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Crystals of 2,4-dinitrophenol, C6H4N205,  a re  orthorhombic, space group P2,2~2, with cell dimensions: a = 
6.102 (3), b : 23.202 (8), c = 5.178 (4) A and Z : 4. The structure was solved by an inspection of a Patter- 
son map and R maps and refined by the full-matrix least-squares method to the final R value of 0-048 for 885 
diffractometer-collected reflexions. The hydroxyl group is linked to one of the O atoms of the ortho-nitro 
group forming an intramolecular hydrogen bond (O . . .O ,  2.615 A). There is a rather short intermolecular 
contact between the hydroxyl O and that of the ortho-nitro group (O. . .O ,  2.894, H . . . O ,  2.31 A and 
O - H . . - O ,  124°). The H atom of the hydroxyl group is involved in a bifurcated hydrogen-bonding system. 

Introduction Structure determination 

Recently,  the crystal  structure of  2,6-dinitrophenol 
(2 ,6-DNP, di-ortho substituted phenol) has been repor- 
ted, in which the int ramolecular  hydrogen bond is for- 
med between the hydroxyl  group and the O atom of  
one of  the o-nitro groups (Iwasaki,  Sato & Aihara,  
1976). IR studies on dini t rophenols  showed a remark-  
able difference between 2 ,6 -DNP and other dinitro- 
phenols (Aihara  & Hirai, 1976). The crystal  structure 
analysis of  2,4-dini trophenol (2 ,4-DNP)  was under- 
taken in order to examine the hydrogen-bonding  
scheme for mono-ortho substituted phenols. 

The orientat ion of the benzene ring was deduced from a 
Patterson map. R maps were calculated with the 75 hkO 
reflexions. The lowest R value was 0.45.  z parameters  
were obtained from R maps of  the 244 hkl reflexions 
(sin 0 < 0.3). Block-diagonal  least-squares refinement 
with isotropic temperature  factors reduced the R value 
to 0.15 for all the reflexions. After addit ional  cycles of 
least-squares refinement with anisotropic temperature  
factors R was reduced to 0 .072.  H atoms were located 
from a difference Fourier  synthesis  and were included 
in the full-matrix least-squares refinement with isotropic 

Experimental 

The crystals  were grown from a cyc lohexane-benzene  
solution of  commercia l ly  available 2,4-dinitrophenol.  
They are pale-yellow pillars elongated along c. Cell 
dimensions were obta ined from Weissenberg photo- 
graphs calibrated against  Cu powder  lines (a = 3 .6147 
A, Cu K , a ,  = 1.5405,  &=  1.5418 A). 

Crystal data 

C6H4N2Os, M r -- 184.11; or thorhombic ,  a = 
6.102 (3), b -- 23 .202 (8), c - -  5. 178 (4) A, U =  733.1 
A3; Z = 4, D x = 1.668, D m = 1-67 g era-3; space 
group P2~2,2, ;  m.p. 114°C.  

Intensi ty data were collected on a Rigaku automat ic  
four-circle diffractometer,  with Mo K~t radiat ion mono-  
chromat ized by a graphite monochromato r .  An o9-20 
scan technique was used to obtain intensities with a 
scan width Ao9 = I-0 ° + 0.5 ° tan  0 and a scan speed 
of 2 ° min -~ in 20. At both ends of  the scan range for 
each reflexion, background  was counted for 10 s. 1295 
reflexions in the range 20 < 60 ° were measured,  of  
these 885 had IF01 > 3a (F)  and were considered as 
observed. 

Table 1. Atomic parameters with their estimated 
standard deviations 

(a) Atomic coordinates (× 10 4) of non-hydrogen atoms. The B~q 
values are the equivalent isotropic temperature factors (A 2). 

