 170=146 =23 =6 282-286 4 5 14 =14 0 =2 43 =39 =3 HeK= & 3 6 101 106 <=4 =6 130-121 =9
-2 83 -85 2 =5 81 =30 O 6 42 =46 4 =1 55 =55 0 <=9 5 =6 O 7+ 9 13 =3 =5 32 30 1
0 419 445 =25 =4 12 =11 C 7 142 142 O O 0 6 =6 =8 63 60 2 8 52 =50 =1 =4 76 =66 =10
2 189 145 3 =3 492=479 =12 8 12 15 =2 1 156 180 =23 =7 31 =36 4 HhHe¥= 2 4 =3 35 =34 =l
4102 93 8 =2 106=101 <5 hH«kw 1 2 2¢ 0 10 =10 =6+ 18 =11 =¢ =9 20 15 4 =2 43 =41 -1
‘6t 9 5 3 =1 231 234 =2 =9+ ¥ & & 3 92 =84 =3 =5+ 9 =2 <= =g 16 =13 =2 -1 15 11 4
H ke 4 O 0 1%6 157 © =8 C 1 =1 rk=s 7 2 =4 25 =24 =1 =7 26 =28 1 0 22 18 4
=10 %2 42 10 1299 304 =4 =7 75 T4 0 =9 25 28 =3 =3109 =98 *11 =6 22 20 1 H«s 9 &
-8 176=165 =11 2 79 76 3 =6 23 21 1 =g+ 1l 6 4 =2115 113 2 =5 15 =12 =2 -6 33 34 0
-6 222 223 0 3 119 122 =a =5 166=174 € =7 42 40 2 =1 173 171 1 =4 182 162 19 =5+ 19 8§ &
-4 103 91 21 4 352-347 =% =4 39 =33 =5 =g# 0 =7 7 0+ 16 =8 =g =3+ 7 =10 2 <4 15 =19 4
-2 85 =9C 4 5¢« 0 1 =1 =3326314 9 =5 95 96 O 1 54 =46 =7 =2 28 =24 =3 =3¢ 0 3 =3
0170 169 1 6* 0 7 =7 =2 46 45 0 =4+ 0 1 O 2 24 20 3 =1 22 =27 5 Hekm 0 5
2 l44=150 8 729 =32 3 -1351 345 5 =3 gg =76 =10 3 21 =22 0 0 145 146 U 1 286=260 =26
4 37 =36 0 "= & 1 0 116 106 & =2+ 17 10 7 4 25 =24 0 1 24 =20 =4 2 T4 11 e¢
6 71 68 3 =10 39 44 -5 1 582=574 =7 =1+ 22 1 21 5 31 15 =a 2 16 =719 3 3 229205 =19
Heks & 0 -9 16 =11 =4 2 95 =95 v 0% 0 =4 “ 6 3 3 1 3 21 2% 2 4 182 171 11
-10 68 =62 =% =B 105 <8 6 3129 119 9 1¢ 13 =8 =5 H«= 5 3 4 231 23% =3 5 76 171 =1
-A 98 88 9 =7 82 85 =3 4 33 31 1 Hie § 2 -9 9 11 =% 5 35 =35 0 6 113=121 8
“6 72 =75 3 =6 59 =61 1 5 107 1T O =g O =8 8 =8 27 =23 =3 6 54 =46 <=8 7 14 =16 2
=4 289 326 =36 =5 62 =55 =7 6+ 11 =2 =9 =74 21 27 =6 =7 104=103 =1 T 10 7 2 8 22 22 ]
=2 31 25 & =4 20 20 O T+ 12 =6 =6 =6 19 15 & =6 138 133 4 MK= 3 & Heke 1 5
0 244-253 9 =3 166 168 =2 8+ 9 0 =8 -5 29 31 <2 -5 21 21 0 -9+ 9 12 =3 9% 0 1 =7
2 116 122 =¢ =2 138 139 0 Hiks 2 2 =4 19 =15 =4 =4 111-111 0 =8 33 =34 <=1 =g 26 =33 o
