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about C(2 ' ) -O(2 ' )  which is only - 0 . 6  °. The pseudo- 
rotation parameters for the dioxolane ring are P = 
124 °, ,;I,m, ma x = 33"9 ° (Sprang, Rohrer & Sun- 
daralingam, 1978). This value is close to that of the 
dioxolane ring in MMU (32.3°). 

The conformation about the exocyclic C (4 ' ) -C(5 ' )  
bond is gauche-gauche with the torsion angles tPoo = 
- 6 8 . 4  and ~Ooc = 51.3 ° 

Molecular packing 

The packing of the molecules in the unit cell is shown 
viewed down c and a in Figs. 4 and 5 respectively. 
The molecules run in a helical fashion parallel to c. This 
is stabilized by the intermolecular hydrogen bond 
N ( 3 ) - H . . . 0 ( 2 )  (2. 906 ,/~). Neighbouring helical 
columns are linked through the other hydrogen bond 
0 ( 4 ) - - . H - O ( 5 ' )  (2-720/~). These are the only hydro- 
gen bonds in the extended crystal structure. 

We thank the DST and DAE for financial support. 
One of us (SKK) thanks the CSIR for the award of a 
fellowship. 
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Abstract 

The title compound, (C6HsN202)2, is monoclinic, 
P21/c, with a = 7.5420 (3), b = 6.2277 (2), c = 
14.4633 (5)/~, f l - -  117.039 (3) ° , Z -- 2. Other 
pertinent information: D x = 1.538 Mg m -a, U = 
605.08 A 3, F(000) = 296,/~(Cu Ka) = 1.0026 mm -1, 
transmission = 0.800-0.922,  T = 297 K. The struc- 
ture was solved by direct methods. Refinement yielded 
R(F) = 0.039 for 1052 nonzero counter data to 
0.84 A. The dimer is of the trans-anti type, having a 
crystallographic center of symmetry at the center of its 
cyclobutane ring. The pyrimidine ring is folded along 
the N(1) . . .C(4 )  line with a dihedral angle of 
163.6 (1) ° between two planes each consisting of four 

* Research sponsored by the Office of Health and Environmental 
Research, US Department of Energy, under contract W-7405- 
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ring atoms. About 4% of the molecules exist in the 
monomeric form, presumably because of prolonged 
X-irradiation. E.s.d.'s of bond lengths and angles 
involving C, N, O atoms are 0 .002A and 0.1 ° 
Through pairs of centrosymmetrically related 
N(3)H. . .O(2)  hydrogen bonds, the dimers form 
infinite chains in the [ 110] direction. 

Introduction 

When frozen solutions of pyrimidines or N-methylated 
pyrimidines are irradiated by UV light, dimerization 
across the 5,6-double bonds takes place. Depending on 
the geometrical arrangement of pyrimidines with 
respect to the cyclobutane ring thus formed, and on the 
type of 5,6 • 5',6' linkage for the two pyrimidines, it was 
proposed that four different stereoisomers could be 

© 1981 International Union of Crystallography 
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formed, viz., cis-syn, cis-anti, trans-syn, and trans-anti 
types (Wulff & Fraenkel, 1961). Subsequently, between 
1968 and 1972, structural determinations of 10 
photodimers of the four types were carried out (for a 
review, see Karle, 1976). Among them, the eis-syn type 
that occurs in DNA (Weinblum & Johns, 1966) was 
the most prevalent, and structures of only two dimers 
of the trans-anti type, those of thymine (Camerman & 
Nyburg, 1969) and l-methylthymine (Einstein, 
Hosszu, Longworth, Rahn & Wei, 1967), were repor- 
ted. (The latter was a preliminary account of part of the 
work described here.) 

The cyclobutane ring of thymine photodimers has 
long been recognized as being susceptible to cleavage in 
solution, yielding monomers by UV fight (Beukers & 
Berends, 1960) and X-rays (Lochmann, 1963). Even in 
the solid state monomerization can take place, as 
determined by optical methods, for crystals of all four 
stereoisomers of dimethylthymine dimer irradiated with 
6°Co ),-rays (Weinblum, 1969). Evidence of mono- 
merization from X-ray structural studies has so far 
been reported for three crystals of the eis-syn type. In 
the structure of 1, l'-trimethylene-linked thymine dimer 
(Leonard, Golankiewicz, McCredie, Johnson & Paul, 
1969) four monomeric sites, corresponding to 
cyclobutane-ring atoms, were located, and were subse- 
quently included in the refinement (each with 10% 
occupancy). Although monomerization was strongly 
suspected in the structure of 1,3-dimethylthymine 
dimer (Camerman & Camerman, 1970) because one of 
the inter-pyrimidine bonds was unrealistically long 
(1.66 A), the authors were not able to find evidence of 
monomer sites. The third case was the sodium salt of 
thymine dimer (Wei & Einstein, 1968), for which the 
sites of all nonhydrogen monomer atoms were located. 

We present here details of our recent structural 
reinvestigation of 1-methylthymine photodimer, includ- 
ing newly found evidence of the coexistence of 
monomeric species in the crystalline state, and refine- 
ment of a mixed dimer-monomer model. The results 
confirmed that X-ray splitting of a trans-anti 
photodimer can indeed occur, as in the case of 
dimethylthymine dimer (Weinblum, 1969). The results 
also provide further information regarding the 
pyrimidine-ring conformation when the cyclobutane 
ring is planar. 