X )' Z Beq 

C(I )  109 (6) 1126 (15 2177 (8) 3"0 
C(25 1278 (6) 913 (1) 4315 (7) 2.8 
C(3) 3232 (6) ! 164 (1) 5088 (7) 2.8 
C(45 3963 (55 1630 (15 3724 (7) 2.7 
C(5) 2864 (6) 1855 (!) 1614 (7) 3.0 
C(6) 944 (6) 1604 (2) 855 (8) 3.1 
N(25 501 (6) 421 (1) 5775 (7) 3.6 
N(4) 6023 (5) 1914 (1) 4560 (7) 3.5 
O(1) -1792 (5) 914 (15 1278 (6) 4.1 
O(21) -1201 (55 182(1) 5040(6) 5.5 
0(22) 1532 (5) 265 (1) 7671 (6) 4.7 
O(41) 6892 (5) 1738 (I) 6526 (6) 5.5 
0(42) 6735 (4) 2306 (1) 3237 (6) 4.3 

(h) Atomic coordinates (xl03) and thermal parameters (A 2) of 
hydrogen atoms 

H(I) 
H(3) 
H(5) 
H(6) 

x v z B 

-205 (7) 58 (1) 203 (8) 6-3 (13) 
401 (5) 99 (1) 663 (7) 4.2 (9) 
334 (6) 220 (1) 82 (7) 4.7 (10) 

19 (5) 173 (1) -76 (7) 2.4 (7) 
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temperature factors. The final R value was 0 .048 for all 
observed reflexions. The quant i ty  minimized was 
Z w(lF,,I - k - l lFc l )  2 where w = l/aZ(F,,), as derived 
from counting statistics. Atomic scattering factors were 
taken from International Tables for X-ray Crystallog- 
raphy (1974). The final atomic parameters  are listed in 
Table 1.* 

Results and discussion 

Thermal motion 

The thermal ellipsoids of the a toms and the number-  
ing scheme are shown in Fig. 1. The molecular  motion 

* Lists of structure factors and the anisotropic temperature fac- 
tors of the non-hydrogen atoms have been deposited with the British 
Library l,ending Division as Supplementary Publication No. SUP 
32493 (7 pp.). Copies may be obtained through The Executive Sec- 
retary, International Union of Crystallography, 13 White Friars, 
Chester CH 1 1NZ, England. 

HH) 

0(41)~ 
Fig. 1. Perspective drawing of the molecule showing the thermal el- 

lipsoids with a probability of 50% [program ORTEP by Johnson 
(1965)1. Hydrogen atoms are represented by 0.1 A radius 
spheres. 

Table 2. Rigid-body thermal parameters 

Molecular vibration tensors 
Translation T x 103 (A 2) Libration L (deg 2) 

333) 2(3) / 17(2) 1(I) 
25 (4)] 9 (I) 

Principal axes or the T and L tensors relative to the crystal axes. 

R.m.s. amplitude Direction cosines (× 103) 

0.155 A -454 795 404 
0.182 -269 310 -912 
0.185 850 522 073 
3-00 ° -718 566 405 
3.63 -577 --159 -801 
5.02 389 809 -441 

R.m.s.A(U~)0.0058 A2 

has been analysed in terms of  the rigid-body vibrat ions 
of  translat ion (T) and libration (L), taking into account  
the correlat ion tensors (Schomaker  & Trueblood,  
1968). Some rigid-body thermal parameters  of  the 
molecules are given in Table 2. 

Molecular structure 

The bond lengths and bond angles with their 
estimated s tandard deviations are given in Table 3. 
Least-squares planes through various groups of  a toms 
in the structure are presented in Table 4. The hydroxyl  
group is linked to the O atom, O(21), of  the o-nitro 
group forming an intramolecular  hydrogen bond. The 
O ( 1 ) . . . O ( 2 1 )  distance is 2.615 (5) A, which is longer 
than the corresponding hydrogen-bond distances found 
in 2 ,6-DNP (lwasaki ,  Sato & Aihara,  1976), 2-chloro- 
4,6-dinitrophenol (2-C1-4,6-DNP, Andersen & Ander- 
sen, 1975) and 2-bromo-4,6-dini trophenol  (2-Br-4,6- 
DNP,  Neustadt  & Cagle, 1975). 

The benzene ring is planar,  deviations being within 
0 .004 A. The H( I )  atom in the hydroxyl  group deviates 
significantly from the plane of  the benzene ring. The 
dihedral angles between the benzene ring and the planes 
of  the substituents are 10.8 ° (hydroxyl  group), 2.6 ° (o- 
nitro group) and 4.8 ° (p-nitro group). 