4 18 21 =3 =1 172-170 =2 =9 22 =19 =3 =3 74 =73 1 =3 &9 =86 «3 =7 1§ =12 =5 =7 27«28 O
Hks 6 0 0 41 =49 8 =8 15 =11 =3 =2 12 9 2 =2150141 8 =6 68 74 =5 =6 40 41 U
-8 128 122 23 1 72 62 10 =7 11 =10 0 =1+ 17 =3 =9 =1 62 5% 6 =5 19 1l6 2 <5 45 =45 0
-6 47 =46 O 2 48 45 2 =6 10 9 1 0 11 =9 =2 0 5 &4 1 =& 93 68 25 =4 101-104 2
-4 13 11 1 3 25 20 a4 =5 203 221 -18 1417 24 =6 1 67 =70 2 =3 19 14 5 =3 177 158 19
=2 426=41% =11 4+ 28 =20 =8 =4+ 3 4 =1 Hi= 9 2 2 93103 =9 =2 104 96 T =2 131 151 =20
20 20 O 5 31 =229 =2 =3 279-248 =30 -7 35 32 2 3 26 =20 =5 =1 88 90 <=2 =1 44 =49
2 30 =3 3 6 19 22 =3 =2 55 -4g =6 =6 16 13 3 4% 26 =16 =9 0 354=333 =20 0 60 =52 =7
4 58 47 10 HKe S5 3 =1 385 450 =64 =5 15 =10 =4 s 32 2% 1 1 .71 =73 2 1216 212 4
Hke 7 0 =10 65 5% 9 O¢ 1 0 =1 =44 0 1 =1 Hk= 6 3 2 15%=157 1 2 130-123 =6
«8 88 =93 4 =9 38 =30 =7 1 70 =75 5 =3 116=103 =13 -9 0 2 3 54 60 =6 3 %58 =52 =6
-6 31 27 4 =8 18 =13 =& 2 21 29 =1 =2 9 =3 0 =8 54 52 1 4 78 =75 =2 4e 0 =6 6
=4 168 164 3 =7 128 133 =3 3 77 92 =15 Hwe 0 3 =7 36 =40 & s 25 =24 -1 5 70 64 6
=2 49 =49 0 =6 136 138 =1 4 22 =19 =2 1 443432 =11  ~6 144=153 9 60 0 =4 & 6 59 63 =3
0 33 34 =1 =5 36 =32 =a S 21 14 6 2 166163 =3 =5 8l 84 =3 Heks &4 4 T 42 =36 =5
2 61 =47 =14 =4 114=120 6 6 20 15 4 3 205=191 =13 =4 1%3=135 2 =9+ 19 =12 =6 8 31«30 O
Hik=s 8 0 -3 58 58 0 T 56 &g 7 4 241=213 =27 =3 158 158 &4 =8 129 128 0 Heke 2 5
=8¢ 0 0 O =2 180 181 =1 Hikm 3 2 5 15 16 =1 =2 62 60 1 =7 7 T 0 «9» 0 O O
=6 148 137 10 =1 86 =90 3 =9 35 =28 =6 6 127 129 =1 =1 21 24 =3 =6 168-186 18 =8 67 =64 =3
-4 93 85 7 C+e 0 3 «2 =8+10 =5 =5 7+ 16 =10 =6 o+ 9 3 85 =5 21 25 -4 =T 0 =7 7
=2 49 44 & 1 66 75 =9 =7 244=262 17 8 25 =26 1 1 88 96 =7 =4 80 =63 =17 <6 52 =63 1V
0 35 =27 =7 2 98 95 2 =6+ O =4 3 Hwe 1 3 24 10 15 =% =3 79 =80 0 =5 34 =31 =3
Hk= 9 0 3+19 10 8 <=5 84 =88 3 =9 9 11 2 3 K7 =81 =5 =2 45 46 0 =4 212 201 11
-6 41 =37 =3 4% 0 1 =1 w4e 13 =g =4 =g 39 49 =10 Hek= 7T 3 “1 76 82 =6 =3 201 181 19
-4 16 13 2 S5+ 30 =17 =12 =3 335-320 =15 =7 10 =9 =1 =9 %5 sS4 1 0 118-111 =6 =2 310=29% =15
