
1326 T H E  C R Y S T A L  S T R U C T U R E  OF L - V A L I N E  

HARDING, M. M. & LONG, H. A. (1968). Acta Cryst. B24, 
1096. • 

JOHNSON, C. K. (1965). ORTEP, A Fortran Thermal- 
Ellipsoids Plot Program for Crystal Structure Illustrations. 
Oak Ridge National Laboratory, Oak Ridge, Ten- 
nessee. 

LAKSHIMINARAYANAN, A. V., SASISEKHARAN, V. & RAMA- 
CHANDRAN, G. N. (1967). International Symposium of 
Conformation of Biopolymers. A study of the conformation 
of amino acids. Univ. of Madras, India. 

MALLIKARJUNAN, M. & THYAGARAJA RAO, S. (1969). Acta 
Cryst. B25, 296. 

PARTHASARATHY, R. (1966). Acta Cryst. 21, 422. 
PHILLIPS, D. C. (1954). Acta Cryst. 7, 746. 
THYAGARAJA RAO, S. (1968). The Molecular Structure of 

Amino Acids. Edited by G. U. GURSKAYA, p.35. New York: 
Consultants Bureau. 

TSUBOI, M., TAKENISHI, T. & IITAKA, Y. (1959). Bull. Chem. 
Soc. Japan, 32, 305. 

WILSON, A.J .  C. (1942). Nature, Lond. 150, 151. 

Acta Cryst. (1970). B26, 1326 

T h e  C r y s t a l  a n d  M o l e c u l a r  S t r u c t u r e  o f  t h e  c i s - s y n  P h o t o d i m e r  o f  U r a c i l  

BY ELINOR ADMAN AND LYLE H .  JENSEN 

Department of  Biological Structure, University of  Washington, Seattle, Washington, U.S.A. 

(Received 25 July 1969) 

The cis-syn photodimer (CsHsN404) of uracil, formed upon ultraviolet irradiation of the monomer in 
frozen aqueous solution, crystallizes in the monoclinic system with cell dimensions a =  13.249+0.001, 
b=  11.191 +0"001, c= 6.279+ 0.0003 A, fl=94.751 +0.004 °, space group P21/n. The molecules exhibit 
a non-planar cyclobutane ring and non-planar heterocyclic rings, with bond lengths and angles charac- 
teristic of each portion. All possible hydrogen bonds are formed, holding the molecules together in an 
extensive three-dimensional network. 

Irradiat ion of  pyrimidines and their derivatives with. 
ultraviolet light under  various conditions produces 
dimers with a cyclobutane linkage formed by joining 
the monomers  at the 5-6 double bond, i.e. 

(DNA) in vitro (Setlow & Carrier, 1966) and, along 
with other photoproducts,  are involved in the loss of  
activity of  DNA.  Uracil  dimers have also been isolated 
from T M V - R N A  (tobacco mosaic virus ribonucleic 
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acid), but their ro le  is less well defined (Merriam & 
Gordon,  1967). 

Table 1. Examples of  pyrimidine photodimers with known structures 

Isomer Monomer Source Method of identification* 
I Uracil Frozen aqueous solution Chemical degrad. 
cis-syn XRD 

Thymine Frozen aqueous solution Chemical degrad. 

XRD 
E. coli DNA Chemical degrad. 

Dimethylthymine Frozen aqueous solution XRD 
III Dimethylthymine Frozen aqueous solution XRD 
cis-anti 
IV Thymine Frozen aqueous solution- XRD 
trans-anti of thymidine . 

1-methylthymine Frozen aqueous solution XRD 

References 
D6nges & Fahr (1966) 
This work 
Blackburn & Davies (1967) 
Kuneida & Witkop (1967) 
Wei & EinStein (1968) 
Blackburn & Davies (1967) 
Camerman & Camerman (1968) 
Camerman, Weinblum & Ny- 

burg (1969) 
Camerman & Nyburg (1969) 

Einstein, Hosszu, Longworth, 
Rahn & Wei (1967) 

* XRD, X-ray diffraction. 
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Beukers & Berends (1961) reported the formation of 
a dimer of thymine in frozen aqueous solution of mon- 
omer and adduced some evidence for the cyclobutane 
nature of the linkage. Also, Wang (1961) and Smieta- 
nowska & Shugar (1961) reported isolation of a uracil 
dimer from the same medium, thus initiating a large 
number of investigations into the dimeric structures. 