Table 3. Bond distances (A) and angles (o) 

Bond lengths in parentheses are values corrected for the thermal 
motion. 

C(1)-C(2) 1.407(6) (1.411) 
C(1)-C(6) 1.398 (6) (~.402) 
C(2)-C(3) 1.385 (5) (1.391) 
C(3)-C(4) 1.366 (5) (1.371) 
C(4)-C(5) 1.385 (5) (!.390) 
C(5) C(6) 1.366 (6) (I.370) 
C(1) O(1) 1.343 (5) (1.344) 
C(2) N(2) 1.449 (5) (1.452) 
C(4) N(4) 1-484 (5) (I.486) 
N(2)- O(21) 1.237 (5) (1.240) 
N(2)- O(22) 1.221 (5) (I.225) 
N(4)-O(41) 1.218 (5) (1-220) 
N(4)-O(42) 1.219 (5) (I.221) 
O(I)...O(21) 2.610(5) (2.615) 

O(I)-H(1) 0.89 (4) 
C(3)-H(3) 1.01 (4) 
C(5)-H(5) 0.95 (4) 
C(6)-H(6) 1.00 (4) 
O(21)...H(1) 1.88 (4) 

C(2)C(I)C(6) 118.6 (4) 
C(1)C(2)C(3) 12 !. 1 (4) 
C(2)C(3)C(4) 117.6 (4) 
C(3)C(4)C(5) 123.3 (4) 
C(4)C(5)C(6) 118.8 (4) 
C(I)C(6)C(5) 120.6 (4) 
C(2)C(1)O(I) 125.6 (4) 
C(6)C(I)O(1) !15.8 (4) 
C(1)C(2)N(2) 121.4 (4) 
C(3)C(2)N(2) 117-5 (3) 
C(2)N(2)O(2 I) 117.9 (3) 
C(2)N(2)O(22) 119.0 (3) 
O(21)N(2)O(22) 123.1 (4) 

C(3)C(4)N(4) t18.5 (3) 
C(5)C(4)N(4) 118.2 (3) 
C(4)N(4)O(41) 117.6 (3) 
C(4)N(4)O(42) 118-0 (3) 
O(41)N(4)O(42) 124.4 (4) 
C(I)O(I)H(I) 109 (3) 
C(2)C(3)H(3) ! 18 (2) 
C(4)C(3)H (3) 125 (2) 
C(4)C(5)H(5) 121 (2) 
C(6)C(5)H(5) 120 (2) 
C(1)C(6)H(6) 118 (2) 
C (5)C(6)H(6) 121 (2) 
N(2)O(21)...H(I) 105(I) 
O(l)H(I)...O(21) 138 (4) 
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Table 4. Least-squares planes 

Deviations (,~,) of atoms from the least-squares planes expressed 
in the form: AX + BY + CZ + D = 0, whereX, Yand Z are 
the coordinates in A, referred to the axes a, b and e respectively. 

(1) Benzene ring 
0.5081X- 0.6116Y- 0.6065Z + 2.2511 = 0 

C(!) 0-003 N(2)* -0•005 
C(2) -0.004 N(4)* -0.029 
C(3) 0.004 O(21)* 0.038 
C (4) -0.002 0(22)* -0.059 
C(5) 0.000 0(41)* -0.127 
C (6) -0.001 0(42)* 0.051 
O( 1)* -0.003 H( 1)* 0.153 

(I1) Nitro group 
0 .5422x-  0.6105Y- 0.5773z + 2.1604 = 0 

c(2) -0.001 0(21) -0.001 
N(2) 0.003 0(22) -0.001 

illI) Nitro group 
0-5288X- 0-6565Y- 0.5380Z + 2.2409 = 0 

C(4) 0.000 0(41) 0.000 
N (4) -0.001 0(42) 0.000 

(IV) Hydroxyl group 
0.4937X- 0.4706Y- 0.7313Z + 2.0218 = 0 

C(l) 0.000 H(I) 0.000 
O(1) 0.000 0(2 I)* -0.447 

(V) Chelate ring 
0.5176X- 0.6017Y- 0-6083Z + 2.2340 = 0 

C(I) 0.010 0(1) -0.011 
C(2) 0.003 H( 1)* 0. 136 
N(2) -0.015 0(22)* -0.068 
O(21) 0.013 

Dihedral angles between planes. 