2 86 =71 «15 H. K= ¢ 1 -2s O 3 =3 -6 45 =49 3 -8 40 48 =4 1 37 =45 8 =1 106 101 “
Hek=s 0 1 ~9¢ 0 9 =9 =1 484 480 T =5 43 =48 4 =7 13 10 3 2132130 2 0 123-135 11
1 518 496 22 -8 44 37 6 0 36 =3 [} -4 228 221 7 “6 50 =5%¢ 6 3 11 ~13 2 1 159 171 -11
2 113-122 & =7 36 3% 0 1 2644=2%9 15 =3 174 170 3 =5 62 =61 O 4 11 12 -1 2 19 68 o
3 254 250 4 -6 121-131 10 2 42 45 =) =2 389=417 21 =4 186 183 2 5 24 26 -l 3 121-132 10
& 226-266 40 =% (3 -gP 4 3 228-238 10 =1 290 287 2 =3 50 Sl O 46 =52 5 4 80 =82 1
5 58 =59 0 4 101-196 5 4 2% =29 & 0 402 393 9 -2 108 =98 =10 He«k= 5 & 5 11 16 U
6 149 154 =5 =3 173-188 @8 5 45 =39 =8 1¢ 11 3 8 =1 115=112 =2 =9+ 0 1 =1 68 0 1 =1
7 13 11 1 =2 a9 a2 7 6+ 13 8 7 2+ 23 =37 14 0 14 =16 1 =8 63 =63 O 7 28 26 ¢
8 33 =27 =6 =1 34 =32 =1 7 61 =48 =12 3 63 59 3 1 26 26 0 =1 71 <= O Heke 3 5
Heke g 1 0 38 30 7 HiKke 4 2 4 82 88 =6 2¢ T =2 =4 =6 45 40 4 =9 33 =28 =&
9 8 =5 0 1 78 =82 4 =9 52 %2 0 5 a6 83 2 Hw® g 3 =5+ 24 17 7 =8 4n 48 O
-8 53 54 =1 2 i3 14 -3 =8+ 3 4 =1 6 55 =59 4 -3 18 19 0 =& 7241=237 =4 =7 114=111 =5
-7# 0 9 =9 3 % 83 11 -7+ 0O 0 O 7 69 =66 =3 =7 22 21 0 =3+ 19 =11 =7 ¢ 214 222 =7
-6 67 =69 1 4 4% -85 9 e6e O C O 8 31 32 0 =5 43 44 =1 =2 27 =23 -3 5 85 81 3
-5 77 8C =2 = 7 1 =5 256 270 =14 Hik= 2 3 =5 47 =% 6 =1 12 =79 6 =a+ia 6 1
-4 226 222 4 =9 43 =aC =3 =4 17 =16 G =9# A =1c 10 =4 9 =8 =1 0 178 186 =7 =3 274 250 26
=3 217=229 11 =8 32 33 =1 =3 100 =A9 =11 =g 91 92 O =3 127-113 =13 1 57 67 =10 =2 135 129 &
2 378366 =12 =7 3T =31 =5 =2 76 80 =3 =7 28 =31 3 =2¢ O 0O O 2 88 <95 T -1 53 =51 -¢
=1 149=154 4 -6 49 =54 4 -1 147-1%9 11. =~ 27 =26 =1 -1+ 0 3 =3 3 20 =18 =2 0 102 =98 =&
0 240 241 =1 =5 67 &3 & 0 28 =32 3 =5 93 100 =2 0+ 16 =24 7 4 17 =13 =3 1 234-232 =1
1 168-180 12 =4 214 22C =% 1 1% 12 3 =4 146=147 1 Hek= 9 3 Heks 6 & 2 A1 =0T 0
2 10% 8% 19 =3 48 =44 =3 26 0 0 O =3 49 =48 0 =6 %9 %8 1 =9+ 0 3 =3 3 1313 3
3 0 5 -5 =2 120=116 =3 3 134 137 =3 =2195 179 1le¢ =3¢ 0 =7 7 =8 90 =93 4 4 278 266 11




