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from Fig. 1. Since the  compound is derived from 
D-glucose the  absolute configuration is established: 
the  parameters  of Table 2 referred to a r ight -hand set 
of axes give the  true absolute configuration. Fig. 1 
also depicts the correct absolute configuration. 

The bond distances and valency angles in the  
molecule (Table 3) are all quite normal,  and require 
no special comment.  

All the intermolecular  separations (Table 4) cor- 
respond to normal  van  der Waals interactions.  The 
shortest  distances are three C • • • 0 contacts  of 3.1 A, 
equal to the sum of the van  der Waals radii  of carbon 
and oxygen (Pauling, 1960). The shortest  Br-O and 
Br-C contacts are 3.45 J~ and 3.61 A respectively 
(sum of van  der Waals radii  3.35 /~ and 3-65 _h 
respectively). The shortest  O - 0  contact  is 3.41 A, 
and the shortest  C-C separat ion is 3.55 A. 

The authors  are indebted to Dr A. Rosentha l  and  
Mr H. J.  Koch for suggesting the  problem, for sup- 
plying the crystall ine derivative,  and for much helpful  
discussion; to Dr F. R. Ahmed and Dr G. A. Mair 
for making available their  IBM 1620 programs, and 
to the staff of the  Univers i ty  of Bri t ish Columbia 
Computing Centre for assistance; and to the  Nat ional  
Research Council of Canada for financial  support  and 
for the award of a research s tudentship  (to A.C.). 
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Crystals of 5-iodo-2'-deoxyuridine and 5-bromo-2'-deoxyuridine are isomorphous; the compounds 
are triclinic with one molecule in the unit  cell, space group P1, with dimensions a =4.98, b =6.83, 
c=9.60 A, a=101°40 ', fl=109°18 ', ?=98°20 ' for the iodo-compound, and a=4.87,  b=6.72, 
c=9.56 A, a=100°10 ', fl=107°24 ', ~=98°31 ' for the bromo-derivative. The detailed structure 
of 5-iododeoxyuridine was determined from Mo Ka scintillation counter data. A three-dimensional 
Fourier synthesis with all phases zero (based on the I atom), although it contained a false centre of 
symmetry, revealed all the atoms in the molecule. The positional and isotropie thermal 
parameters were refined by least squares to an R value of 0.142; further refinement with aniso- 
tropic temperature factors indicated no further significant shifts in positional parameters, but 
reduced R to 0.054. 

The atoms attached to the pyrimidine ring show small deviations from exact planarity. The 
deoxyribose ring is puckered with C(2') displaced 0.59 A from the plane of the other four atoms. 
The angle between the planes of the two rings is 81°; the conformation about the glycosidic C-N 
bond, as defined by the angle formed by the trace of the plane of the base with the projection of 
the C-O bond, is - 6 7  °. The bond distances indicate tha t  the pyrimidine base is in the keto form 
(both carbon-oxygen distances 1.22 A); the C(4)-C(5) bond (1.34 A) is a double bond, C(5)-C(6) 
is a single bond (1"49 A), and the C-N distances in the pyrimidine ring all measure 1.37 A. The 
glycosidic C-N bond length is 1.49 A. The distances and angles in the deoxyribose ring are all 
normal. 

The most significant intermolecular distance is an I . . .  O (carbonyl) separation of 2.96 A; 
this is very considerably shorter than the usual van der Waals contact (3.55 A), and suggests charge 
transfer bonding involving donation of oxygen lone-pair electrons to vacant 5d orbitals of the 
iodine atom. A strong intermole6ular at traction of this type may be the explanation for the antiviral 
activity of 5-iodo-2"-deoxyuridine. The other short intermolecular separations correspond to 
O-I-I • • • O and O • • • H-N hydrogen bonds. 

Introduct ion  

5-Iodo-2'-deoxyuridine (IDU) (Fig. 2) has been used 
in the  t r ea tmen t  and cure of herpes simplex kerat i t is  

(Kaufman,  Nesburn & Maloney, 1962; Kaufman ,  
1962), and this is the  first clear-cut demons t ra t ion  
t h a t  t rue viral disease can be effectively t rea ted  
wi thout  obvious ha rm to the host. I t  is pos tu la ted  
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that the blocking of the metabolic pathways of viral 
synthesis by IDU may be due either to competitive 
inhibition of the uptake of thymidine into deoxyribo- 
nucleic acid (DNA), or to incorporation of IDU itself 
into an aberrant DNA which presumably cannot be 
utilized to form infective virus particles. 5-Iodo- 
deoxyuridine and 5-bromodeoxyuridine certainly can 
be incorporated into DNA in place of thymidine 
(Szybalski, 1962), and the resultant DNA has a 
significantly higher melting temperature than normal 
DNA (Kit, 1962). The enhanced stability has been 
explained in terms of several effects, the most plausible 
of which is that  replacement of CH8 in thymidine 
by Br or I alters the electron density in the pyrimidine 
rings so as to strengthen the hydrogen bonding to 
the purine base in the complementary DNA chain. 

We have investigated the crystal structures of 
5-iodo-2'-deoxyuridine and 5-bromo-2'-deoxyuridine, 
in the hope that  some direct information might be 
obtained of the possible role of these compounds in 
combating viral diseases. 

Experimental 

Crystals of 5-iodo-2'-deoxyuridine and 5-bromo-2'- 
deoxyuridine are plates elongated along a with (001) 
developed. Most of the crystals were twinned, but 
some single ones were obtained from alcohol-water. 
The density of IDU was measured by flotation in 
a carbon tetrachloride-bromoform mixture, and the 
unit-cell dimensions of both compounds were deter- 
mined from rotation, Weissenberg (Cu K~, A = 1.5418 A) 
and precession (MoKa, A=0.7107 A) films. The 
crystal data are given in Table 1. 

The iodo-compound was chosen for detailed analysis, 
and the intensities of all reflexions with 20 Mo Ka <_ 
57.3 ° (corresponding to a minimum interplanar spacing 
d=0.74 _~) were measured on a General Electric 
XRD 5 Spectrogoniometer, with Single Crystal Or±en- 
ter, using a scintillation counter, approximately 
monochromatic Mo Kc¢ radiation (zirconium filter and 

Table 1. Crystal data. 
5-Iodo-2 '-  5-Bromo-2"- 

deoxyur id ine  deoxyur id ine  

Fo rmu la  CgHnN2OsI C9HnN2OaBr 
M.W. 354-1 307.1 

Crystal  sys tem Triclinic Triclinic 
a (A) 4.98+0.01 4.87 + 0.01 
b (A) 6.83 ± o.01 6.72 ± o.01 
c (A) 9 .60±  0.02 9 -56±0 .02  
a 101 ° 4 0 " ± 5 '  100 ° 10"±5" 
fl 109 ° 1 8 ' ± 5 '  107 ° 2 4 ' ± 5 '  

98 ° 2 0 ' ±  5' 98 ° 3 1 ' ± 5 '  
U (A 8) 293 285 
Dm (g.cm -a) 2"014 - -  
Z 1 1 
Dx (g.cm -3) 2.008 1.789 
F(000) 172 154 

tt (for C u K a )  (era -1) 222 
# (for M o K a )  (era -1) 28 - -  

Space group P1 P1 

pulse height analyser), and the moving-crystal 
moving-counter technique (Furnas, 1957). All the 
intensities were corrected for background, Lorentz 
and polarization factors were applied, and the struc- 
ture amplitudes were derived. The crystal used was 
mounted with a* parallel to the ~ axis of the goniostat, 
and had length 0.50 mm parallel to a and cross- 
section 0.16×0.07 mm perpendicular to a; with 
Mo Ka radiation absorption is fairly low and no 
corrections were considered necessary. 1434 reflexions 
were observed, 99.2% of the total number (1445) in 
the range 0 < 20Mo I~ --< 57 .30. 

Structure analysis 

Since the compound is optically active the space 
group is P1, and with only one molecule in the unit 
cell the origin may be taken at the iodine atom. 
A three-dimensional Fourier series was summed with 
all phase angles taken as 0% The resulting electron- 
density distribution necessarily contained a false 
centre of symmetry, but the sugar ring and all its 
substituent groups were very clearly resolved. The 
base was poorly resolved since it was situated close 
to a false centre of symmetry, but it was possible, 
by making use of the atoms which were resolved and 
by assuming conventional dimensions, to obtain 
coordinates for all the atoms (excluding hydrogen) 
in the molecule. Structure factors were calculated 
with the use of the scattering factors of International 
Tables for X-ray Crystallography (1962), with B = 4.5 _~2 
for all atoms ; the iodine scattering factor was corrected 
for anomalous dispersion according to the relation: 

fcorrected ~-~ l,/{(fo-gv df')2+ (Af")e} , 

and df ' ,  d f "  were taken from International Tables 
(1962). R, the usual discrepancy index, was 0-249. 
A second Fourier series was summed with phases 
based on all the atoms, and the resulting three- 
dimensional electron-density distribution showed very 
good resolution of all the atoms, with no spurious 
detail. 

Refinement of the positional and isotropic thermal 
parameters and a scale factor was then carried out 
by (block-diagonal) least squares. The function 
minimized was ~w(IFo] - [Fcl) 2, with }/w= ]Fol/20 
when ]Fo]<20 and l/w=20/IFo] when [Fo] __20. 
Refinement was complete in four cycles, during which 
R was reduced from 0.249 to 0-142, and •wA 2 from 
12 × 103 to 5.6 × 103. At this stage facilities for com- 
puting anisotropic least squares became available, 
and two more cycles of refinement reduced R to 
0.054 and Zu, Ae to 1.3×10~; in the anisotropic 
refinement no significant changes in positional para- 
meters were indicated, so that  the improvement in 
structure factor agreement is entirely a result of 
introducing anisotropic thermal parameters. 