Planes Dihedral angle 

(I) (II) 2.58 ° 
(I) (III) 4.84 
(I) (IV) 10-83 
(I) (V) 0.79 
(II) (IV) 12.26 

Table 5. Comparison o f  some bond lengths (A,) and 
angles (°) in nitrophenols 

o H---o 0;5 H o 
° .7.° 

~4 3' 

o~N~o o~N~o 

t"/* I 

1 1-411 
2 1.391 
3 1.371 
4 1.390 
5 1.370 
6 1.402 
7 1.344 
8 1.452 
9 I. 240 

10 !.225 
11 1.486 
12 2.615 
E.s.d. 0-006 

1 118.6 
2 115.8 
3 125-6 
4 121.1 
5 121.4 
6 117.9 
7 123.1 
8 117.9 
9 119.0 

10 123.3 
E.s.d. 0.4 
I I 109 

b *  

1.404 
.397 
-362 
.392 
.386 
• 408 
• 342 
.461 
.245 
.216 

• .476 
2.562 
0.008 

16.0 
20.0 
23.8 
22.3 
20.9 
16.8 
22.4 
18.4 
19.2 
22.3 
0.5 

104 

¢ 

.407 

.370 

.376 

.382 

.370 

.402 

.333 

.464 

.235 
-197 
.472 

2.558 
0.007 

16.7 
18.5 
24-8 
22.7 
20.1 
17.1 
23.4 
17-7 
18.9 
23.0 
0.4 

107 

d 

.397 

.385 

.371 

.396 

.374 

.397 

.333 

.451 

.230 

.218 

.478 
2.559 
0-008 

17-2 
17.6 
25-2 
22.5 
20.7 
16-8 
22.3 
18.8 
18-9 
23.1 
0.5 

108 

e 

.401 

.378 

.357 

.391 

.373 

.373 

.342 

.442 
• 240 
.199 

2-587 
O.007 

17.2 
17.3 
25.5 
21.9 
20.6 
17-5 
22.0 
18.8 
19-2 
20.4 
0.5 

109 

Average 
value 

.404 
384 
367 
390 
375 
396 
339 

.454 

.238 

.211 

.478 
2-584 

117.1 
117.8 
125.0 
122.1 
120.7 
!!7-2 
122.6 
i18.3 
119.0 
122.4 

107 

f 
1•396 
1.382 
1.393 
1.394 
1.378 
1.399 
1.361 

1-450 
2.84 
0.005 

120-5 
116.5 
123.0 

122.0 
0.4 

113 

References: (a) 2.4-Dinitrophenol (present work). (b) 2,6-Dinitro- 
phenol (Iwasaki. Sato & Aihara. 1976)• (e) 2-Chloro-4.6-dinitro- 
phenol (Andersen & Andersen, 1975). (d) 2-Bromo-4,6- 
dinitrophenol (Neustadt & Cagle, 1975). (e) 2-Nitro-4-chlorophenol 
(Kawai, Kashino & Haisa, 1976). (f)fl-p-Nitrophenol (Coppens & 
Schmidt, 1965). 

* Atoms not used to define the least-squares planes• * Values corrected for thermal vibration. 

The average C - C  bond distance in the benzene ring 
is 1.389 ,~,. The C ( 1 ) - C ( 2 )  (1.411 ,~,) length is 
somewhat  longer and the bonds C ( 3 ) - C ( 4 )  (1.371 A) 
and C ( 5 ) - C ( 6 )  (1 .370 A,) are significantly shorter  than 
the rest. Bond angles C(1)C(2)C(3)  and C(3)C(4)  
C(5), at the apices of  which are at tached nitro groups, 
are 121.1 and 123.3 °, respectively. These dimensions  
are in reasonable  agreement  with the corresponding 
values for 2 ,6-DNP. The C(2)C(1)C(6)  angle is 
118.6°,  which is larger than the value for 2 ,6 -DNP but 
is close to those for the other  phenols. 