. o .
August, 1973] The Crystal Structure of Quinolinic Acid 2375
TaBLe 2. (Continued)

L FO FC ULF L FC fC OF L Fu FC DOF L FO FC ©DF L FO FC UF L FO FC OF L Fo FC OF
% 32 3 0 -8 18 16 2 2112103 9 =6 30 35 3 =g 43 47 =4 =4 l4 12 1 =1 46 062 &
6 0 =l 1 «7% 0 10 =10 3 161 130 10 -5 29 28 [+] =7 33 =31 =} -3 18 =18 o os 0O 5 =5
Heke &4 3§ wbe 0 =7 4 4 125 116 ¥ -4 89 =96 6 =6 33 =33 0 =2 73 71 1 1 42 40 1
«9 20 18 1 =3 144=14C =& Se 0 =2 2 =3 16 =13 =2 =5 47 46 o0 =1 18 <19 1 2 26 =21 0

-8 93=102 9 -as 0 =a L3 6 Ab =81 =5 =2 %59 57 1 ~4 38 3 . 0 26 28 =2 Heke 6 10
«7 103=114 11 «3 18 7 L] 7+ 10 13 =3 -1 %9 958 0 =3 58 =53 =4 1 21 28 0 -7 22 =25 2
-6 T2 72 0 -2 58 5a 0 8 20 19 0 v 16 14 ] =2 217=236 19 2 32 3 =2 -6 24 =26 1
«d 40 =38 =1 =1 151-167 1% MiKe 1 7 1 i1a=18 O =1# 0 O O e 0 =& 4 =5 64 =62 =2
«3 133=131 =2 O 17 16 1 -8 27 =30 3 Heks g 7 0 22«22 0 Hek= 6 9 -4 51 %1 0
«2 37 =62 8 1 26 20 8 =T 29 24 5 =6 42 =47 5 1 15 =14 =1 =T¢ 0 6 =6 =3 94=108 12
-1 73 67 5 2 44 =49 4 =6 19 15 3 =5 33 21 6 2 8 1 6 =6 63 =66 3 =2 an =39 O
0s 4 =2 =1 3 49 =851 1 <%+ 12 =4 =7 =4e 0 =1 1 Hek= 7 8 “5 10 <8 =1 1 26 =24 =2
1 23 =18 -3 4 28 28 0 =6 121=11% =5 =3 76 79 =3 =7%# 0O 0 0 =4 101-103 1 0 10 7 2
2 28 =26 =1 5 1% =12 =3 -3 88 =91 3 =2 13 14 =1 -6 21 21 o =3 101-102 0 1 42 53 =10
3 a0 =37 =2 6 2% =25 Q0 =2 255223 32 =1412 5 6 =5% 0 5 =5 =2+15 9 5 H«K= 7 10
4 0 2 =2 T 46 -a) =3 -1 178-169 =8 H«we 0 8 -4 89 94 =4 =1 37 -3 0 -6¢ 0 0 O
5 16 18 =2 He 3 ¢ 0 25%4=270 16 0 766 796 =29 =3 28 24 & 0 13 -16 2 =5 35 37 <2
Hike § 8 =9 31 32 =1 129 28 0 1 68 75 =6 =2 12 =12 0 1 12 =16 3 <«4¢ 0 3 =3
-9 35 3 0 -5 9 10 ¢ 2 52 85 =2 2 24 =25 0 =1 0 -5 8 2+ 9 =5 =3 =3 57 =62 4
A+ 9 4 5 -7 175 172 ? 3 57 =55 =2 3 5% 55 [ ot 0 =1 1 nek= T 9 -2» 0 3 =3
7 100=108 7 =6+ 20 6 14 4 o4 =64 O 4+ 36 22 13 Hw= 8 8 “6+ 8 4 3 <l» 0 9 =9
6 92 =91 {0 -5 108 107 i 5 31 =29 =1 5 54 =52 =1 =6 73 81 =7 =5# 0 7 =7 He«k= 0 11
-% 19 20 ¢ =4 20 2¢ C 6 22 19 2 6 30 =25 =4 =5 22 =27 4 =4 6% 66 =1 1 86 =88 2
-4 S50 45 4 =3 170 157 13 7 32 30 2 7 3> 32 0 =4 3 3% 0 =3 271 25 2 2 34 =31 =2
«3% 0 =% 5 =2# 0 2 2 Hs 2 7 Heke 1 8 =3 32 31 0 =2 38 =36 =2 3 90 =82 =8
=2 137=134 =3 =1 2%4=28C =3 8 58 =54 =3 =8 19 =14 =5 =2 32 32 0 =1 49 57 =8 4 68 =65 =3
-1 51 55 =3 0O 4% a1l 3 =7 264 20 4 =7# 0 11 =11 H«= 0 9 0 12 =13 1 s« 0 0 0
0 29 =20 =8 1173 17¢ =3 -6 35 33 1 -6 23 =26 =2 o* 0 _0 0 H«= 0 10 6 44 A5 0
1 51 =5 & 2 87 =60 3 =5 74 =74 0 =5 60 =56 =3 1 116 106 9 0+ 15 10 4 He= 1 11
2 60 =63 2 3 152 167 =5 =4 54 50 3 =4 89 =79 =9 2 48 =45 <=2 1 97=102 4 «7 26 =22 =3
3+ 0 4 =3 4 8% 851 2 =3 63 54 8 =3« 0 3 &3 3 108 108 O 2 29 =28 O =60 0 =4 4
Ae 12 =7 =8 S 41 3 7 =2 %6 =51 =7 =2 25 21 4 4 84 =69 =15 3 123=123 0 <%¢ 2¢ 18 7
Hets 6 5 6 13 =11 -2 -1 11l-114 2 -1 36 31 5 5 43 =50 6 4 12 11 0 -4 48 42 6
=9 12 =13 0 Hek= & ¢ 0 6C =68 7 0 25 =26 1 6 53 68 =1a s 2 2 0 -3 % 50 3
e8 23 =23 0 =9 30 ~31 1 1.135-137 1 1 72 =72 0 7 16 1T o 6 49 =52 3 =2 g4 =74 =10
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TaBLe 3. THE FINAL PARAMETERS AND THEIR ESTIMATED STANDARD DEVIATIONS (in parentheses)