The final calculated structure amplitudes are com- 
pared with the measured values in Table 2 (R--0.054 
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T a b l e  2. Measured and 
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20.0 18.0 

22 55 3 22.2 19.2 
4 13.9 13.3 

2 3 ' 18.6 17.5 
- 2 5 6 13.2 1 4 . 3  

2 5 7 14.7 15.1 
- 2 , 8 7.8 8 .6  
-2,  6, ~ 7.2 7., 

28.1 27.~. 
: 66 32 23.1 23.3 

27.1 27 .6  
- 2 6 4 13.0 14.2 

12 ~ ~ 1 6 . 4  17.0 
" 1 1 . 3  1 1 . 2  
- 2 2  67 7 9 .2  8.8 

J 16.7 16.0 
- 22. ~ 2 0 . 0  1 9 . 0  

3 15.0 14.4 
2 7 4 17.0 13.9 

, 2  1 5 l o 7  lOO 
6 12.7 1 2 . ,  

2 8 12.7 14.0 
- 22 88 32 10.3 10.9 

1 3 . 9  1 4 . ,  
3 1 1 44..4 41 .7  

- ~ 1 2 3 1 . 8  3 0 . 3  
41.8  ~.1.2 

3 4 18.7 2 0 . 1  
- 5 30.1 30.3 

33 1 67 23.2 24 .7  
- 16.6 17.1 

j3 1 " 17.1 17.7 
" I 1 9 18.8 18.4 

10 11.0 10.4 
- 3 1 "11 6 . ,  7 .1  
- I  21 If 8 .  7.7 

2 , . 4  24 .3  
- 3 2 2 31 .5  30.9 
" I 22 3 22.1 21 .9  

4 32.8 31.8 
- I  ~ 6' 21.4 21.1 

27.9 2 7 . ,  
- : 22 : 1 6 . 4  17.8 

1 , . 1  16.8 
1 ~ 9 1 2 3  1 2 4  

10 12.7 13.3 
" 1 ~ 11 7.2 7.6 

29 .8  27.8 
- 3 3 2 30 .2  2 9 . ,  

3 3 3 36.7  34.1 
" 3 3 4 2 ' . 7  26 .0  

3 3 5 29 .1  29 .3  
- I  1 ~ 23.2 22.2 

14.7 14.1 
- 33 33 1 9 10.'3 9 .4  

11.0 10.9 
- 3 3 11 . 6 . 3  7.1 

3 4 1 35,9 35.10 
- 3 4 2 22 .7  21 .6  
- 3 4 3 22 .8  22.1 

3 4 4 24.0  21 .3  
- : ~' b~ 17.1 1 ' . 9  

'* 13.9 13.6 
3 4 7 17.1 17.6 

- ~ 4 : 12.7 13.t. 
4 8 . 9  1 0 . I  

3 4 10 6 . 8  6,9  
"33  55 1 16.0 1 4 . 8  

23.7  2 2 . 3  
- 3 5 3 30.9 30.5 

3 3 4 21 .5  22 .6  
- 3 ~ 5 21 .3  20*7 

3 6 1 , . 3  16.2 
3 ~ 1 12.6 ,2.5 

3 9 , 2  8 , 8  
- 3 5 9 9 ,3  8 .3  

3 O 1 29.8 30.2 
- 3 6 16,6 16.4 

A C 1 8 ~  14 
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Ts, ble 2 (cont.) 

~ L F OU~ F CALC. 

- 3 6 3 2 1 , 5  2 0 . 0  
3 6 4 2 1 . 8  2 0 . 3  

6 5 1 5 . 4  1 4 . 8  
- 3 O 6 15. ,1 1 6 . 2  
- 3 6 7 A 3 . 7  1 3 . 5  
- 3 7 1 1 6 . 7  1 6 , 7  
- 3 7 2 1 6 . 3  1 7 . L  
- 3 7 3 1 2 , 0  1 3 , 6  

3 7 4 1 4 . 2  1 3 . 9  

i 0 . I  
1 86 1, 13.7 13.8 

i3.3 1 2 . 8  
- 3 8 3 1 0 . 7  10,9 

4 1 1 2 0 . 1  1 8 . 7  
4 I 2 15.9 15.9 

- ~ i 3 - ' 0 . 5  2 0 . 1  
1 .4 2 1 . 1  2 1 . 6  

- :  I ~ 18.6  18 .5  
1 9 . 6  2 0 , 4  

- 6 1 7 1 6 , 6  1 6 . 1  
- 4 i 8 1 7 , 7  1 8 . 6  
- 4 1 9 7 . 8  8 . 7  
- 4 1 1o I 1 . O  1 1 . 2  

4 i l l  lO.O 9 , 5  
- 4 2 l 2 ~ . 7  2 3 . 3  
- 4 2 2 ?.4.9 : 4 . 6  

4 2 3 2 2 . ~  20.4 
- 4 Z 4 2 7 . 6  2 7 . 8  
- ~ 2 5 1 7 , 8  1 7 . 7  
_ +  : ~ 265 2+9 

4 1 6 , 7  1 7 . 4  
- 4 2 8 1 4 . 9  1 4 . 4  
- 4 2 9 1 2 . 5  1 2 , 7  
- ~ 2 1o 7 . 8  7 , 5  

4 2 11 7 . 5  7 , 3  
- 4 3 l 2 6 . 8  2 5 . •  
- 4. 3 2 2 7 . 2  2 6 . 1  

3 3 1 9 . 1  1 9 . 7  
3 4 . , ' 3 ,4  2 1 . 7  

- ~ 3 5 1 4 , 7  1 4 . 6  
4 3 6 1 4 . 7  1 3 , 3  
, 3 , 13.6 13.4 
4 3 8 1 5 . 4  1 5 * Z  

- 4 3 9 9 , O  9 , 8  
- 4 3 l O  1 2 . 2  1 2 , 0  
- 4 4 1 • 6 , 7  1 5 , 3  
- 4 4 2 2 1 . 5  1 9 , 6  

4 4 ~ 1 9 . 3  1 8 . 7  
- ~ 4 4 2 6 . 2  ~ 4 . 5  

6 4 5 2 2 , 2  2 1 . 7  
4 4 b 1 8 . 6  2 0 , 0  

- 4 4 7 l l . 5  l l . a  
- 4 4 8 14.9 14,0 
- ~ 4 9 7 , 5  7 , 6  

~ ~ 27 .8  2 8 . 4  
4 2 4 * 2  2 3 , 9  

-- 4 5 3 2 1 . 7  Z 1 . 2  
- -  4 5 4 1 8 , 3  1 6 . 7  
- 4 5 5 2 1 , 8  2 0 , ~  
- 4 5 6 1 5 , 9  1 4 , 5  
- 4 5 7 1 3 , 9  1 4 . 0  

4 5 8 1 3 . 2  1 2 . 2  
- 4 ~ 1 1 5 . 0  1 4 . 5  
-- 4 6 2 1 8 , 6  1 7 , 6  
- 4 6 3 1 6 . 9  1 6 . 6  

4 6 4. 1 3 . 9  1 5 , 3  
- 4 6 5 1 2 . 2  1 2 , 1  
- 4 6 6 1 5 . 6  1 5 , 4  
- 4 6 7 • 0 , 0  9 , 2  

7 1 • 4 , 7  1 5 , 0  
- 4  ; ~ 1 5 . 0  1 5 , 8  

4 1 2 , 3  1 0 , 4  
- 4, 7 6 • 5 . 6  • 4 , 7  

4 7 5 9 * 8  9 * 7  
- 4. 8 1 1 2 . 7  l l * 2  

5 1 1 • 3 . 2  1 3 , 3  

1 8 . 1  1 8 . 3  
- ~  1 ; 142 , , .9  

1 6 . 4  1 4 . 8  

- ~  1 6 164 •7.4 
7 1 2 . 0  1 3 . 5  

- 5 1 8 1 2 . 3  1 2 . 3  
- S 1 9 1 1 , 9  1 2 , 5  

~ 1 •0 6 6  7 0  
11 6 . 9  7 , O  

- 5 2 1 1 3 . 9  1 2 , 4  
- 5 2 2 2 1 . 0  2 0 * 6  
- 5 2 3 1 5 , 7  14,1 

- S 2 4 3 6 * 6  2 1 , 3  
- ;  22 5 12.3 11.9 

6 1 4 . 4  1 4 . 1  
- 5 2 7 9 * 8  9 * 6  
- 5 2 8 10.9 1 1 , 5  

- 5 5  : l ~  8 * 8  8 * 6  
1 0 . 2  1 0 . 3  

~ : 1 •4.2 •4.3 
2 • 3 . 6  1 2 . 7  

1 5 , 1  1 6 . 2  
- 5 3 5 1 6 . 0  • 6 . 7  
- 5 3 6 • 5 * 6  1 8 . 3  

5 3 7 13.6 14.5 
- 5 3 8 9 . 5  9 . 8  

5 3 9 1 0 , 6  1 0 , 6  
- ~ ~ 12 17,4.  1 7 . 5  

2 3 . 7  2 3 , 9  
" 5 6 3 1 9 . 0  1 8 , 9  

5 ~ 4 1 9 , 0  1 8 , 2  
- 5 6 5 1 5 . 3  1 4 , 7  
- 5 4 6 1 5 , 9  1 5 . 4  
- 5 4. 7 1 4 . 4  1 3 , 3  
- 5 4 8 1 ~ , 2  1 Z . 9  
- S 9 ~ 1 1 2 , 3  1 1 . 4  