The four possible isomers of pyrimidine dimers orig- 
inally pointed out by Wulff & Fraenkel (1961) are: 

I. cis-syn II. trans-syn 

Examples of three of the four types have been unequiv- 
ocally identified by chemical degradation or X-ray dif- 
fraction methods, and are listed in Table 1. These 
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Fig.1. cis-syn uracil photodimer (a) bond lengths (b) bond 
angles. 

identifications confirm the initial assignments of the 
structures made by several earlier workers (Stewart, 
1963; Wang, 1963; Anet, 1965; Weinblum & Johns, 
1966; Blackburn & Davies, 1966; Hollis & Wang, 
1967; Varghese & Wang, 1967; Morrison, Feeley & 
Kloepfer, 1968). Thus, comparison of chromato- 
graphic, nuclear magnetic resonance and spectral prop- 
erties with those of the known structures has shown 
that the major form of the dimeric photoproduct iso- 
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lated from irradiated frozen solution and from native 
DNA is the cis-syn type, although recent work has in- 
dicated that another type, the trans-syn (isomer II) may 
be formed upon irradiating denatured DNA (Ben-Hur 
& Ben-Ishia, 1968). The spatial arrangement of the 
cis-syn type of dimer is of particular interest in dedu- 
cing what may happen to the local structure of DNA 
upon irradiation, and accordingly the present study 
was undertaken to provide accurate parameters de- 
scribing the arrangement. Two recent studies on cis- 
syn thymine dimer derivatives (Camerman & Camer- 
man, 1968; Wei & Einstein, 1968) also provide such 
information, although monomerization of the thymine 
dimers by X-ray irradiation complicates the picture 
somewhat. 

E x p e r i m e n t a l  

Preparation 
Aliquots, 125 ml each, of a solution of uracil in 

water (0.5 mg.ml -I) were frozen in Pyrex baking dishes 
(9 × 13 in) and irradiated in a freezer for 15 minutes 
using two General Electric germicidal lamps (15 W) at 
a distance of approximately 3 in. The irradiated solu- 
tions were thawed and stirred, refrozen and reirra- 
diated for 15 minutes more. Preliminary work indi- 
cated that 70 % conversion to dirner was achieved after 
these steps. The material was then treated essentially 
according to Ishihara (1963) and recrystallized from 
hot water. Tiny crystals formed initially and were used 
as seed to grow several crystals of a size suitable for 
X-ray diffraction intensity measurements. 

Data collection 
A chunky prismatic crystal of approximate dimen- 

sions 0.21 × 0.21 × 0.27 mm was used for all X-ray meas- 
urements. The crystals are monoclinic and the absence 
of hOl reflections where h + l= 2n + 1 and 0k0 where 
k = 2 n + l  indicates the probable space group to be 
P21/n. The cell dimensions, a=13.249+0.001, b= 
11.191+0.001, c=6.279+0.0003 A, fl=94.751+ 



1328 S T R U C T U R E  O F  T H E  cis-syn P H O T O D I M E R  O F  U R A C I L  

0 .004  °, w e r e  d e t e r m i n e d  b y  a l e a s t - s q u a r e s  r e f i n e m e n t  
u s i n g  m e a s u r e m e n t s  o f  b o t h  p o s i t i v e  a n d  n e g a t i v e  20  
v a l u e s  f o r  20  r e f l e c t i ons  (2cu K~ = 1.5418 ~ ) .  T h e  cal-  
c u l a t e d  d e n s i t y  is 1.605 g . c m  "3 fo r  f o u r  d i m e r s  p e r  u n i t  
cell .  I n t e n s i t y  m e a s u r e m e n t s  w e r e  m a d e  w i t h  M o  Kcc 
r a d i a t i o n  ( 2 = 0 . 7 1 0 7 / ~ )  f o r  2135  r e f l e c t i o n s  u s i n g  t h e  
o9/20 s c a n  m o d e  o n  a m a n u a l  d i f f r a c t o m e t e r  e q u i p p e d  
w i t h  a q u a r t e r - c i r c l e  g o n i o s t a t .  T h e  c rys t a l  w a s  
m o u n t e d  a l o n g  e*.  B a c k g r o u n d  c o u n t s  w e r e  m e a s u r e d  
f o r  o n e - h a l f  t h e  s c a n  t i m e  a t  e a c h  l i m i t  o f  t h e  s c a n  

r a n g e .  O f  t h e  2135  r e f l ec t i ons ,  507 w e r e  o b s e r v e d  to  
be  less  t h a n  t w i c e  t h e  e s t i m a t e d  e r r o r  i n  m e a s u r e m e n t ;  
t h e s e  w e r e  set  e q u a l  to  2~r a n d  c o d e d  as u n o b s e r v e d .  