The length of  the C ( 1 ) - O ( 1 )  bond,  1.344 A, is 
slightly longer than those of  2-CI-4 ,6-DNP (1.333 ,~) 

and 2-Br-4 ,6-DNP (1.333 A,); but these values are 
shorter than the C - O  bonds in vanillins (Iwasaki,  
1973; Iwasaki,  Tanaka  & Aihara,  1976). The bond 
C ( 2 ) - N ( 2 ) ,  1.452 A, is significantly shorter  than 
C ( 4 ) - N ( 4 ) ,  1.486 A. The length of  N ( 2 ) - O ( 2 1 )  

(1 .240 A), which is involved in the hydrogen bond,  is 
comparable  with the corresponding values for other 
o-nitrophenols,  the average value of the other N - O  
distances is 1.222 /~, which is the normal  value for 
nitrobenzenes.  

Some bond lengths and angles in ni t rophenols  are 
compared  in Table 5. The geometry  of  the benzene ring 
and the int ramolecular  hydrogen bond is very close to 
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those of the other o-nitrophenols. There are obviously 
quite significant departures from hexagonal symmetry 
in the benzene rings and short C - O ,  C - N  bonds and 
long N - O  bonds. Molecular dimensions in these com- 
pounds indicate the presence of a resonance h~'brid in- 
volving the following structure: 

b "H''O- 

The dimensions of the benzene ring in these 
dinitrophenols are very different from those found in p- 
nitrophenol (Coppens & Schmidt, 1965). In the case of 
p-nitrophenol the shortening of the two C - C  bonds 
parallel to the long axis of the molecule can be attrib- 
uted to the contributions of the quinonoid resonance 
structure. However, no such contributions are found in 
2,4-dinitrophenols in spite of the existence of a nitro 
group in the para position. The presence of other ortho- 
substituents ( - N O  v -CI ,  -B r )  having no connexion 
with the formation of the intramolecular hydrogen 
bonding has no effect on the molecular dimensions, 
within experimental error. 

Molecular  packing 

The arrangement of the molecules in the crystal is 
shown in Figs. 2 and 3. Intermolecular contacts less 
than 3-60/~ are listed in Table 6. 

~NI2JXb. --CCI ' -o...Q0o; ~', ~ ~ .  , t -C~ b ' qr-.~ 'l ~7 ,°'xf-"R Cc6~ 

Fig. 2. Pro.iection of the structure along e. 

, ~ t  _ 4~  ~ ~,,~ 

Fig. 3. Projection of the structure along a. 

Table 6. In tramolecular  contacts less than 3 .60 /k  

Symmetry code 

None x, y, z 
(i) x ,  ) ' ,  1 + z 

(ii) I + x ,  y ,  z 

(iii) 1 + .v, v. ! + z 

c(3)...c(6 ~) 
N(2)...O(1 ~) 
O(22)...C(1 ~) 
0(22)...C(6 ~) 
O(22)...O(I ~) 
C(41..-0(I ii) 
N ( 4 ) . . . C ( 1  ii) 
N(4)...O(I ii) 
O(41).. C(I ii) 
O(41).. C(2 ii) 
O(41).. 0(1 ii) 
0(42).. C( Iii) 
0(42)'' C(6 ii) 
0(42). .  0(1 ii) 
O(41). .  C(6 iii) 

3-45 ! (6) A 
3.374 (5) 
3.193 (5) 
3.535 (5) 
3.142 (4) 
3.327 (5) 
3.328 (5) 
3.169 (5) 
3.307 (5) 
3.483 (5) 
3.418 (4) 
3.468 (5) 
3.282 (5) 
3.502 (4) 
3.352 (5) 

(iv) ~+x, l _ y ,  -z 
(v) ~+x, k-y ,  I - z  
(vi) ~ -x ,  -y, ½ + z 
(vii) -½ -x ,  -y,-½ + z 

O(41) . . -0(1  iii) 
0(42)...C(5 ~') 
0(42)...C(6 ~') 
O(41)--.C(5') 
0(42)-.. C(4') 
0(42)...C(5') 
0(42). • N(4') 
0(22)..C(2'q 
0(22)..C(3 "i) 
0(22)..N(2 'i) 
0(22)- .O(21 '~) 
0(22)..O(22 'i) 
O ( 2 1 ) . . O ( 2 1  'ii) 
O(1)...O(21'") 
H ( I ) . . . O ( 2 1  'ii) 