2 1 4 . 9  1 3 . 8 .  
- ~ ; 3 1 6 , 3  1 5 . 5  

1 4 . 7  1 ~ . 7  
- .5 5 5 1 3 , 4  1 2 , 0  
- 5 5 6 1 3 , 4  1 3 , 6  
- 5 5 7 I 0 , 5  10,4 

~ 6 ~ •60  •68  
6 1 2 , 0  l Z , b  

- 5 6 3 1 6 . 2  1 4 , ~  
- 5 b 4 1 1 , 2  1 0 . 9  

5 13.3 1 2 , 0  
- 6 • 9 . 6  7 . 9  
- 5 7 2 1 ~ . 9  1 3 , 9  

6 l I 11.5 I 0 , 3  
- 6 1 2 1 0 , 0  8 . 9  
- b 1 ) 1 2 , a  l l , ~  

6 1 ~ 1 0 , 0  9 , 2  
- ~ 1 5 1 3 . 9  1 4 . ~  
- o • 6 7 , •  7 , 6  
- b 1 7 1 0 . 2  9 . 6  
- 6 l 8 6 , f i  6 . 9  
- 6 • 9 7 . 5  7 . 7  
- 6 2 1 IO ,~  9.~ 

- 6 2 2 9 , 2  9 , 1  
6 2 3 I I ,O  1 0 , 3  
6 2 4 9 , 2  8 , 8  

- 6 2 5 8 . 6  7 , 8  
- 6  ~ ~ 1+.o 13.5  

6 1 1 . 3  1 1 , 2  
- b 2 e 9 . 9  9 , 3  
- o 3 I 10,7 10,5 
- 6 3 2 1 ~ , 7  i ~ . 9  
- 6 3 ~ 1 3 , 2  1 2 , 1  
- 6 3 ~ 18.0 1 7 . 2  
- 6 ~ 5 12.0 I i , 6  

6 3 6 1 1 . 3  9 , 9  
- 6 3 7 1 2 , 9  1 1 , ~  
- 6 ~ 1 1 3 , 2  1 1 , 9  
- 6 4 2 l O , O  9 . 0  
- b ~ J 11,9 1 1 , 5  
- 6 ~ ~ 1 1 , 2  9.9 

- o 4 5 1 2 , 7  1 2 , 8  
- 6 ~ 6 9 , ~  9 , 6  

I - I o 6 G . ~  5 5 . 8  

l i i 39,1 37,~, 
l - i 2 ~ 1 . 8  ~ 3 . 1  
l - • 3 18,1 2 1 . 8  

I I 4 221  2 3  
5 1 5 . 1  1 7 . 9  

- 1 6 , : 2 ,  ~, 2 3 , 3  
l 7 0 , 9  9 , 3  

1 - 1 ~ 1 7 . 6  1 6 . 4  
l - i 9 0 . 3  7 , 5  
1 - • Io 5.2 5,1 
1 - I i i  o , o  2 . 6  
i - 2 o 42.3 3 7 , 1  
l - 2 1 4 7 , 8  ~ 7 , 6  
1 2 2 4 9 . 2  4 6 . ~ .  
l - 2 3 2 8 , 8  2 8 . 6  
1 - 2 "~ 3 3 , 5  33.6 

I -~ ~ 3 , ,  32.7 
1 3 , 9  1 4 . 3  

I - 2 7 20,0 2 1 , 4  
1 - 2 8 1 1 , 2  1 1 , ~  
1 - 2 9 9 , 3  i o . 1  
• 2 io  7 . 2  6 , 6  
1 - 2 11 8 , 2  7 * 4  
i - 3 o 4 7 . •  4 6 . 2  

1 1 1 59.3 56.3 
2 3 4 . 3  3 ~ . 2  

~ - + ~ 3 . 5  33 .7  
3~.3 3 ~ . 6  

l - 3 5 2 0 , 7  2 1 . 8  
• - 3 6 2 ~ , 7  2 7 , 0  
1 - 3 7 1 6 , 3  1 6 , 9  
• - 3 6 16,9 1 7 . 5  
I - 3 9 13.~ 13.9 
I - 3 IO 8 . 9  9 , 3  
1 3 11 6 , 5  6 . 9  
1 - 4 o 3 3 , 8  3 3 , 8  
1 - 6 1 2 ~ . 1  2 4 . 7  
1 4 2 2 5 . 1  2c* .7  
I + ~ 27.8 28.2 

~. 3 2 . .  3 2 . 9  
1 - ~ 5 2 6 , 2  2 6 , 6  
1 , ~ 1 8 o  1 8 o  

4 15.1 15,0 
1 4 8 1 3 , 3  1 ~ . 4  
L - 4 9 6 . 6  7,~.  
1 - ~ 1o 7 , 3  8 , 7  
• - ~ 11 7 , 3  7 . 7  
1 * 5 o 3 4 , 7  3 3 . 6  

5 1 2 8 . 5  2 6 . 8  
5 2 3 0 , 6  3 0 . 8  

l 5 3 2 9 , 5  2 8 , 9  
4 2 3 , 4  2 ~ , 9  5 
5 1 3 . 7  1 4 o 4  

1 6 1 7 , 7  1 8 , 5  

I - ~  8' 1 3 .  13.8  
1 2 . 2  1 3 . 1  

- 5 9 9 , 9  9 , 7  
5 l O  7 , 9  8 . 2  

1 6 o 2 0 , 1  2 0 , 4  
1 6 1 1 6 . 1  1 7 . 9  

I - 66 2 2 7 , 9  2 8 . 1  
1 7 . 8  1 6 . 7  

1 - 6 4 2 0 * 8  2 1 . 6  
1 6 5 2 1 . 1  1 9 . 3  ~ -~ ~ ~°,° ~ , ,  

1 2 , 6  1 3 , 2  

66 " 1 ; 1~:~ 1~:~ 
1 
I ~ •0 8 8  8 8  

; l . l  2 1 . 0  
I 7 l 16,9 16,3 
1 7 2 1 5 . 3  1 4 . 1  
1 ~ 3 15.• 15.6 

1 7 . 7  1 7 , 2  
• 7 5 1 2 , 6  1 2 , 0  
I - ~ ~ 1 5 . 3  1 5 . 2  

1 2 . 7  1 2 . 2  
1 7 8 8 , 8  7 , 7  
1 - 7 9 7 , 3  7 , 4  

8 0 1 2 . 9  1 2 . 8  
• d 1 1 5 , o  1 5 , o  

H K C F UU~ f CALC 

1 - ~ z i b . 6  I ~ , 0  
1 o a 1 ~ . 3  1 , . 6  

- d '~ 1 6 . 3  1 4 . 6  
• $ b 1~, ,2 1 5 , 2  

1 8 6 1 3 , 2  1 3 , 7  
1 - ~ 7 1 0 . 7  1 0 . 6  
2 i o 3 8 , 6  3 ~ , b  
2 - l 1 3 9 . 0  3 ~ , 7  
2 - i 2 ai.o 32,4 
2 - I ~ 1 7 , ,  , ~ 6 , 6  
?. - i ~ , % , ,  .:5.0 

1 ~ i a . ~  , 0 . 6  
,~ - I o 11 : , ,  12>,~ 
2 - 1 7 1 0 , 9  1 2 , 2  
2 - i o 9 . o  9 . o  

i 9 4 , 6  . . , 7  
2 - 1 io  * 6 . 2  7 . 1  
2 - 2 o 5 3 . 9  ~ i . 5  

3 0 , 8  3 0 . 5  
2 - 2 ~ 3 1 , 9  3 3 . 3  
2 - 2 ~ , ~ 4 , o  2 6 . 8  

- 2 fi l O , O  2 0 , ~  
2 b l o . O  1 9 . 5  

2 - 2 7 15.6 1 7 , 2  
2 2 b 1 1 , 2  1 1 , 1  
2 9 9 , 0  1 0 . 3  
2 - 2 io  5.6 6.7 

- 3 18,0 1 8 . 1  
2 9 , 2  2 9 , 7  

2 - ~ 2 ~ 2 . 0  3 0 , 9  
2 - 3 3 33.6 ~'~.3 
2 - 3 4 ~c3,5 , ~ , 3  
2 - .~ 5 c l , 7  ,~1 ,9  

3 6 13.2 I ~ . i  
2 - a 7 1 3 . 3  14,~,  
2 - 3 8 5 , 8  8 . 0  
2 - 3 9 7 . 8  8 , 5  

- 3 l O  8 , 5  8 , 7  
o 2 8 . 6  2 9 . 1  

2 - ~ 1 6 5 , 1  4 2 . 2  
2 - 4 2 2 5 , 7  2 6 . 3  
z - 4 3 2 7 . 6  2 8 . 2  

- ~ ~, 1 7 . 0  1 7 . 5  
5 1 5 . 6  / 5 . 8  

+ ~ 1 8 0  1 9 0  
4 1 2 . 3  1 2 . i  

2 - 4 8 1 o , ~  1 o . 2  
2 4 9 1 0 , 3  9 , 2  

- ~ 1o o.o 3 . 6  
5 o 2 8 , 6  2 7 , 8  

~ - ~  ~ 2+.9  23 .9  
2 8 . 8  2 8 . 5  

2 - fi 3 2 3 . 2  2 1 . 9  
2 - 5 4 2 2 , 2  2 2 . 6  
,2 - ~  5 2+.5 24.~ 

6 15.9 1 6 , 3  
2 - 5 7 1 1 , 7  1 1 , 5  
2 - 5 8 1 2 . 2  1 2 . 6  
2 5 9 6 , 3  6 . 2  
2 - 6 o 1 6 . ~  1 4 . 4  
2 - 6 • 2 2 . 4  2 1 . 2  
2 - 6 2 1 8 . 0  1 7 . 9  
2 - 6 3 1 9 . 0  1 7 . 9  