T h e  d a t a  w e r e  m o d i f i e d  fo r  L o r e n t z  a n d  p o l a r i z a t i o n  
ef fec ts  b u t  w e r e  n o t  c o r r e c t e d  fo r  a b s o r p t i o n  s ince  t h e  
c a l c u l a t e d  l i n e a r  a b s o r p t i o n  coe f f i c i en t ,  # ,  is 1.4 c m  -1, 
a n d  t h e  c ry s t a l  s h a p e  w a s  fa i r ly  r e g u l a r .  A c o r r e c t i o n  
f o r  c o i n c i d e n c e  loss  o f  t h e  s c i n t i l l a t i o n  c o u n t e r  w a s  
a l so  m a d e .  T k i s  c o r r e c t i o n  a m o u n t e d  t o  a 6 % i n c r e a s e  
in  t h e  i n t e n s i t y  o f  t h e  l a r g e s t  r e f l e c t i o n  (86 ,000  d e k a -  
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T a b l e  2. Observed and final calculated structure factors ( x 10) 
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counts) .  The  cor rec t ion  is o f  the fo rm 

C= Co/(1- 7:Co) (1) 

where C = t r u e  coun t ing  rate,  Co=observed coun t ing  
rate,  and  7:= the t ime cons tan t  o f  the counter .  A n  ex- 
press ion re la t ing z to the observed dependence  o f  the 
exper imenta l ly  de te rmined  filter fac tor  for  a given filter 
on  coun t ing  rate is 

f ' = 3 q  +(1  -ft)7:Co, (2) 

where f '  = t h e  observed filter factor ,  j~ = the true filter 
factor ,  and  7: and  Co have the same m e a n i n g  as above  
(Sletten, Sletten & Jensen,  1969). By p lo t t ing  Co vs.f ' ,  
the ' t rue '  filter fac tor  and  7: may  be found.  

C h i p m a n  (1969) has shown tha t  the correc t ion  for  
an  in tegra ted  peak  is o f  the fo rm 

P=Po(1 + 1 7:h n2dt/ S ndt + O[(7:h) 2]}, (3) 

where P = t r u e  in tegra ted  peak,  P o = o b s e r v e d  inte- 
gra ted  peak,  h = p e a k  coun t ing  rate,  and  S ndt repre- 
sents the line shape. Then,  express ion (2) becomes 

f '  =j~ + (1 -j'~)7: [ l  n2dt/(S nat)2] Po .* (4) 

* We are indebted to a referee for this expression. 

Assuming  a cons t an t  l ine shape for  all d i rect ions  o f  the 
crystal,  Po may  be p lo t t ed  vs. f '  to ob ta in  z' which  is 
seen to be equal  to the true 7: t imes the fac tor  S n2dt/ 
( S nd t )  2. 7:' thus will vary  f rom crystal  to crystal ;  for  
this one, it was 6 x 10 -8 counts-1.  However ,  use o f  7:' 
obviates  knowledge  o f  the true line shape,  for  when  it 
is replaced in the expression 

P = Po(1 + r'Po) 

the express ion reduces to (3). 
The  four  s t anda rd  reflections decreased by 8 % over  

the to ta l  per iod  o f  da ta  col lect ion ( approx imate ly  200 
hours  o f  X-ray  exposure)  and  the da ta  were scaled ac- 
cordingly.  

Solution of the structure 
The s t ructure  factors  were conver ted  to E values 

using an  overall  t empera tu re  fac tor  (2.5 A 2) and  scale 
fac tor  (0.83) which  min imized  ~ ( E  2 - 1 )  2 as a func t ion  
o f  sin 2 0/22. The  264 reflections wi th  E grea ter  t han  1.5 
were used in the sign de t e rmina t ion  p r o g r a m  of  Long  
(1965), which,  for  a given set o f  s tar t ing signs, cal- 
culates all possible sets o f  signs us ing the Sayre sign 
re la t ionship  