The coordinates of the non-hydrogen atoms have been multiplied by 10%; those of the hydrogen atoms,
by 103. The anisotropic thermal parameters of non-hydrogen atoms are of the form exp [— (B s+
Byok?+ Bygl?+ Biyhk -+ Byghl+ Byskl)], and have been multiplied by 104 For the hydrogen atoms, the
values listed are isotropic thermal parameters B(A?2).

Atom x » z B(Az)

N (1) 9366 (3) 1222 (2) 1061 (3) —_

C (2 7353 (3) 1248 (2) —36(3) —

C (3) 6118(3) 1262 (2) 885 (3) —

C#) 7064 (3) 1226 (2) 2882 (3) —

C (5) 9135(4) 1217(2) 3937(3) —

C (6) 10290 (3) 1221(2) 2956 (3) —

C(7) 6823 (4) 1213(2) —2183(4) —

C (8) 3827(3) 1329 (2) —73(4) —

O (1) 8242(3) 1077 (2) —2534(3) —_

0(2) 5008 (3) 1351(2) —3382(3) —

O (3) 2872(3) 1523 (2) —1843(3) —

O4) 2985 (3) 1189(2) 944(3) —_

H (1) 601 (4) 115(2) 336 (4) 3.4(0.6)

H(2) 984 (5) 126 (2) 536 (5) 4.6(0.8)

H(3) 1155(5) 119(2) 331(5) 4.2(0.7)

H (4) 1010 (6) 120 (3) 43(5) 5.0(0.8)

H(5) 354 (6) 125(3) —266 (5) 5.4(0.9)

Atom By B,, By, B, By B,,
N (1) 131 (4) 59(2) 143 (4) 3(4) 175(7) 8(4)
C(2) 150(5) 41(2) 127 (4) 04) 155(7) 4(4)
C (3) 130(5) 45(2) 149 (4) 2(4) 157(8) 3(4)
Cc# 140(5) 56 (2) 143 (4) 3(4) 176 (8) 2(4)
C (5) 162 (5) 65(2) 118(4) 12(5) 137(8) 6(4)
G (6) 106 (4) 71(2) 145(2) 5(5) 114(8) 6(5)
C(7) 178 (6) 63(2) 149(5) —10(5) 203(9) —2(5)
C (8) 129 (5) 54 (2) 170 (5) —6(4) 154 (8) —12(5)
o(1) 211(5) 114(2) 164 (4) 3(5) 254 (7) —10(5)
0(2) 167 (4) 104(2) 124 (4) 9(4) 97 (6) 16 (4)
0O (3) 130 (4) 121(2) 165 (4) 21(5) 116 (6) 33(5)
O 140 (4) 100(2) 225 (5) —9(4) 244(7) 1(4)