3-217 (4)A 
3.252 (5) 
3-335 (5) 
3.456 (5) 
3.229 (5) 
3.373 (5) 
3-381 (5) 
3- 160 (5) 
3-546 (5) 
2.898 (5) 
3.270 (5) 
3. 100 (4) 
3.151 (4) 
2-894 (5) 
2.31 (4) 

There is a rather short contact between the O atom, 
O(1), of the hydroxyl group and that ofthe nitro group, 
O(21vH), with an O . . . O  distance of 2.894 ,~. The 
H(1) . . .O(21  vii) intermolecular distance is 2.31 ,~ and 
the angle O ( I ) - H ( I ) . . .  O(21 vii) is 124 °. Although the 
O - H . . . O  angle is relatively acute for hydrogen bond- 
ing, it seems that H(I)  is involved in a bifurcated 
hydrogen-bonding system, both intra- and inter- 
molecular. The intermolecular hydrogen bonds are for- 
reed around the twofold screw axis parallel to e. 
Evidence for the intermolecular interaction is provided 
by the easy growth of crystals parallel to e and by the 
higher melting point than that of 2,6-DNP (m.p. 
64°C). 

All crystallographic computations were performed 
on a HITAC 8800/8700 computer of the Computer 
Center of the University of Tokyo with the program 
system U N I C S  (Crystallographic Society of Japan, 
1967: Sakurai, Ito, lwasaki, Watanabe & Fukuhara,  
1967). 
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VI. The Crystal and Molecular Structure of 3',5'-Di-O-acetyluridine at -- 170°C 

By R. A. G. DE GRAAFF, G. ADMIRAAL, E. H. KOEN AND C. ROMERS 

Gorlaeus Laboratoria, X-ray and Electron Diffraction Section, University of  Leiden, Leiden, The Netherlands 

(Received 29 November 1976; accepted 1 February 1977) 

3',5'-Di-O-acetyluridine, CI3HI6OsN 2, crystallizes with two molecules in a monoclinic unit cell with space 
group P2~: a = 10.456 (3), b = 8.645 (3), c = 8.644 (3) A,/5' = 109.2 (3) ° at -170°C.  Diffractometer data 
(Mo Ka radiation) were collected at -170°C.  The structure was obtained by direct methods and refined by 
least squares (R w = 3.95%), taking into account a disorder of the acetyl group bonded to 0(3'). The orien- 
tation of the nucleobase with respect to the sugar is anti (ZcN = 60"40) • The uracil ring is planar within 0.02 A. 
Base-base stacking is absent. The ribose ring has a C(2')-endo conformation and the orientation of the acetyl 
group bonded to C(5')is gauche-gauche (g+) with respect to O(1') and C(3'). 

Introduction 

Nucleic-acid constituents are currently investigated in 
this laboratory by means of NMR studies (part I: A1- 
tona, van Boom, de Jager, Koeners & van Binst, 1974; 
part II: Altona, Koeners, de Jager & van Boom, 1974; 
part V: Altona, van Boom & Haasnoot,  1976), syn- 
thesis (part III: van Boom, Burgers, den Hartog & van 
der Marel, 1976) and crystal structure determinations 
(part IV: de Kok, Romers, de Leeuw, Altona & van 
Boom, 1977). The present paper (part VI) reports the 
structure determination of 3',5'-di-O-acetyluridine (ab- 
breviated DAU). Knowledge of its conformation and 
geometry is pertinent to the interpretation of physical 
data on nucleosides and their correlation with nucleic- 
acid structures. The numbering of atoms is indicated in 
Fig. 1. 

Experimental 

DAU was obtained by means of the method of 
Fromageot, Griffin, Reese & Sulton (1967). 

Evaporation at 4 4 ° C  of a solution of D A U  in n- 
butanol resulted after a few days in the appearance of 
clusters of lath-shaped crystals. The colourless mono- 
clinic crystals are elongated along [010] and cleave 
easily perpendicular to the needle axis. The lattice 
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Fig. l. The numbering of atoms in 3',5'-di-O-acetyluridine. 