S( e~) = S( ~,Eh-kF~ . (5) 
k 

Table  3. Positional and thermal parameters for cis-syn uracil photodimer 

Fractional coordinates Thermal parameters* 
x y z BI 1 B22 B33 B12 B13 B23 

N(l l )  0-2087 0.1142 0"7834 2"28/~ 2 2"59A 2 1 . 7 9 A 2 - 0 . 3 6 A 2 - 0 . 4 4 ~  2 0"51 
C(21) 0"1287 0.0673 0"6694 2-18 2.03 2-14 0.02 -0-34 0.42 
N(31) 0.1012 0 " 1 1 7 1  0"4701 2.38 2"46 2.28 -0-73 -0-89 0.69 
C(41) 0"1505 0 " 2 0 5 3  0-3719 2.09 1"47 2.11 0-24 -0.38 0.31 
C(51) 0-2456 0"2500 0"4916 2"09 1"40 2.23 0"02 -0.33 0"27 
C(61) 0"2634 0"2199 0.7311 2"15 1"71 2.04 0-13 -0.35 -0"31 
O(21) 0.0814 -0.0181 0"7319 3"66 3"34 3.39 - 1"38 - 1"12 1"55 
O(41) 0.1191 0"2415 0"1959 2.91 2"47 2.45 -0"08 -0"81 0"86 
N(12) 0.4247 0.0905 0"7940 2" 16 1-87 1"96 0.23 - 0.86 - 0.28 
C(22) 0"4190 -0.0190 0"7114 1"55 1"99 1-70 0"12 -0"31 -0.08 
N(32) 0.3715 -0.0314 0-5054 2.52 1"67 1-64 0.20 -0"55 -0 .22 
C(42) 0"3337 0.0578 0"3737 1"93 2"14 1"51 0"39 -0"12 -0"02 
C(52) 0"3470 0" 1833 0"4538 1"84 1"86 2"09 - 0.06 - 0.04 0-39 
C(62) 0"3765 0"1934 0.6945 1"96 1"48 2-27 - 0"20 - 0"54 - 0.05 
0(22) 0"4544 - 0" 1089  0-8028 3"34 2.03 2-23 0"57 - 1.04 - 0.01 
0(42) 0"2924 0"0340 0-1980 4"28 3" 13 1.89 0"90 - 1 "20 - 0.27 
H(51) 0"250 0.336 0"467 2"4 
H(61) 0"250 0"283 0-835 2.9 
H(52) 0"391 0"220 0-368 2"2 
H(62) 0"418 0"261 0.719 1"8 
H(11) 0"223 0.085 0.920 4.3 
H(31) 0-047 0.080 0"399 3"1 
H(12) 0"463 0"100 0.919 3.5 
H(32) 0"371 -0"109 0.450 4"1 

Standard deviations 
O 0.0001 0.0001 0-0002 0.06 0.06 0.06 0.05 0.05 
N 0.0001 0.0001 0-0002 0.06 0.06 0.06 0.05 0-05 
C 0-0001 0.0002 0.0003 0.06 0.07 0.07 0.05 0.05 
H(C) 0.001 0.002 0.003 0-4 
H(N) 0.002 0.002 0.004 0.5 

* Thermal parameters are in the form 

exp [ -  (Bllh2a .2 + B22k2b*2 + B3312c'2 + 2B12hka* b* + 2B13hla*c* + 2B23klb* c* )]. 

0"05 
0"05 
0"05 

Az 
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The correct set of  signs is usually the one with the 
highest consistency index defined as 

C= k 
<IE~l~IE~-kl IF~I>" 

k 

In tiffs case the correct set had a consistency index of 
0.81 ; the next highest with a different set of signs was 
0.66. Three other sets of signs with consistency indices 
between 0.81 and 0.66 were, in fact, the same as the 
correct set, but arrived at by a different path. The set 
with consistency index=0.81 was used in an E map 
(Karle, Hauptman, Karle & Wing, 1958) which clearly 
showed peaks corresponding to all non-hydrogen 
atomic positions. 

Refinement 
In  the refinements of  the structure the scattering fac- 

tors for carbon and nitrogen were those of  McWeeny 
(1951); for oxygen those of Berghuis, Haanappel ,  Pot- 
ters, Loopstra, MacGil lavry & Veenendaal (1955); for 
hydrogen those of  International Tables for X-ray Crys- 
tallography (1962). The quanti ty minimized was 
~w(Igol -  Irel) 2 in which, the weights w were set equal 
to 1/a~. The errors in the F values were taken as 

aF = ai/2(l Lp) l/2 (6) 

where 
az = [at + (S't)2] 1/2 

and 1 = intensity and Lp = Lorentz polarization correc- 
tion. The error in I includes the error estimated from 

counting statistics, a~, where t is equal to the total 
counts measured for the reflection (background plus 
peak), and the error due to machine  or other instability, 
approximated by the product of  t and the parameter  S.  
The latter was estimated from the plot of  four stan- 
dards moni tored every four hours throughout  data col- 
lection. Initially S was set equal to 0.01 for the first 
ha l f  of  the data and 0-02 for the second half, these 
values approximat ing one-half  the m a x i m u m  relative 
excursion between consecutive standards. Subse- 
quently, however, S was taken as 0.02 for all the data 
in view of  the appreciable deterioration of  the crystal. 
It should be noted that tiffs may  bias the weights some- 
what if  the use of  the larger value for S does indeed 
reflect the non- random effect of  deterioration. 