Fig. 3. The anisotropic thermal ellipsoids of non-hydrogen
atoms and the isotropic thermal ellipsoids of hydrogen
Fig. 2. Dimensions of quinolinic acid molecule. atoms. Ellipsoids are scaled to include 749, probability.
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TABLE 4. INTRAMOLECULAR BOND LENGTHS AND ANGLES
Bond Length e.s.d. Bond Angle e.s.d.
N (1)-C (2) 1.345 A 0.003 A C (2)-N (1)-C (6) 125.3° 0.2°
C (2)-C (3) 1.401 0.004 N (1)-C (2)-C (3) 117.8 0.2
C(3)-C (4 1.398 0.004 N (1)-C (2)-C (7) 110.9 0.2
C (4)-C (4) 1.376 0.004 C (3)-C (2)-C (7) 131.3 0.2
C (5)-C (6) 1.387 0.004 C (2)-C (3)-C (4) 117.7 0.2
C (6)-N (1) 1.326 0.003 C(2)-C (3)-C (8) 126.3 0.2
C(2)-C(7) 1.548 0.004 C (4)-C (3)-C (8) 115.9 0.2
C (3)-C (8) 1.518 0.004 C (3)-C (4)-C (5) 122.0 0.2
C (7)-0() 1.216 0.004 C (4)-C (5)-C (6) 117.9 0.3
C(7)-0(2) 1.258 0.004 C (5)-C (6)-N (1) 119.2 0.3
C (8)-0(3) 1.265 0.004 C(2)-C(7)-0O (1) 115.6 0.3
C (8)-0 (4) 1.230 0.004 C(2)-C(1)-0(2) 117.9 0.2
C (4)-H (1) 1.02 0.03 0(1)-C(7)-0(2) 126.5 0.3
C (5)-H (2) 1.00 0.04 C (3)-C (8)-0(3) 119.9 0.3
C (6)-H (3) 0.85 0.04 C (3)-C (8)-0O (4) 117.1 0.3
N(1)-H#4) 0.89 0.04 03)-Cc8)-01 123.0 0.3
O (2)-H (5) 1.44 0.04 H(1)-C (4)-C (3) 110 2
O (3)-H (5) 1.03 0.04 H(1)-C (4)-C (5) 128 2
H(2)-C (5)-C (4) 123 2
H (2)-C (5)-C (6) 119 2
H (3)-C (6)-C (5) 133 3
H (3)-C (6)-N (1) 107 3
H(4)-N(1)-C (2) 115 3
H (4)-N (1)-C (6) 119 3
H(5)-0(2)-C (7) 116 2
H (5)-0 (3)-C (8) 115 2
0 (2)-H (5)-0 (3) 151 4
9 bond angle of 125.3(2)° and by the four C-O bond
D hie >0 . lengths of 1.216 (4), 1.258(4), 1.265(4), and 1.230(4)
' A in the two carboxyl groups (the values in parentheses
g o, s *3&?20\@? denote e.s.d.’s in their last digits). '
00 %;0?‘ 0355 The quinolinic acid molecule is approximately pla-
o nar, with a maximum deviation of 0.242 A. The pyri-
0:6% 0.648 s dine ring is planar, the maximum deviation of a ring
it 0,872 atom from the least-squares plane being 0.013 A.
hg The equations of the two planes through twelve non-

SN 0,515
AL TSNS

+0,
H( ;g 0.711

Fig. 4. The net charges and n-bond orders calculated by
the CNDO/2 method.

The quinolinic acid molecule may be a mixture of
the following two forms:

/\—COOH COOH X\ COO-
L J l + or +
N”~COOH NNZNCOO- SN7”NCOOH
l |
H H
(A) (B)

However, the present study shows that the molecule
takes the zwitter ion(B) in the crystal. The existence
of the molecule in this form is quite evident from the
assignment of a hydrogen atom in the difference Fourier
map. It is also confirmed by the G(2)-N(1)-C(6)

hydrogen atoms of a molecule and six non-hydrogen
atoms of a pyridine ring are:

0.0551X+40.9983Y+0.0215Z2=1.8705 and
0.0117X+40.9998Y+0.0156Z2-=1.6535

respectively, where X, Y, and Z are coordinates in
A referred to an orthogonal set of axes and parallel
to the a, b, and ¢* axes respectively. The displacements
of all the atoms from these two planes are listed in
Table 5.

The pyridine ring in the molecule shows a significant
deformation from the C,, symmetry of idealized geo-
metry. The differences between the corresponding
bond lengths, the N(1)-C(2) and N(1)-C(6), the C(2)-
C(3) and C(5)-C(6), and the CG(3)-C(4) and C(4)-
C(5) bonds, are 0.019(3), 0.014(4), 0.022(4) A respec-
tively. The bond lengths of the side which has both
carboxyl groups are longer than those of the other side.
This difference may depend on the asymmetric sub-
stitution of two carboxyl groups, because no such
difference has been found in dipicolinic acid? and
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TABLE 5.

(1) The distances from the least-squares plane defined
by twelve non-hydrogen atoms of a molecule.

Atom Deviation(A) Atom Deviation(A)
N (1) —0.061 Oo(1) 0.154
C(2) —0-016 0(2) —0.066
C(3) 0.021 O(3) —0.190
C4) 0.038 o4 0.242
G (5) —0.031 H (1) 0.17
G (6) —0.088 H(2) 0.11
G (7) 0.040 H (3) 0.10
C (8) 0.025 H 4) —0.06

H (5) 0.12

(2) The distances from the least-squares plane defined
by the six non-hydrogen atoms of pyridine ring.