6 4 1 8 . 7  1 8 . 8  
2 - 6 5 1 5 . 6  1 4 , 8  
2 - 6 6 1 5 . 0  1 4 . 7  

- , 7 1 0 , 9  1 0 . 3  
, 8 8 . 6  8 , 7  

- o 9 7 , ~  7 . 6  
7 o 2 1 . 8  2 1 . 6  

2 3 . 1  2 3 . 8  
2 - 7 3 1 8 . 6  1 9 . 6  
2 - 7 6 1 7 . 8  1 8 . 7  

- 7 5 1 7 , 0  1 8 . 1  
7 6 1 2 , 2  1 2 , 7  

2 7 7 1 1 . 2  1 1 . 4  
Z -- 7 8 1 1 . 5  12.i 
2 - 8 o 1 ~ . 2  1 4 . 1  
2 - 8 • 1 6 . 0  1 5 . 2  
2 8 2 1 0 . 9  1 0 . 5  
2 * 8 3 1 3 , 0  1 3 , 0  
2 - g 4 1 5 . 1  1 3 . 6  
2 - 8 5 8 * 6  9 , 0  
2 - 8 6 1 0 , 0  9 , 3  
3 I o 3 2 . 6  3 0 , 5  

1 ~ 2 . 9  2 3 9  
1 2 ~ . 7  2 7 , 1  

I 3 216 23.7 
4 1 3 . 2  1 5 . 8  

3 - 1 5 1 4 . 7  16.6 

3 - 1 8 7 . 1  8 , 0  
3 - 2 o 1 8 . 8  1 7 . 4  

22 ~ 3 5 0  3 5 6  
29.1 2 9 , 5  

I ~ 3 20.5 21.3 
4 1 6 , 3  1 6 , 6  

6 , 9  8 . ~  
3 2 7 , 3  9 , 5  

1 - 3  0 3B.2 3~,1 
3 2 6 , 5  26.5 

- 3 2 2 0 . 3  1 9 , 7  
3 3 1 8 . 7  1 8 , 1  

3 - 3 4 1 6 . ~  1 6 . 6  
3 3 5 1 2 , 9  1 4 . 3  
3 3 6 1 2 . 2  1 1 . 8  
3 3 7 1 o , o  9 , 8  
3 3 8 6 , 3  5 . 5  

2 1 . 0  1 9 , 5  
3 - 4 I 3 5 . 7  3 ~ . 4  
3 4 2 1 7 , 6  l b . 9  
3 - ~ 3 29,9 30.6 
3 ~ 4 1 7 , 7  1 7 , 5  
3 ~ 5 1 9 . 1  19.~ .  

H < L F O ~  F t A L C  

- 4 6 • O . 9  1 0 * 6  
3 - 4 7 1 • . 2  1 0 . 8  
3 - 4 . 7 * 5  7 . 6  

- ~ 0 2 4 . 7  2 2 * 6  
3 b 1 1 7 , 8  1 6 . 7  

- 5 2 1 8 . 6  1 8 . 9  
3 - 5 ~ L 0 . 3  1 9 , 2  

- ~  ; 1..6 16.o 
1 4 , 6  1 4 . 2  

- 5 ~ 1 o , 6  l O . 9  
5 7 1 0 , 5  1 0 , 7  

3 - b o 2 5 , 7  2 5 , 0  
3 6 1 ~ 5 , 7  2 6 , 9  
3 - 6 2 ~ 2 . 0  2 2 . 4  

- b ~ 2 0 . 6  2 0 , 3  
6 1 8 , ~  1 9 , 4  

- 6 5 1 3 , 6  1 4 , 0  
b o 1 3 , 3  1 3 , 2  
b 7 1 1 , ~  1 1 . 1  

3 - 7 o 1 5 , 7  1 5 . 1  
- 7 • 1 5 , 1  1 5 , ~  

3 7 2 1 5 , 7  1 4 , 0  
b - 7 ~ 1 6 , 7  1 6 , 9  
3 - 7 4 1 1 , 2  1 0 , 9  
3 7 5 1 1 , 9  1 1 , 9  

- 7 b 9 , 5  9 , 3  

i ~ . 3  1 5 . 6  
3 - 8 2 1 4 , 6  1 4 . 6  

- b ~ 1 1 , 0  1 2 , 0  
3 - ~ ~ 1 2 . 0  1 1 , 9  
3 - 6 5 9 . 6  1 0 , 3  

- i 0 2 5 , 2  2 6 . 0  
1 I 2 1 , 4  2 1 , 2  

4 - 1 2 1 7 . 3  1 8 . 2  
1 3 1 0 , 2  1 0 , 5  

4 - 1 ~ 1 2 . 3  1 6 . 3  
4 - • 5 ~ , 9  6 , 5  

1 u 6 . 9  7 . 6  
- 2 0 2 3 . 5  2 2 . ~  
- 2 i 1 5 , 9  1 6 , 5  

6 - ~ 2 1 0 , 3  1 0 . 7  
J 1 5 . o  1 5 , 3  

4 - 2 ~ 7 . 9  a . 7  
6 - 2 5 1 0 , 2  • 0 , 7  
4 2 'b 6 . 9  6 , 5  
4 - 2 7 5 . 6  5 . 5  
4 - 3 o 2 1 , 8  1 9 , 8  
4 3 • 2 0 . 1  2 0 . 6  

- 3 2 2 5 . 9  2 ~ . 3  
- 3 3 13.7 l ~ * l  

4 3 4 1 5 . 6  1 6 . 1  
4 - 3 5 9 , 0  9,1 

- 3 6 8 . 2  7 . 9  
4 3 7 7 , 2  7 , 6  

- 6 0 2 1 . 6  18 . :5  
4 - 4 l 19.0 19.1 
4 - 4 2 1 3 . 6  1 2 , 6  

- 4 3 2 0 , 0  2 0 , 0  
- ~ 4 11,5 i0.0 

4 5 9 , 5  1 1 , o  
- 4 b 8 . 6  9 . 6  

4 ~ 7 7 , 1  8 . 1  
~ ~ 22 .1  2 3 . 1  

4 2 0 , 0  1 9 . 9  
4 - fl 2 2 0 , 0  2 1 , 1  
4 - 5 3 1 5 , 9  • 6 * 0  

- 5 4 1 1 , 2  1 2 , 3  
4 5 5 1 3 . 9  1 3 . 6  
4 - b 6 9 . 9  9 . 7  

6 o 1 5 . 9  1 4 . 9  
: ~ • 7 7  16.o 

4 1 5 , 7  1 5 , 0  
- o 3 12.9 1 2 , 2  

4 - 6 4 1 1 , 3  I I . 8  
4 ~ ~ 1 0 . 3  1 0 , 5  

1 6 , 0  1 6 , 9  
- 7 1 1 3 , 9  1 ~ , 9  
- 7 2 1 4 , 9  1 5 , 1  

4 - 7 3 • 0 . 3  9 . 7  
4 - 7 4 1 3 . 0  1 3 . 0  
4 8 o • 3 . 6  10.5 
4 - 8 1 1 1 . 7  1 1 . 4  

- 1  ~ 1 1 . 6  1 0 . 2  
1 6 . 8  6 . 9  

5 - i 2 9 . 9  1 0 . 0  
- I 3 8 . 3  8 . 5  

i 4 5 , 8  6 , 0  
5 - 2 0 1 8 . 3  1 7 . 7  
5 - 2 l 1 3 , 6  1 2 . T  
5 - 2 2 14.4 1 5 . 3  
5 - 2 3 7 . 9  7 . 6  

~ . . . .  8 2  
o 1 6 . 6  1 6 . 1  

5 - 3 1 1 3 , 6  1 3 . 0  
5 - 3 2 1 3 . 2  1 2 . 6  
5 - 3 3 9 , 5  9 . 5  
5 - 3 4 9 , 3  9 . 6  
~ - 6  ~ , 6 ,  16.2 

4 1 6 . 3  1 7 . 0  
5 - 4 2 1 2 . 3  1 2 . 2  
5 - 4 3 9 * 8  1 0 . 7  

- ~ ~ 9,6 ?,~ 

• 3.3 1 1 , 6  
5 - 5 2 9 . 6  10.5 
5 - 5 3 1 0 . 5  1 0 . 6 .  
5 5 4 9.5 I0.I 
5 - 6 0 1 2 , 6  1 2 , 0  
5 - 6 • l h 0  1 1 . 3  

~ 1 11.5 1 . 2  
1 1 . 6  l l . l  

5 - 7 o 1 1 . 2  1 1 . 6  
6 - 1 0 l O * O  8 . 7  
6 - I 1 9 . 3  8 . 6  
6 - 2 o 1 1 , 2  l O , 3  
6 2 l 7 . 6  6 . 9  
6 - 3 0 1 2 , 2  1 1 , 4  
6 - 3 1 8 , 2  8 , 6  
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o - * 0 9 ,d  8 ,7  
o ~ i 6*g  6 ,9  

: i i ,8.0 3 2 .  
4 6 . 8  4 5 . 8  

0 1 - ~ 4 4 * 7  4 6 * 5  
0 1 - 4* 4 5 , ' *  4 9 , ~  

00 1 - 65 3 0 . 3  3 1 . 5  
2 6 , 4  2 6 , 7  

0 1 - 7 1 9 . 0  2 0 * 2  
O0 1 - 8 1 3 , 9  1 4 , 5  

1 - 9 7 , 2  6 , 3  

o I - ' °  1~.,  1 , 8  
-11  1 2 . 3  10.7 

0 I - 1 2  5 , 4  % 6  

O0 • - " 4 1 , o  3 7 , 6  
4 7 , 0  4 5 . 2  

0 .~ - ~ 4 o , 4  .w},o 

oO ,: - ~, ,~1 ,0  2 1 , 2  
2 5 Z 3 , 2  ~ .~ ,5  

0 2 - 6 1 8 , 8  19,Z 
0 2 7 2 0 . 8  2 1 . 2  
0 2 - 8 1 1 . 5  I 0 . 3  
0 ~ - 9 1 ~ , 1  1 5 , b  
0 2 - 1 0  9 . 2  8 . 9  
0 2 - 1 1  3 . o  4 . 0  
o 2 - 1 2  4 , 5  3~9 
0 -~ - 1 3 5 . 6  3 3 , 3  
o 3 - 2 b l , 4  4 6 , b  
0 3 ~, - ' 8 , 6  20.6 
oO a - 4 4 2 , 6  4 0 . 2  