Three refinement cycles, in wiffch the scale, posi- 
t ional and isotropic thermal  parameters were varied, 
reduced R (=~ll fol- lFcl l /YlFol)  to 0.13 and R w  

hkl hkl 

(=Y~wllFol--IFcll/YlwFol) to 0.14 for the observed re- 
hkl hkl 

flections only. Two addit ional  refinement cycles with 
anisotropic thermal  parameters reduced the conven- 
tional R to 0.084 and Rw to 0.105. The eight hydrogen 
a tom positions were located from a AF synthesis and 
along with isotropic thermal  parameters were included 
in two addit ional  refinement cycles: R decreased to 
0.056, Rw to 0.079. 

Four  reflections which appeared to be in error were 
removed and tb_e scattering factors for hydrogen were 
changed to those of  Stewart, Davidson & Simpson 
(1965). Three more refinement cycles reduced R to 
0.047 and R w  to 0.045, the change in R being primar-  

Table 4. Comparison of  bond lengths and angles among some saturated and unsaturated pyrimidine molecules 

(a) Bond lengths 
Pyrimidine N(1)-C(2) C(2)-N(3) N(3)-C(4) 
cis-syn i'336 A 1"390 A 1"360 A 
Uracil dimer 1-330 1.298 1.364 
trans-anti 1.334 1 "390 1-357 
Thymine dimer 
cis-anti 1-342 1"426 1"378 
Dimethylthymine 1.344 1.406 1.377 
dimer 
Dihydrothymine 1-326 1-383 1.358 
Dihydrouracil 1"34 1"39 1"38 

Uracil 1-371 1"376 1"371 
Thymine 1"355 1"361 1"391 

(b) Bond angles 

cis-syn 
Uracil dimer 
trans-anti 
Thymine dimer 
cis-anti 
Dimethylthymine 
dimer 
Dihydrothymine 
Dihydrouracil 
Uracil 
Thymine 

C(4)-C(5) C(5)-C(6) C(6)-N(1) Reference 
1-498 A 1-540 A 1.441 A This work 
1"497 1.533 1.435 
1.508 1.547 1 .440  Camerman & Nyburg (1969) 

1.509 1-533 1 .431 Camerman, Weinblum & 
1.503 1.529 1.449 Nyburg (1969) 

1-54 1.52 1"46 Furberg & Jensen (1968) 
1.50 1.51 1.47 Rohrer & Sundaralingam 

(1968) 
1-430 1.340 1-358 Stewart & Jensen (1967) 
1"447 1"349 1.382 Gerdil (1961) 

N(1) C(2) N(3) C(4) C(5) C(6) 
126.4 ° 117.5 ° 126.8 ° 115.5 ° 118-2 ° 111.3 ° 
124"1 117"3 127"1 117"1 114"4 116"0 
125"7 116"8 127"8 117"7 115"2 116"0 

121 "7 116"9 125"8 117-7 112" 1 116"3 
121 "6 117-4 126"3 117"8 112"7 115-7 

121 "6 116"6 126"3 113"6 106"7 108"8 
121 116 127 114 113 110 
122"7 114"0 126"7 115"5 118"9 122-3 
122"8 115"2 126"3 115"6 118"2 121 "8 
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ily due to editing the reflections thought to be in error. 
At this point, the average shift for the parameters was 
0.16a, with. a maximum of 1-09a for the B value of 
one hydrogen atom. The principal result of changing 
the hydrogen scattering factors was a change in the 
thermal parameters of the hydrogen atoms from a range 
of - 0 . 7 - 1 . 8  to 1.4-4.1 A. Remeasuring 30 reflec- 
tions (of which only 12 turned out to be significantly 
in error), adjusting the weights with the parameter S 
set equal to 0.02 for all the data and refining for two 
more cycles gave an R of 0.044 and Rw of 0.046. Three 
additional refinement cycles reduced the average shift 
to 0.03a and changed R to 0.045, but there was no 
further change in Rw. The R for the unobserved reflec- 
tions was 0.064. The highest peaks in the final differ- 
ence Fourier synthesis were 0.25 e.A -3, some appear- 
ing between bonded-carbon atom positions. 

Results 

Table 2 is a list of Fo and final Fc values, scaled by a 
factor of 10. The final positional and thermal par- 
ameters are listed in Table 3. Maximum values of th.e 
estimated standard deviations in C-C, C-N and C-O 
bond lengths are 0.0025 ,~, in C-H bond lengths, 
0.025 ,~, in bond angles involving non-hydrogen atoms, 
0.2 °, and in those involving hydrogen atoms, 1.5 °. Com- 
parison of chemically identical bond lengths in the 
two halves of the molecule indicates that the standard 
deviations estimated from the inverse matrix of the 
least-squares refinement are reasonable. Bond lengths 

and angles uncorrected for the effects of thermal mo- 
tion are given in Fig. 1. A calculation using a riding 
model shows an upper limit of change in ring bond 
lengths of 0.007 ,~ and in C-O bond lengths, 0.01- 
0.02 A, values which are significant in view of the 
e.s.d.'s quoted above. Fig. 2 is a stereo plot of the mol- 
ecule with. thermal ellipsoids drawn at the 50 % prob- 
ability level. Fig. 3 illustrates th.e arrangement of the 
molecules in the unit cell. 