Atom Deviation(A) Atom Deviation(A)
N (1) 0.009 o(1) 0.229
C(2) 0.002 O (2) —0.086
C (3) —0.012 O (3) —0.297
C 4) 0.013 O (4) 0.108
C (5) —0.001 H(1) 0.11
C (6) —0.010 H (2) —0.08
C(7) 0.065 H (3) 0.02
C(8) —0.071 H 4) 0.04

H (5) 0.05

dinicotinic acid,? in which two carboxyl groups are
substituted symmetrically on the pyridine ring.

The lengths of the two C-C bonds joining the
carboxyl groups to the ring are 1.548(4) and 1.518(4)
A, longer than the normal value(about 1.48~1.50 A
for sp?—sp? bond); the difference between these two
bond lengths, 0.030(4), is significant, judging from
their estimated standard deviations. The two C-O
bond lengths in each carboxyl group are slightly
different from each other. In carbonyl groups, the
difference between the C(7)-O(1) and C(8)-O(4)
bond lengths, 0.014(4) A, is due to the fact that the
O(4) atom participates in the hydrogen bond, while
the O(1) atom is free from it. Similar differences
were also observed in dinicotinic acid® and cincho-
meronic acid.®) On the other hand, the C(7)-O(2)
and C(8)-O(3) bond lengths, 1.258(4) and 1.265(4)

, are equal within the limits of experimental errors.
Their average value, 1.262 A, is shorter than the nor-
mal bond length between the carbon and hydroxyl
oxygen atom, and lies between the values of the C=O
and C-O(H) bond lengths. The reason for these
abnormal C-O(H) bond lengths is the formation of
an intramolecular hydrogen bond which joins the O(2)
and O(3) atoms at a very short distance, 2.399(3) A.
A similar tendency was observed in carboxyl groups
of 3,4-furandicarboxylic acid.¥ The H(5) atom is
bonded to the O(3) atom rather than to the O(2)
atom in this analysis, corresponding to the slight
difference between C-O distances related to these two
oxygen atoms. In connection with this finding, it is
desirable to locate the position of this hydrogen atom
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by neutron-diffraction study, since there has been
a speculation that the hydrogen atom might be placed
symmetrically between the oxygen atoms when they
are joined by a short hydrogen bond. There is a
good correlation between the z-bond orders and the
observed bond lengths, as is shown in Fig. 4. The
G(3)-C(2)-C(7) and G(2)-C(3)-C(8) bond angles de-
viate greatly from 120° due to the sp? hybridization of
the C(2) and C(3) atoms. These deviations are
caused by the formation of an intramolecular hydrogen
bond. Both carboxyl groups are twisted by —8.3°
(G(7)O(1)O(2)) and 10.8° (C(8)O(3)O(4)) out of
the plane of the pyridine ring, as is shown in Fig. 3,
so that the O(2) and O(3) atoms approach each other.

The intramolecular hydrogen bond between the
adjacent carboxyl groups was found in 3,4-furan-
dicarboxylic acid, with an aromatic five-membered
ring. However, the intramolecular hydrogen bond
of this type has not thus far been found in the crystal
structures of carboxylic acids with a benzene ring and
another aromatic six-membered ring. From a geo-
metrical point of view, the formation of the hydrogen
bond of this type seems to be more difficult in the
carboxylic acids with an aromatic six-membered ring
than in those with a five-membered ring. Hence it
may be noted that the hydrogen bond of this type has
been found in the crystal of quinolinic acid, which
has an aromatic six-membered ring.

Molecular Arrangement and Hydrogen-bond System.
The crystal structure is shown in Figs. 5 and 6. The
distances and angles of hydrogen bonds are listed in
Table 6. The molecules are arranged in layers closely
parallel to the (0 1 0) plane at y=1/8, 3/8, 5/8 and 7/8.
These planes have a spacing of 3.182 A. The dihedral
angle which the best plane of a molecule makes with
the (0 1 0) plane is 3.3°. Figure 5 is a view parallel
to the (0 1 0) plane. Figure 6 is a view normal to the
(0 1 0) plane and illustrates the relative orientation
of the molecules in two neighboring layers. Figures
6(a) and 6(b) show the relation between the planes

i i i
) } )
®,

"

]

—

1 2728
p a ciap

0
| i
i i

Fig. 5. A view of the crystal structure down the ¢ axis.

The hydrogen bonds are shown by broken lines.
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(a)

Fig. 6. A view of the crystal structure down the b axis, showing the relative orientation of the molecules in two

adjacent layers parallel to the (010) plane.