5 2 5 , o  2 3 . 3  
o 3 - 6 3 1 , 1  3 0 . 0  
0 b - 7 1 8 . 3  1 7 . 8  

~ - ~  . . 3  18.7 
1 1 , 3  I I , 6  

O0 ~ - 1 0  9.5 ~ , i  
3 - 1 1  7 . 8  7 . 3  

o 3 -12 ? . z  b.~.  
o 4 - I 3 7 , 2  3 5 , 1  
0 4 2 3 7 . 7  34.~ .  
o 4 - ~ 4 2 , 0  39.5 
o 4 4 2 5 . 1  2 2 . 6  

4 - 5 2 6 , 7  2 5 , 6  
4 6 2 4 , 7  2 ~ , 7  

oO 4 - 7 1 8 . 8  1 8 , 8  
4 8 1 6 , 7  1 5 , 1  
4 - 9 1 4 . 7  1 4 , 7  
4 - 1 0  1 2 * 6  1 2 . 3  

o 4 - 1 1  8 , 0  6 . 9  
o 4 - 1 2  7 , 9  7 . 9  
0 5 - 1 1 8 , 3  1 7 , 6  
0 5 - 2 3 6 . 0  3 4 , 3  
0 5 - 3 8*6 8 * 9  
0 5 - 4 2 8 , 5  2 7 , 1  
o 5 - 5 2 6 . 9  2 4 , 1  
o 5 - 6 2 4 , 9  2 4 , 4  
0 5 - 7 1 4 . 3  1 3 . 2  
0 ~ - :  17.4 16.5 
o 8 . 9  9 , 3  
0 5 - 1 0  7 . 6  6 . 7  
o 5 -11 6 . 6  7 . 2  
0 6 - 1 2 2 . 1  2 1 , 7  
o o - 2 2 3 . 4  2 2 , 8  
O0 6 - 3 2 1 . 5  2 0 * 0  

6 4 2 6 , 5  2 5 . 7  
o 6 - 5 1 5 . 9  15,8 
O0 6 - 6 1 8 , a  1 5 . 0  

6 - 7 1 2 , 6  1 2 , 1  
o : : 13.3 12.5 

9,5  9 . 6  
0 6 - 1 0  1 1 , 5  1 0 . 1  
0 - 1 2 , 5  1 2 . 9  
0 7 - 2 1 6 , 7  1 6 . 8  
0 7 - 3 15 .6  1 5 . 7  
0 7 - 4 1 5 . 7  1 5 , 5  
0 7 5 1 4 . 2  1 4 . 2  
O0 7 - 6 1 4 , 2  1 3 , 8  

7 - 7 1 6 , 3  1 4 , 1  
0 ; - : 9 * 6  9 , 8  
O0 1 1 , 0  1 0 . 8  

7 - 1 0  5 . 1  4 * 6  
0 8 - 1 1 5 , 0  1 4 , 7  
00 8~ - 2 1 1 , 6  1 1 . 8  

1 0 , 7  1 0 , 0  
o 8 - 4 1 3 . 9  1 2 , 2  
0 8 - 5 9 . 6  9 . 6  
00 8 - 6 1 2 , 5  l l , 7  

8 1 0 , 0  9 * 2  
0 8 - 8 1 3 . 0  i 0 , 0  
1 0 - 1 2 0 * 3  2 0 , 3  
1 0 - 2 4 3 * 3  5 2 , 0  
1 0 - 3 3 7 * 3  3 7 * 7  
1 o -~ 26.7 28.9 

38*0 3 9 * 6  
1 0 - 6 2 0 , 1  2 1 , 8  
1 0 - 7 1 8 , 6  2 0 . 2  
1 0 - 8 2 0 . 5  2 1 , 7  
1 0 - 9 1 3 . 0  13 .3  
1 0 - 1 0  9 * 8  9 * 3  
1 0 -11  8 *9  7 * 8  
1 0 - 1 2  0 . 0  3 , 6  

1 I - i 8 1 , 3  8 8 . 1  
6 6 . 4  7 2 , 0  

1 1 - 3 4 3 , 3  4 7 . 9  
1 1 - 4 3 1 , 2  3 5 . 3  
1 1 - 5 3 3 * 3  3 5 , 3  
1 1 - 67 2 4 , 9  2 6 , 1  

2 3 * 1  2 4 , 5  
I 1 - 8 2 2 * Z  2 1 , 9  
1 1 - 9 2 4 , 8  2 3 , 1  
1 1 - 1 0  9 * 9  1 0 , 3  
i 1 -11 8 * 5  8 , 8  
1 I - 1 2  6 , 2  6 , 9  

1 ~ ; , , . ,  , 2 . ,  
1 7 , 4  1 9 , 0  

2 - 3 2 6 , 4  2 6 , 1  
2 4 3 6 * 4  3 7 , 3  

1 2 - 5 4 0 * 6  4 3 * 5  
1 ~ - 6 1 8 , 8  1 9 , 6  

2 5 * 2  2 6 , 1  

T~ble 2 (cont.) 
H K L F 0 0 ~  F CALC 

i - : 1 6 , 4  1 7 , 7  
8 , 0  9 , 5  

I ,2 -10 7 .  8.4 
- i l  1 0 , ~  1 0 , 0  

I ~ - 1 1  9 . 3  8 , 1  
3 8 * 3  3 7 , 0  

1 3 - 2 2 6 * 7  27 , *  
1 3 - 3 3 7 * 6  3 5 . 8  
1 3 4 3 2 , 0  3 2 * 3  
i 3 - 5 2 3 , 0  2 3 , 1  
1 ~ - 6 2 0 . 3  20 ,9  

I " ; - ,  1 9 . 0  1 9 . 6  
1 0 , 3  i 0 , 8  

1 3 - 9 1 o . 1  1 5 . 6  
1 3 - 1 0  9,0 9 . 3  
1 3 -11 9 ,0  8 , 4  

3 - 1 2  5 , 1  "~.3 
'* - 1 2 5 , ~  ~O* i  
'4 - 2 ~ . o . l  2~ . .4  
4 3 3 1 , I  30,9 
. ,  - 4 Z2,~,  2 2 , 3  
4 5 L T . b  Z 7 . 4  

~. 4 - 6 -" 0,8 2 0 , 4  
1 * - 7 1 6 , 7  l o , 7  

~* - 8 1 9 , . .  ; - 0 , 3  
4 ~ 10.9 11.3 

1 4 - I 0  10.3 10.7 
1 4 - I I  8 . 2  8 , 3  
1 '* - 1  ) 5 , 8  5 , 3  
1 5 - I 14,~,  i , . 7  
I 5 2 Z8 . ; *  2 7 , 5  
1 ~ - 3 2 3 , 2  2 5 . 5  
1 ~ - ;  ~9.8 . . o  

1 6 , 1  1 6 , 1  
1 3 - 6 1 8 . 7  1 ~ . 7  
1 ~ - 7  19.0 , . 4  

8 12,9 12,8 
i 5 - 9 i i , 3  12.0 
i 5 - I 0  1 0 . 5  I 0 . 5  
1 5 - 1 1  9 . 2  8 . 5  

b - '2 1 7 , 1  1 7 . 2  
b 1 8 . 0  1 7 . 9  3 
6 - 4 1 0 . 5  1 1 . 2  

1 6 - 5 1 6 , 7  1 6 , 8  
o 6 1 6 . 6  1 6 . 8  
6 - 7 1 6 . 3  1 6 . 2  
6 d 1 2 . 3  1 1 . 7  

1 6 - 9 7 , 9  9 . 6  
6 - 1 0  7 . 9  7 . 5  
6 - 1 1  6 , 8  6 . 7  

1 7 - 1 1 3 . 4  1 4 . 5  
1 7 - 2 1 3 , 7  1 4 , 5  

7 - 3 1 3 . 9  1 4 , 4  
7 4 16.1 1 5 . 7  

1 7 - 5 1 3 . 9  1 5 . 0  
1 7 - b 1 0 . 5  10.9 

1 1 . 9  1 2 , 0  
7 - 8 5 , 2  5 , 4  

I 7 - 9  1 0 . 3  1 0 . 3  
- 1 0  6 * 8  6*7 

7 , 2  7 , 5  
1 1 , 0  1 1 , 8  

1 8 - 4 8 , 6  9,1 
1 8 5 1 0 . 5  1 0 , 3  
I 8 - 6 9,9 9 . 6  
1 8 - 7 6 . 6  6 . 9  

° ~ - : 10.3 9 .6  
3 1 , 6  3 4 . 4  

2 0 - 2 2 5 . 4  2 7 . 5  
i o - 3 3 8 . 4  4 4 , 2  

.8.- 4 2 6 . 8  2 7 . 8  
i o - b~ 2 7 . 9  3 1 . 3  

0 2 9 , 6  3 0 , 6  
2 0 - 7 2 2 . 7  2 2 . 5  
2 0 - 8 1 3 . 9  1 3 . 5  

22 ~ :1~ 1~:: 1~:~ 
2 0 - 1 1  1 2 , 0  1 1 , 2  

o - 1 2  6 . 1  6 . 4  
i 1 - 1 2 4 , 4  2 4 . 3  

1 - 2 2 8 , 1  2 8 . 2  
i i - 3 2 8 . 6  2 9 . 3  

1 - 4 2 7 , 1  2 9 . 0  
i 1 - 5 3 1 . 6  3 2 , 7  

I ; 17.8 18.9 
2 4 , 5  2 5 , 6  

2 I - ~  15.6 17.5 
1 3 . 2  1 3 . 8  

2 1 - 1 0  1 1 , 9  1 2 , 9  
i I - I I  9 . 0  9 . 0  
2 :11 5.6 . 8  

4 7 , 8  4 6 , 1  
2 2 - 2 4 1 * 3  3 9 * 9  
2 2 - 3 5 9 . 5  5 8 * 9  
2 2 - 4 28 .~  2 8 , 5  
2 2 - 5 2 6 , 7  2 8 , 7  
i i - 6 2 2 , 0  2 3 . 3  