Discussion 

The molecular structure 
The bond lengths and angles in the heterocyclic parts 

of the molecule are quite comparable with those of the 
other saturated pyrimidines as shown in Table 4. The 
close agreement between corresponding bond lengths 
in two different isomers of the dimer, the trans-anti 
and this one, show that although the cyclobutane con- 
formations in each of these are different (one being 
planar and the other puckered and not distorted from 
normal cyclobutane conformations), they have little 
effect on the heterocyclic part. There is still consider- 
able double-bond character in the C-N bonds, similar 
to that in other C-N bonds conjugated with C=O bonds 
as in diketopiperazine (Degeilh & Marsh, 1959) and 
peptides (Pauling & Corey, 1951). Since the hydrogen 
atoms are definitely localized on the nitrogen atoms, 
the molecule is in the keto form. 

The bonds in the cyclobutane ring are of two kinds, 
inter- and intrapyrimidine ring, and as such have sig- 

Table 5. Bond angles of substituents on the cyclobutane ring 

'Axial '  
C(42)-C(52)-C(51) 114.7 ° 
C(42) -C(52) -C(62)  114-4 
N(11)-C(61)-C(62)  112.6 
N(11)-C(61)-C(51)  111.3 
H(62)-C(62)-C(61 ) I 12 
H(62)-C(62)-C(52)  109 
H(5 l ) -C(51) -C(52)  112 
H(51 )-C(51 )-C(61 ) I l I 

'Equa tor ia l '  
H(52)-C(52)-C(51 ) l 17 ° 
H(52) -C(52) -C(62)  115 
H(61)-C(61)-C(62)  117 
H(61)-C(61)-C(51)  118 
N(l  2)-C(62)-C(61 ) l 19-l 
N(12)-C(62)-C(52)  116.0 
C(41) -C(51) -C(52)  117-4 
C(41)-C(51)-C(61) 118.2 

C(42) -C(52) -H(52)  107 ° 

N(11)-C(61)-H(61)  108 

N(12)-C(62)-H(62)  I !0  

C(41) -C(51) -H(51)  108 

Fig.2.  S tereoscopic  plot  of  the rmal  el l ipsoids of  cis-syn uracil p h o t o d i m e r  at 50% probabi l i ty  level, viewed a long  c*. 

A C 26B - 9 
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nificantly different bond lengths [see Fig. l(a)]. Bond 
lengths in the range 1.53-1.57 A have been reported 
in simply substituted cyclobutane molecules, i.e. where 
substituents are not involved in other rings as in this 
case (see Adman & Margulis, 1968 and references 
therein). In the present molecule, the interpyrimidine 
bond lengths are 1.572 and 1.563/~, and although the 
difference between them is small, it is significant at the 
1% level. The difference may well be real since one of 

I 
the bonds is between a pair of O=C-CH-" groups, the 

CH 
I 

other between a pair of N - C H -  groups. The inter- 
pyrimidine bond lengths observed in the eis-anti dime- 
thylthymine dimer (Camerman, Weinblum & Nyburg, 
1969) are not significantly different and the average 
value is 1-574 + 0.003/~. In that case, however, both 

CH CH 
I I 

bonds are between an O=-C-CH- group and an N - C H -  
group and should be the same length. The cyclobutane 
rings in both dimers are puckered and the interpyrimi- 
dine bond lengths are on the high side of the range 
quoted above although the longer bond lengths are 
usually found in planar cyclobutane molecules. 

The intrapyrimidine bonds in common with the 
cyclobutane ring in the eis-syn uracil dimer are longer 
than the corresponding bonds in the dihydropyrimi- 
dines, and the angles at the N(1) nitrogen atoms are 
larger in the unmethylated dimers than the correspond- 
ing angles in the dihydropyrimidines (see Table 4). The 
latter effect probably results from the former which 
in turn stems from the fact that the C(5)-C(6) bonds 
are part of the cyclobutane ring. 