(b)

(a): The relation between the planes at y=1/8 and 3/8 related by

the c-glide at y=1/4. (b): The relation between the planes at y=3/8 and 5/8 related by the center of sym-

metry at y=1/2.

TaBLe 6. HyDROGEN BOND DIsTANCES(A) AND ANcLEs (degree)

X—H....O Symmetry  X..-O e.s.d. X-H esd. H-..O e.s.d. Angle  es.d.
N()-H@®)..04)  (1,1,2) 2.728  0.003 0.8  0.04 1.99  0.04 140 4
O (3)-H(5)..0(2) (1,1, 1) 2.399 0.003 1.03 0.04 1.44 0.04 151 4

C—0....X Symmetry Angle e.s.d.

C@-0@.. H@4) (221 133 4
C@®)-0(4)..N(1) (2,21) 144.8 0.2
C(N-0()..H(G) (1,1,1) 116 2
C(1-0(2)..0(3 (1,1,1) 128.7 0.2

Symmetry 1= (x,,z)
2=(14x,9,2)
3=(—1+x3,2)
4= (x,1/2—y,1/2+2)

5=(14x1/2—3,1/2+2)
6=(—1+x,1/2—y,1/2+2)
7= (1—x,1/24+y,1/2—2)
8=(2—x,1/24+y,1/2—z)

9= (—x,1/2+y,1/2—2)
10=(1-x1—y,1—2)
11=(2—x,1—y,1-2)
12=(—x,1—9,1-2)

at y=1/8 and 3/8, and 3/8 and 5/8. In Figs. 5 and
6, the same numerals designate the same molecules.
The symmetry codes of the molecules with these
numbers are shown in Table 6.

Each molecule on the same plane is joined, through
the N(1)-H(4):--O(4) hydrogen bond, with two
neighboring molecules and forms an endless chain
along the a axis. The carbonyl oxygen atom, O(4),
participates in a hydrogen bond(O(4)--H(4)-N(1);
2.728(3) A), while another atom (O(1)) is free from
the hydrogen bond. Similar situations are observed
also in nicotinic acid,'® dinicotinic acid,? and cin-
chomeronic acid.® Those facts suggest that the O-H---
N or *N-H:-:O hydrogen bond is more energetically
favored than the O-H:-:O hydrogen bond in solids.

There is no hydrogen bond between the chains on

12) W. B. Wright and G. S. D. King, Acta Crystallogr., 6, 305
(1953).

the same plane, those on the planes at y=1/8 and 3/8
related by the c-glide plane at y=1/4, and those on
the planes at y=3/8 and 5/8 related by the center of
symmetry at y=1/2. These chains are packed together
only by the van der Waals forces. Therefore, there is
an anisotropy of the bonding forces joining the mole-
cules in this crystal. The appreciable thermal diffuse
scattering along the directions of the b* and ¢* axes
may be caused by this anisotropy of the bonding forces.
Similar patterns were observed in dipicolinic acid
monohydratel) and other crystals in which molecules are
joined by this type of hydrogen bond.1®

Computer Programs. All the calculations were
performed on a FACOM 270-30 computer at the Com-
puter Center of Osaka City University by the use

13) J. L. Amorés and M. Amords, “Molecular Cirystals,”
John Wiley and Sons, Inc., New York (1968).
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of the following programs—RSLG-3(cell constant),'4
RSSFR-3(Fourier synthesis),®) HBLS-IV (block-diago-
nal least-squares refinement),'®) DAPH(bond length,
bond angle and least-squares plane),!” SCALE (film
factor, Lp and layer scaling),'® CNINDO(CNDO and
INDO calculation),’) and TE-I(thermal ellipsoid).1®

14) T. Sakurai, “The Universal Crystallographic Computing
System (I),” edited by T. Sakurai, The Crystallographic So-
ciety of Japan (1967) p. 18.

15) T. Sakurai, ibid., p. 45.

16) T. Ashida, ibid., p. 65.
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This paper is dedicated to the late Dr. Walter C.
Hamilton, who took an interest in the intramolecular
hydrogen bond of this compound. The authors wish
to express their thanks to Dr. Kichisuke Nishimoto
of this faculty for his useful advice in the CNDO cal-
culation.

17) T. Ashida, ibid., p. 76.

18) H. Yoshioka, K. Hirotsu, and F. Takusagawa, Unpublished
work.

19) F. Takusagawa, Unpublished work.