2 5 * 9  26,~* 
2 2 - 8 1 0 , 5  1 1 , 8  
2 2 - 9 23 ,~ .  2 3 * 2  
i i - 1 0  1 5 . 4  1 5 , 0  

- 1 1  1 2 , 3  1 0 . 6  
i i - 1 2  6 . 5  6 . 9  

- I 2 3 , 7  2 4 , 0  
: I -2, 2, .4 24.2 

1 5 , 1  1 6 , 2  
2 3 - 4 1 5 , 6  1 6 , 6  
2 3 - 5 2 7 . 2  2 7 , 6  
i 33 - 67 2 4 , 1  2 4 , 1  

1 7 , 7  1 8 , 5  
2 3 - 8" 16*4 1 7 . 6  
2 3 - 9 1 3 , 6  1 3 , 6  
2 3 - 1 0  6 . 8  8 , 2  

3 - 1 1  5 , 4  6 . 0  
2 .~ - 1 2  7 , 5  7 , 2  
2 4 - I 2 3 , 7  2 4 * 2  
2 4 2 1 8 , 6  1 8 , 4  
2 4 - 3 2 4 , 7  2 4 , 8  
2 4 4 2 1 , 7  2 1 * 8  

K C F 0 ~  F CALC 

4 - 65 1 9 , 6  19 .7  
t ,  1 0 , 7  1 9 , 9  

Z 4 7 1 2 , 7  1 3 , 3  
i 4 - 8 1 3 , 2  1 3 . 4  

4 9 1 0 . 7  ; 0 . 7  
2 4 - 1 0  a * 9  9 , 3  
2 ~- - 1 1  7 * 9  7 , 1  
2 4 - 1 2  7 * 5  7 , 1  
2 5 - 1 l l . b  1 ~ . 0  
: ~ ~ 19.3 i , . ,  

1 5 . 3  l o * 0  ~ ~ - 4  1 3 ,  1~.~ 
5 2 1 , ' *  2 1 , 5  

i ~ - 67 1 1 , 7  1 2 , 0  
1 4 , 7  I~* ,4  

2 5 - o 1 1 , 6  1 1 , 9  
Z ~ - 9 1 1 , 0  1 i , ~  
2 5 - 1 0  7 . 6  o . 2  
-~ 5 - 1 1  9.C 6,8 
2 5 l ~  : . , d  4 , 8  
2 6 - • 1 7 . i  16*9  
2 6 - 2 1 0 . 3  1 0 . 9  
2 o - .~ 1 3 . 7  1 3 , 7  
2 6 - ~ 18,0 17,9 
2 6 - 5 1 5 * ~  1 4 . 7  
z o - o 1 1 , o  1~.7 
2 b 7 1 2 , 3  1 2 , 5  
2 6 - (3 9 , 2  9 . 8  
• ;' o - 9 ; . 8  1 o . i  
2 b - 1 o  7 , 9  7 , ~  
z o - l i  5 .9  b . 3  
2 7 - i 10.3 10.9 
2 7 - 2 8 . 3  8 , 7  
2 7 - 3 12 ,6  1 3 . 4  
2 7 - 4 6 . 5  7 , 6  
2 7 - 5 10 .6  1 0 , 6  

; - ~  6.9 6.8 
1 1 . 9  1 2 , 2  

2 7 - 8 9 , 0  9 . 0  
Z3 7 9 9 . 6  9 . 0  

o - 1 2 3 , 5  2 4 . 2  
3 0 - 2 33 .3  36 .3  
3 0 - 3 1 9 . 8  2 0 . 8  
3 o - 4 2 8 . 2  3 0 . 9  
3 o - 5 2 6 . 2  2 7 . 3  
3 o 6 1 7 , 4  1 8 , 4  
3 0 - 7 19.0 19.3 

o - ~  19.4 2o.1 
1 3 , ~  1 2 , 9  ~ ~ - 1 0  9 . 2  10.2 

- 1 1  1 0 , 0  1 0 , 1  
3 0 - 1 2  5 . 6  5 . 5  
3 1 - 1 3 1 , 5  3 0 . 5  
3 1 - 2 1 6 , 3  1 8 , 3  
3 1 - 3 2 9 , 2  3 0 . 2  

I - ~ 1 8 . 0  1 9 . 3  
2 4 . 2  2 6 . 0  

.3 i - 6 18, ` *  19,9 
3 1 7 2 3 . 1  2 3 . 9  
1 I - 8  14.2 14.8 

9 1 2 , 6  1 2 , 4  
3 1 - l O  1 1 . o  l o . 2  
3 1 - 1 1  7 , 1  7 , 1  
3 1 - 1 2  8 . f l  7 . 7  
3 : - I  28. ,  ~7.`* 
3 18 .b  1 8 , 5  
3 2 - 3 1 7 . 0  1 6 . 8  
3 2 - ~ 1 9 . 6  2 0 , 6  
3 2 5 2 4 . 2  2 4 . 2  
3 2 - b 1 5 , 0  1 5 . 6  

7 1 9 . 4  1 9 . 3  2 
2 - 8 1 4 , 7  1 5 , 8  

3 2 - 9 1 3 , ~  1 3 . 7  
2 - 1 o  7 . 6  8 . 6  
2 - 1 1  1 0 . 9  1 0 . 5  

3 2 - 1 2  7 . 6  6 . 8  
3 3 - 1 1 7 . 7  1 7 . 8  
3 3 2 1 7 . 3  1 7 . 4  
3 3 - 3 3 1 . Z  2 8 . 9  
3 3 - 4 3 2 . 0  3 1 . 7  
3 3 5 1 7 . 1  1 6 . 5  
3 3 - 6 2 1 . 9  2 1 . 9  
3 3 7 1 3 . 6  1 4 . 2  

3 - 8 1 5 . 7  1 6 . 1  
3 3 - 9 10.9 I 0 . 2  
3 3 - l o  1 4 . o  1 4 , 3  
3 3 - I i  1 1 . 2  1 0 . 2  
3 3 - 1 2  1 1 . 0  9 . 8  

: -21 12.2 12.6 
1 5 . 9  1 6 . 0  

3 4 - 3 1 5 , 3  1 6 . 0  
3 4 - 4 9 . 8  1 0 . 3  
3 4 - 5 1 3 . 9  1 4 , 3  
3 4 - 6 1 2 . 9  13 .6  
3 4 7 1 4 . 9  14,7 
3 4 - 8 1 3 , 2  1 3 , 4  
3 ~ - 9 1 0 . 5  1 0 , 5  
3 4 - 1 0  6 , 8  7 , 9  

4 - 1 1  6 . 5  6 . 9  
3 ~, - 1 2  0 . 0  3 , 2  
3 5 - I 11.6 1 2 , 3  
3 5 - z 1 2 , 3  1 3 , ~  
3 5 - 3 I 1 , 2  I 1 , 7  

5 - 4 1 3 , 3  1 4 , 2  
5 5 1 2 . 5  1 2 . 8  

3 .5 - 6 1 1 . 5  12 ,6  

3 5 - 9 6 , 5  7 . 6  
5 - i o  8 . ,  8 . 3  

- 1 1  4,4 4 , 9  
6 - 1 7 , 2  6 , 8  
6 ,~ 6 , 8  8 , 0  

3 6 - 3 9 , 2  9 . 8  
3 b - 4 8 , 0  9 . 1  
3 b 5 9 , 0  9 * 7  
3 6 - 6 9 *~  9 *3  
3 6 - 7 9 . 2  9 . I  
1 66 - 8  7.3 6.8 

9 8 . 6  7 . 3  
3 6 - I 0  6 , 1  5 . 9  

H ~ L F O~b F t A L C  

4 ~ - ~ 1 5 . 7  1 , . 9  
4 2 & . 9  2 6 . 2  
4 0 - 3 25,1 26,3 
4 0 4 2 2 , 5  2 2 , 3  
4 0 * 5 1 8 , 4  2 0 , 4  
4 ~ - ,  19.,  20.2 
`* 1 8 . i  1 8 , 7  

0 - 8 1 2 , 0  1 1 , 0  
`* 0 9 1 3 , 9  1 4 , ~  
`* 0 - 1 0  1 2 , 3  1 1 , 6  
`* 0 - i i  1 0 , 6  9 , 6  
4 0 - 1 2  7 * 3  5 , 3  
`* 1 - I 19 .7  1 9 , 3  
4 1 2 1 7 . 7  1 8 , 1  

1 - a 1 b , 4  1 8 , 7  
1 - ~ 1 6 , 7  2 0 , 0  
1 - 5 1 9 , 8  2 1 , 1  
1 - 6 14.6 1 6 . I  
1 7 11.6 1 2 , 5  

`* 1 - 8 1 3 , 7  14 .8  
`* 1 - 9 9 , b  1 0 . I  
`* 1 - i 0  11,3 11,4 

i I l l  5 * 9  7 . 3  
4 1 I 1 2  5 * 8  5 . 5  
4 2 - 1 1 2 . 2  1 1 . 8  

2 - Z 1 4 . 7  1 4 , 8  
4 Z ~ Z 5 1 5 . b  1 5 , 9  
4 ~ 1 7 , 7  1 7 , 9  
4 2 - 5 1 0 , 5  1 1 , 2  
4 2 - 6 1 5 . 7  1 6 , 0  
4 2 7 1 4 . 2  1 5 . 4  
4 2 - 8 l l . O  1 1 . 5  
4 2 - 9 1 0 , 9  I 1 , 0  