Each pyrimidine ring is in a half-chair conformation 
represented schematically in Fig. 4 in terms of distance 

of the atoms from a least-squares plane through the 
six atoms of the ring and also by the values of the tor- 
sion angles around each bond in the ring. The tings 
are more nearly planar than other pyrimidine rings 
with saturated C(5)-C(6) bonds (except for the tings 
in the trans-anti dimer): least-squares planes fit, within 
0.03 A, atoms N(1)-C(Z)-N(3)-C(4)-C(5), with C(6) 
deviating by -0 .28  and -0-26 A from the respective 
planes Jn each ring. Individual portions of the molecule 
are more nearly planar than others: in both rings least- 
squares planes fit within 0.008 A atoms N(1)-C(2)-- 
O(2)-N(3); within 0.010, N(3)-C(4)-O(4)-C(5), and to 
within 0.015/~, N(1)-C(2)-N(3)-C(4). The angle be- 
tween the 'best' planes of the six atoms in each ring is 
140 ° . 

The cyclobutane ring is puckered, having an average 
dihedral angle equal to 155 °, a value indicating a flatter 
ring than most non-planar cyclobutanes, where the 
range of values is 149-155 ° . The torsion angles within 
the cyclobutane rings are + 17, - 17, + 17 and - 17 °. 
As a result of the puckering, the heterocyclic rings are 
twisted. A measure of the 'twist' of the tings relative 
to each other, i.e. degree of nonsuperposition when 
viewed along either interpyrimidine cyclobutane bond, 
is the average of the dihedral angles between the planes 
determined by C(41)-C(51)-C(52) and C(51)-C(52)- 
C(42) and between the planes determined by N(11)- 
C(61)-C(62) and C(61)-C(62)-N(12). The average is 
24 ° , the former being 23 ° , the latter, 25 ° . 

It is interesting to note that the cis-anti thymine 
dimer, which has no hydrogen bonds since the nitro- 
gen atoms are methylated, has a slightly more puckered 
cyclobutane ring (dihedral angles average 153.5 °) and 
a twist of 29 °, and that the cis-syn dimethylthymine 
dimer has a twist of 28 °. Either the hydrogen bonding 
or the lack of a methyl group on C(6) tends to open 
up the cis-syn uracil dimer in the crystal. 

An additional feature, related to the puckering, is 
the 'axial' or 'equatorial' character of the substituents, 

Table 6. Hydrogen-bond geometry 

Type Atoms in bond O-1'4 O-H C-O-N O-H-N 
I N(32)-H(32)-O(41) 2.846 ,~ 1.93/~ 132.5 ° 172 ° 
II N(12)-H(12)-O(22) 2.888 1.98 120.8 177 
III N(11)-H(11)-O(42) 2.887 2.00 149.1 164 
IV N(31)-H(31)-O(21) 2.860 1.96 126.6 171 

Fig. 3. Stereoscopic drawing of packing and hydrogen bonding in crystal of cis-syn uracil photodimer, viewed along - e*. The a 
axis runs left to right; b, top to bottom. The origin of the unit cell is at the top, left front corner. 
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analogous to cyclohexane. The average value of the 
angle ('A') between the axial substituents and the mean 
plane of the cyclobutane ring is 20 ° while that ( 'E')  
of the equatorial substituents is 127 °. The close approach 
[3.24 A for N(11)-C(42)] of the transannular axial sub- 
stituents forced by the small ring system determines 
the observed values of 'A';  in the less crowded cyclo- 
hexane the analogous angles 'A' and 'E '  would be 0 
and 109.5 ° respectively. Crowding of substituents on a 
puckered four-membered ring also constrains the val- 
ues of the angle ( 'S ')  between substituent bonds and 
ring bonds. Table 5 shows that the value of 'S '  is 
smaller than 115 ° for axial substituents and greater than 
115 ° for equatorial substituents, whereas they should 
approach the normal tetrahedral value of 109.5 ° if th~,y 
were in a less crowded ring system. 

The crystal structure 

The molecules are held in the crystal lattice by an ex- 
tensive network of N - H .  • • O hydrogen bonds in which 
all those possible are formed. The arrangement is 
shown in Fig. 3. Ribbons of hydrogen-bonded mol- 
ecules undulate roughly parallel to [101] so that in a 
ribbon A B A B  . . . ,  A is joined to B by one pair of 
hydrogen bonds of type I across a center of symmetry 
at (½ 0 1) and translationally equivalent positions, and 
B is joined to A by a second pair of hydrogen bonds, 
type II, across a center of symmetry at (0 0 ½) and trans- 
lationally equivalent positions. The A molecules are 
in the extreme upper left of Fig. 3, B at the upper left 
of the unit cell. The A B A B . . .  ribbon corresponds to 
the top ribbon in Fig. 3 with type II bonds to the left 
and type I at the center. A second ribbon, A ' B ' A ' B ' . . . ,  
in which A' is related to A by a screw axis, runs in the 
same way, except that II' is centered at (½ ½ 1) and I' 
at (0 ½ ½). The ribbon A B A B  is hydrogen bonded to 
another A B A B  ribbon by single hydrogen bonds of 
type III (and III' for A ' B ' A ' B ' )  connecting transla- 
tionally equivalent molecules in the z direction. The 
sheets of A B A B . . .  and A ' B ' A ' B '  . . .  thus formed are 
then hydrogen bonded to each other by type IV single 
hydrogen-bonds connecting screw related molecules, 
thus completing the three-dimensional network. The 
geometry of each of these types of hydrogen bond is 
described in Table 6. Type III appears to be the most 