2 - 1 0  9 * 6  9 * 6  
4 2 - 1 1  3 , 9  3 , 6  
4 2 IZ  8 . 8  8 , 0  
4 3 ~ . 1 4 . 2  1 4 . 2  
4 3 - 2 1 6 , 1  1 6 . 6  
4 ~ - 3 1 2 . 9  1 2 * 1  
4 3 4 9 . 2  1 0 . 3  
`* 3 - 5 1 0 . 9  1 0 . 7  
4 3 - 6 Ib .O  16.5 
4 3 - 7 7 . 9  7 . 9  
4 3 - 8 1 3 . 6  1 3 . 3  
4 3 - 9 8 . 3  9 . 1  
4 3 - 1 0  7 , 6  7 , 7  

3 -11 6 . 9  7 . I  
4 4 - 1 7 , 2  8 . ~  
4 ~ 2 9 . 0  9 . 6  

4 - 3 9 , 5  1 0 , 1  
4 4 4 1 7 . 4  1 5 , 1  
4 4 - 5 1 6 , 4  1 6 , 3  
4 4 6 1 3 . 0  1 2 . 5  
4 4 - 7 l o . o  9 . 9  
4 4 8 i 0 . 2  9 . 5  
4 4 - 9 7 . 5  7 , 7  
4 ~ - I 0  8 . Z  8 . 3  
4 ~ - 1 1  b . l  6 , 0  
4 ~ - ~ , .6  , . ,  
4 9 . 6  9 , #  
4 5 - 3 6 , 8  7 . Z  

5 - ~ 8 . 6  9 , ~  
b - 5 6 . 3  7 . 1  

4 5 - 6 6 . 1  6 . 9  
4 5 - 7 6 ,8  6 ,9  
4 5 - 8 1 0 . 5  1 0 . 1  
4 5 - 9 6 . 5  6 . 8  
4 5 - 1 0  5 , 8  5 , 8  
5 o - I 1 4 . 6  1 4 . 4  
5 0 2 1 5 . 0  1 5 . 7  
5 0 - 3 8 . 9  9 , 8  

0 - 4 1 0 . b  1 0 . 6  
0 5 1 7 , 7  1 7 . 6  

5 0 - b 9 . 6  9 * 9  
5 0 - 7 1 3 . 2  1 3 , 6  
5 0 - 8 1 2 . 9  12,9 
5 0 9 1 0 . 5  1 0 , 1  

~ - 1 0  7 , 1  6 . 2  
- 1 1  8 . 8  8 * 5  

5 1 - 1 1 2 . 5  1 2 . 5  
1 - 2 1 1 . 3  1 1 , 1  

- 3 1 3 . 0  1 3 , 0  
5 4 18.4 1 8 . 6  
5 1 - 5 1 0 . 5  I 1 , 1  
fi 1 - 6 1 4 . 2  1 4 . 4  
5 i - 7 1 1 . 2  1 2 . 0  
5 1 8 1 0 , 7  1 1 , 3  

1 - 9 8 . 0  7 , 8  
- I 0  9 . 6  9 . 5  

5 - 1 1  6 . 9  6 * 6  
5 2 - I 8 . 2  8 . 9  
5 2 2 1 0 . 0  9 , 9  
5 2 - 3 9 , 9  1 0 . 9  

i - 4  9 . 6  9 . 7  
5 I I , 3  1 2 . 0  

i - ~ 9 , 9  9 . 9  
8 . 3  9 , 8  

~ : 7.8 7.9 
6 . 6  7 . 4  

5 2 - 1 0  7 , 6  7 . 1  

' i I I  6 , 9  5 ~ 6 , 9  6 , 7  
7 , 0  

3 - 2 6 ,3  6 * 9  
- 3 7 , 1  6 , 7  

5 4 1 1 . o  1 1 . 5  
5 3 - 5 4 , 5  5 ,6  
S 3 - 6 9 * 6  10 .3  
5 3 - 7 6 ,6  6 .6  
5 3 - 8 8 , 5  8 .7  
5 3 - 9 7 , 6  7 , 7  
5 3 - 1 0  6 , 2  6*6  
6 ~ - ~  , .5  , . 5  
6 6 , 5  6 , 9  
6 0 - 3 9 .0  9 ,3  
6 0 - 4 9 , S  9 , 8  
6 0 5 8 , 0  8 , 1  
6 0 - 6 10 .3  8 . 8  
6 0 - 7 8 , 6  9 ,0  
6 0 8 8 , 6  8 , 9  
6 0 - 9 7 . 6  7 .3  
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b 
0 1 2 3 4A 
l l l l l l  I I I 

Fig. 1. Superimposed sections of the  electron-density distr ibution,  taken  through the  atomic eentres parallel to (100). Contours 
s tar t  a t  zero and are at  intervals of 20 e./~ -3 about  the iodine, and 2 e.A -3 about  the light atoms. A perspective drawing of 
the  molecule is also shown. 

for all 1445 planes with d > 0.74 X). A final three- 
dimensional Fourier series was summed, and sections 
of the resulting electron-density distribution, taken 
through the atomic centres parallel to (100), are shown 
in Fig. 1. 

Atomic parameters and molecular dimensions 

The final positional and anisotropic thermal para- 
meters are given in Table 3, x, y, and z being fractional 
coordinates referred to the triclinic crystal axes. 
Since the compound is derived from D-ribose the 
absolute configuration is established; the coordinates 
in Table 3 referred to a right-hand set of axes give 
the correct absolute configuration, and all the diagrams 
also show the true configuration. B~¢ in Table 3 are 
the coefficients in the expression: 

exp - {Bllh 2 + B22k 2 + B8312 + B28kl + B13hl + B12hk} . 

The standard deviations of the atomic coordinates 
(in A) are included in Table 3; these were estimated 
from the inverses of the diagonal elements of the 
matrix of the least-squares normal equations. 

The bond distances and valency angles in the 
molecule are shown in Fig. 2; the standard deviations 
of the bond lengths vary  from 0.015-0.028 _~, and 
of the angles from 1-4°-1-9 ° . 

c(4) c(2) 
1.34J 1.38 

0(6) 
122Jl 21 

Fig. 2. Bond lengths and  angles in 5-iodo-2'-deoxyuridine. 

The best plane through the pyrimidine nucleus and 
the I, 0('2), 0(6), and C(I') atoms (all atoms, includ- 
ing I, given equal weight) has equation 

0.82253X' + 0.56395 Y' - 0.07341Z' + 0.80200 = 0 (1) 

where X',  Y', and Z' are coordinates in A referred 
to orthogonal axis a' ( = a . s i n y ) ,  b, and c*. A least- 
squares plane was calculated through all five atoms 
of the deoxyribose ring, but the displacements 
indicated tha t  the ring was significantly non-planar. 
Planes through all possible combinations of four atoms 
of the ring were calculated, and one of these was much 
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Table  3 . .F ina l  positional parameters (fractional), standard derivations (A), 
and anisotropic thermal parameters ( × 105) 
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Atom x y z a(x) a(y) a(z) ~11 B22 B33 B23 ~13 B12 
i 0.0000 1.0000 1.0000 0.0035 0.0034 0.0035 3422 1185 1099 687 1748 2322 
N(1) 0-5809 0.6132 1.1563 0.0138 0.0137 0.0142 4215 1285 1238 508 2396 3338 
C(2)  0-5719 0.4787 1.0257 0.0180 0.0179 0.0189 3479 927 1298 1516 1767 3720 
0(2) 0.7339 0.3577 1.0370 0.0125 0.0125 0.0127 4978 2282 1366 1410 1994 5416 
N(3) 0.3761 0-4918 0.8902 0-0143 0.0142 0.0145 3853 1340 709 395 1301 3387 
C(4)  0.2192 0.6401 0.8804 0.0176 0.0173 0.0182 4162 976 579 -- 309 1507 958 
C(5)  0.2357 0.7770 1.0065 0.0131 0.0128 0.0140 2070 1350 320 111 -- 246 2265 
C(6)  0.4290 0.7627 1 - 1 5 8 1  0.0147 0.0145 0.0153 2503 1060 887 736 1390 1493 
O(6) 0.4554 0.8796 1.2769 0.0119 0.0119 0.0120 4824 1525 761 192 1324 1579 
C(I') 0.3567 0.3480 0.7458 0.0164 0.0161 0.0169 2844 1215 900 474 1729 1643 
O(1') 0.4699 0.4619 0.6613 0.0116 0.0116 0.0118 3101 1863 675 641 1162 1254 
C(2') 0.0386 0.2374 0.6368 0.0166 0.0163 0.0170 3121 1352 1104 604 2038 1533 
C(3') 0.0782 0.1796 0.4804 0.0169 0.0167 0.0174 3095 ll01 793 614 1378 1748 
O(3') 0.2026 0.0019 0.4789 0.0130 0.0130 0.0131 6380 893 1665 866 3541 3108 
C(4') 0.3312 0.3672 0.5011 0.0159 0.0154 0.0161 3206 1070 926 414 2095 2316 
C(5') 0.2177 0.5277 0.4163 0.0192 0.0190 0.0195 3088 1836 1230 1778 1418 2058 
O(5') --0.0101 0.5904 0.4526 0.0123 0.0124 0.0126 2891 1550 1517 1189 1562 2423 

m o r e  sa t i s fac tory  t h a n  t he  others ,  a t oms  C(I ') ,  C(3'), 
C(4'),  a n d  O(1') be ing essent ia l ly  coplanar ,  t he  p lane  
hav ing  e q u a t i o n  

0.68910X'-O.72450 Y' +O.O1496Z' +0.98961 =0 (2) 

Table  4. Deviations from molecular planes 
Plane 1 Plane 2 

Atom Deviation Atom 

I 0.046 A C(I') 
N(1) -0.046 C(3") 
c(2) 0.005 c(4') 
0(2) 0.077 O(1') 
~(3) - 0.034 
c(4) O.OLO c(2') 
C(5) 0.017 
C(6)  -0.032 
0 ( 6 )  - 0.033 
C(l') 0.007 

Deviation 

0.015 h 
-0.013 

0.032 
- 0.032 

-0.590 

Table  5. Shorter intermolecular contacts (.~) 
All distances < 4.5 A between a standard molecule (1) and 
neighbouring molecules were calculated. Only those < 3.9 A 
involving iodine, and < 3.5 A not involving iodine are listed 

Atom to atom in molecule d 
(molecule 1) 

0(2) . . . . . . . . . . . . . . . . . .  I 6 2.96 A 
O(5") . . . . . . . . . . . . .  H-N(1) 7 2.95 
O(3")-H . . . . . . . . . . . . .  0(6) 4 2.70 
0(3') . . . . . . . . . . . . .  H-O(5') 2 2.79 
C(3') 0(6) 8 3.19 
C(5') 0(6) 3 3.27 
O(1") C(2') 5 3.46 
O(3') C(5') 2 3.22 
O(3") 0(6) 8 3.46 

Molecule l x y z 
2 x - l + y  z 
3 x y - l ÷ z  
4 x - l + y  - l + z  
5 l + x  y z 
6 l + x  - l + y  z 
7 - l + x  y - l + z  
8 - l + x  - l + y  - l + z  

w i th  C(2') d isp laced  0-59 /~ f rom this  plane.  The  
dev ia t ions  of t he  a toms  f rom the  var ious  p lanes  are 
g iven  in  Table  4. 

All t he  in t e rmolecu la r  separa t ions  _< 4 .5 /~  were  
calculated,  and  t he  more  s ignif icant  con tac t s  are 
l is ted in Table  5. 

D i s c u s s i o n  

The pyrimidine base 
The  base is in t he  d ike to  form, the  two  C = O  

bonds  hav ing  an  average  l eng th  of 1.22 • (1.21 and  
1.23 A). The  four  C -N  b o n d  d is tances  are v i r tua l ly  
iden t ica l  (1-36, 1.37, 1.37, a n d  1-38 /~), averag ing  
1.37 J~. The  va lue  of 1.34 ~ for t he  C(4)-C(5) d i s tance  
confi rms its t rue  doub l e -bond  character ,  in be t t e r  
a g r e e m e n t  w i th  t he  resul ts  of 1-35 ~ ob t a ined  for 
t h y m i n e  m o n o h y d r a t e  (Gerdil, 1961) a n d  1.31 J~ for 
calc ium t h y m i d y l a t e  (Trueblood,  H o r n  & Luzzat i ,  
1961), t h a n  wi th  t he  va lue  of 1.41 A o b t a i n e d  in  a 
s t ruc tu ra l  d e t e r m i n a t i o n  of uraci l  (Parry,  1954). The  
C(5)-C(6) b o n d  is a single bond ,  measu r ing  1.49 A, 
s o m e w h a t  larger  t h a n  t he  va lue  of 1-45 /~ found  in 
t h y m i n e  and  calc ium t h y m i d y l a t e ,  and  ve ry  sig- 
n i f ican t ly  longer  t h a n  t he  1.41 A d e t e r m i n e d  for 
uracil.  The  C(5)-I  l eng th  of 2.05 _~ is normal .  

All of t he  b o n d  angles are a lmos t  iden t ica l  wi th  
those  found  in t h y m i n e ,  t he  difference exceeding  1 ° 
on ly  in  t he  exo-eyclic C-O angles. The  values  of 121 
a n d  122 ° abou t  C(6)-O(6) in I D U  are more  sym- 
met r ica l  t h a n  t he  cor responding  118 and  126 ° in 
t h y m i n e ,  b u t  t h e  d is tor t ions  m a y  be due  to  in ter-  
molecular  pack ing  in  t h y m i n e ;  s imilar ly  t he  angles 
of 119 a n d  125 ° a b o u t  C(2)-O(2) in  I D U  (122 and  123 ° 
in t h y m i n e )  reflect  t h e  pa r t i c ipa t ion  of 0(2)  in a shor t  
i n t e rmolecu la r  contac t .  

The  general  a g r e e m e n t  of t he  s t ruc tu re  of t he  base 
in  I D U  wi th  t h y m i n e  ( the s t ruc tu ra l  d e t e r m i n a t i o n  
of which  was t he  m o s t  precise of t he  t h r ee  c i ted above)  
d e m o n s t r a t e s  t h a t  t he  subs t i t u t ion  of I for CH8 does 
no t  s ignif icant ly  a l ter  t he  s t ruc tu re  of t he  base ,  and  
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suggests tha t  perhaps the differences found between 
thymine and uracil are not real. 

Least-squares planes calculated through all of the 
base and attached atoms, and through all but  C(I'), 
showed tha t  C(I') lies on the plane of the others. 
The maximum deviation from the plane (plane 1 
of Table 4), is tha t  of atom 0(2) (0.077 J() and probably 
is due to the short intermolecular I • • • 0(2) distance. 
The significant displacements of the I and N(1) 
(0.046, -0 .046  A) from the plane are probably also 
caused by intermolecular contacts, the deviation of 
N(1) possibly to facilitate the hydrogen-bonding 
scheme. 

The sugar 

The deoxyribose ring is puckered with atom C(2') 
lying 0-59 A out of the plane (plane 2 of Table 4) 
of the other four atoms (maximum deviation of the 
other four from the plane is 0.03 A). This contrasts 
with calcium thymidylate,  in which C(3') was the 
atom which was out of the plane of the others, and 
suggests tha t  which of C(2') or C(3') deviates from 
planari ty is a function of the packing in the individual 
crystal structures. 

The bond distances in the ring are normal, the 
average C-C length being 1.56 /~, and C-O, 1-42 A. 
The internal bond angles average 104 ° at  C, and the 
angle is 111 ° at  0(1');  the external angles average 
112 ° at  carbon. These values are similar to those 
(105 ° , 108 ° , 112 ° ) predicted by Spencer (1959) from 
a survey of similar molecules. 

The glycosidic N(3)-C(1') bond measures 1.49 J~, 
similar to tha t  in adenosine-5'-phosphate (Kraut  & 
Jensen, 1963) and close to the value of 1.47 J~ in 
calcium thymidylate.  

Conformation of the molecule 
The plane of the sugar ring is at a dihedral angle 

of 81 ° to the base, a little larger than the values of 
76 ° in adenosine-5'-phosphate and cytidine (Furberg, 
1950), and 75 ° in calcium thymidylate.  

In discussing the conformation about the glycosidic 
C-N bond, it is convenient to use the ~CN torsion 
angle defined by Donohue & Trueblood (1960). This 
is defined as the angle formed by the trace of tho 
plane of the base with the projection of the C(I ' ) -O 
bond when the projection is taken along the glycosidic 
bond itself. As for all of the nucleosides and nucleotides 
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Fig. 3. Isometric projection showing the packing of the molecules. The short I • • • 0(2) contact is shown by a dotted line, 
and the hydrogen bonds by dashed lines. 
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so far studied, IDU is in the anti conformation, 
with a value of ~c~ of - 6 7  ° (as contrasted with qcn 
of about 150 ° expected in the syn conformation). 

Intermolecular distances 
An isometric projection of the intermolecular 

packing is shown in Fig. 3. The most significant 
approach is an I . ' .  0(2) distance of 2.96 A, which 
is considerably shorter than the normal iodine-oxygen 
van der Waals contact (3.55 A), and suggests a 
charge-transfer bond involving donation of oxygen 
lone-pair electrons to vacant 5d orbitals on the iodine. 
The carbonyl group-iodine arrangement is not too 
far from linear, the C(2)-0(2)-I  angle being 166 °. 
Such charge-transfer bonds involving halogens as 
acceptors have been previously reported (Hassel & 
Returning, 1962)with oxygen-, nitrogen-, and even 
sulfur- and selenium-containing compounds acting as 
donors. The stability of the bond increases with 
heavier halogens, and I . "  0 distances considerably 
shorter than even the one reported here have been 
found. The ability of the iodine to form such charge- 
transfer bonds may be the molecular basis for the 
anti-viral activity of 5-iododeoxyuridine. DNA which 
has had some thymidine substi tuted by IDU exhibits 
a higher melting temperature (temperature at  which 
the two helices separate) than does normal DNA; 
this may  reflect extra inter-coil at traction caused 
by the formation of a charge-transfer bond by the 
iodine with an oxygen or nitrogen on the com- 
plementary purine base (or possibly on the comple- 
mentary  helical skeleton itself), either in addition to 
the normal hydrogen-bonding scheme, or by replacing 
it with an alternative one. The result would be 
hindrance of strand separation, thus impairing the 
ability of the DNA to reproduce itself. In  the case of 
herpes simplex keratitis t reatment  with IDU, this 
may kill the virus DNA, or merely retard its growth 
sufficiently to allow the body to overcome it (Camer- 
man & Trotter, 1964). 

The other short distances correspond to normal 
hydrogen bonds, and are shown by dashed lines in 
Fig. 3. Each hydroxyl group on the sugar ring 
(0(3') and 0(5')) is involved in two hydrogen bonds; 
0(3') uses its hydrogen atom in an H-bond to a 

carbonyl 0(6) and shares an 0(5') hydrogen atom in 
a second attraction, while the second 0(5') bond is 
through an N(1) hydrogen atom. The O - . .  H - N  
distance is 2.95 _&, while the O - ' - H - O  distances 
average 2.75 A. Together with the iodine-O(2) contact, 
this system holds the crystal together in a three- 
dimensional network. Of the possible hydrogen- 
bonding atoms, only 0(1') does not appear to take 
part  in the intermolecular bonding scheme. 

All other approaches correspond to normal van der 
Waals interactions. 

The authors are indebted to Dr G.M. Tener for 
suggesting the problem and for much helpful discus- 
sion, to Dr F . R .  Ahmed and Dr G.A.  Mair for 
making available their crystallographic programs for 
the IBM 1620 computer, to the staff of the U.B.C. 
Computing Centre for assistance, and to the National 
Research Council of Canada for financial support and 
for the award of a research studentship to N.C. 
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