distorted, another example of the variability in hydro- 
gen-bond geometry. There are a few short intermolec- 
ular contacts, primarily between ring 2 of a B molecule 
and ring 2 of the A molecule related by a center of 
symmetry at (½ 0 ½). These are: C(22)-C(42'), 3.391 A; 
C(22)-N(32'), 3.240 A; O(22)-C(42'), 3.155 A; C(52)- 
0(22'), 3-303 A. Short distances between molecules 
related by the screw axis at (¼ y ¼) are between C(62)- 
O(21'), 3.3,03/k; and C(41)-O(22'), 3.301 /k. An addi- 
tional close approach of 3.295 A is between C(62) and 
O(41) of glide-related molecules. All of these ap- 
proaches can be seen to be a result of the requirements 
of the elaborate .hydrogen bonding network. 

Conclusions 

The cis-syn uracil dimer geometry typifies two features 
which may be expected in the pyrimidine dimers occur- 
ring in DNA:  one feature is a puckered cyclobutane 
ring with geometry very much like simply-substituted 
cyclobutane rings; the other, pyrimidine rings with 
characteristic changes in bond lengths in addition to 
those expected for the bond also contained by the 
cyclobutane ring. The hydrogen bonding ability of the 
monomer is not changed in the dimer, although in 
DNA the fairly strict geometric requirements for hy- 
drogen bonding may no longer be satisfied since the 
relative orientation of the halves of the dimer would 
destroy the coplanarity of hydrogen-bonded base pairs. 
Just how much the DNA backbone must be distorted 
to accommodate this new geometry remains to be seen 
from studies of higher order dimers such as uridine 
dimer or a dimer of uridylyl-(Y-5')-uridine with the 
ribose-phosphate-ribose unit intact. 

All computing, except where otherwise noted, was 
done using the programs in X-ray-63 (Stewart, 1964). 
Stereo drawings were done using Johnson's (1965) 
O R T E P  plotting program. 

The authors wish to thank Dr Milton P. Gordon for 
suggesting the problem and Valerie White for assis- 
tance in making the compound. This work was sup- 
ported by USPHS Grants GM-10828 and AI-03342 
from the National Institutes of Health. 
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Fig.4. A schematic plot of the distances of atoms in the heterocyclic ring from the best least-squares plane of all six. The torsion 
angle (in degrees, that of ring 2 in parentheses) is the angle between the normals to two least-squares planes of three ring atoms, 
each having a bond common to both. The sense is such that when viewing along a bond the three-atom-plane containing the 
bond furthest from the viewer must be rotated in a clockwise direction to eclipse the three-atom plane containing the forward- 
most bond. 
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The Crystal Structure of Trimethylammonium Iodide; Refinement of Absorption 
for a Laminar Crystal 

BY G. M. SHELDRICK AND W. S. SHELDRICK 

University Chemical Laboratory, Lensfield Road, Cambridge CB2 1 EN, England 

(Received 1 October 1969) 

The crystal structure of Me3NHI has been determined by single-crystal X-ray diffraction. The crystals 
are monoclinic, P21/m, a= 7.13, b=  8.33, c= 5-62 A, t =  104048 ', Z =  2. Intensities were estimated visu- 
ally from equi-inclination Weissenberg photographs; the structure was refined by full-matrix least 
squares to a final conventional R index of 0.147 for 431 non-zero unique reflexions. The compound is 
isostructural with Me3NHBr but not with Me3NHC1. The N-C [bond lengths are 1"45 + 0.06 and 
1-46 + 0.04 A, and the C-N-C angles 113 + 2 and 109 + 2 °. There is a short, probably linear, N - H .  • .I 
hydrogen bond, with an N . . . I  distance of 3-46 + 0.04/~. A useful procedure for refining the linear 
absorption coefficient for a laminar crystal is described. 

Introduction investigation of  t r imethylamine adducts of  silyl halides. 
We have completed the structure determinat ion be- 

A complete set of  X-ray data for a crystal of  trimethyl- cause there is some interest in the N - H - . -  I hydrogen 
a m m o n i u m  iodide was obtained in the course of  our bond length, and because it provided an opportunity 