Experimental 

The sample was prepared by UV irradiation (254 nm) 
of frozen solutions of 1-methylthymine. The unreacted 
monomeric species was removed from the dried residue 
by repeated washing with cold ethanol in which the 
photoproduct is insoluble. Crystals of the dimer were 
grown from aqueous solution at 277 K. After pre- 
liminary Weissenberg and precession photographs were 

taken, the cell parameters were refined by the least- 
squares method using 11 strong reflections in the 20 
range of 118-132 ° on an Oak Ridge computer- 
controlled diffractometer (Busing, Ellison, Levy, King 
& Roseberry, 1968). Intensity data were then collected 
from a crystal of size 0.09 x 0.17 x 0.36 mm, up to a 
20value of 133 ° using Cu Ka radiation.t Data collected 
by w-step scans (20 < 60 °) were merged with those 
collected by 0-20 step scans. Thus, intensities of 1052 
unique, nonzero reflections were obtained. They were 
corrected for absorption and assigned weights for 
least-squares refinement in the manner given elsewhere 
(Wei & Einstein, 1978). 

Solution and refinement of the structure 

The structure was solved by the symbolic addition 
procedure with the use of the program M A G I C  
(Fleischer, Stone & Dewar, 1966). After parameters of 
10 independent nonhydrogen atoms were refined with 
the program O R F L S  (Busing, Martin & Levy, 1962), a 
difference Fourier map showed all eight independent H 
atoms. The refinement (based on F 2) in which an 
isotropic-extinction parameter (Coppens & Hamilton, 
1970) was included, and in which thermal parameters 
of the nonhydrogen atoms were treated anisotropically 
and those of the H atoms isotropically, converged to 
give R(F)  and R(F  2) values of 0.050 and 0.070. 

2 -" 4 1 / 2  Rw(F2), defined as (~ .wlF 2 - sF21 /~WFo) , where s 
is a scale factor, was 0.132. All molecular parameters 
calculated by the use of the program ORFFE (Busing, 
Martin & Levy, 1964) appeared normal. 

A difference Fourier map calculated at this stage 
contained five residual peaks with densities (0.3 to 
0.5 e A -3) somewhat higher than the expected noise 
level. Model building revealed that the seven highest 
peaks (0.2 to 0.5 e A -3) of the difference Fourier map 
were roughly coplanar, with a configuration suggesting 
seven of the 10 heavy-atom positions of a 1-methyl- 
thymine molecule, such as might have resulted from 
X-ray splitting of the dimers. The dimer atom C (2) and 
another difference Fourier peak [N(3*)] corresponded 
reasonably well in position to two of the three 
remaining atoms of the monomer. Refinement was 
continued with a mixed dimer-monomer model, with 
the monomer atoms fixed at the difference-Fourier-map 
positions, and their thermal parameters fixed as 2 A 2 
for ring atoms, 3 A 2 for exocyclic atoms. The dimer 
atoms were constrained to have the occupancy m, 
except for C(2), an average site, for which the 
occupancy was 1, and the corresponding monomer 
atoms (only C, N, O atoms) were given the occupancy 

t About two days after data collection was initiated, an electronic 
noise problem arose. After it had been solved, the whole set of data 
was recollected. The total estimated exposure for the crystal was 
nine days at 35 kV and 20 mA. 
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Table 1. Positionalparameters [C, N, O, × 104; H and 
minor monomeric sites (with asterisks), × 1 0 3 ]  and 
equivalent isotropic (C, N, O) or isotropic (H) thermal 

parameters (A 2) 

The e.s.d.'s of the least significant figures are given in parentheses. 
Equivalent isotropic thermal parameters were calculated according 
to Hamilton (1959). 

x y z Beq or B 

N(1) 1552 (2) 395 (2) 4205 (1) 2.2 
C(2) 979 (2) 2208 (2) 4509 (I) 2.3 
N(3) 2460 (2) 3399 (2) 5293 (1) 2.3 
C(4) 4457 (2) 2982 (2) 5783 (1) 2.2 
C(5) 5057 (2) 705 (2) 5705 (1) 2.1 
C(6) 3485 (2) -590 (2) 4793 (1) 2.0 
C(7) 43 (3) -905 (3) 3383 (1) 3.0 
C(8) 5730 (3) -371 (3) 6764 (1) 2.9 
0(2) -745 (2) 2866 (2) 4122 (1) 3.1 
0(4) 5665 (2) 4344 (2) 6277 (1) 3.2 
H(3) 198 (3) 466 (4) 543 (2) 3.4 (4) 
H(6) 322 (3) -206 (3) 497 (1) 2.2 (3) 
H(Ta) 54 (4) -136 (5) 291 (2) 6.8 (7) 
H(7b) -10  (5) -236 (6) 364 (3) 7.9 (8) 
H(7c) -101 (4) -13 (5) 303 (2) 5.6 (6) 
H(8a) 451 (4) -56 (4) 686 (2) 4.5 (5) 
H(8b) 631 (3) -179 (4) 673 (2) 3.6 (4) 
H(8c) 683 (4) 47 (4) 737 (2) 4.5 (5) 
N(I*) 114 40 437 Ca) 
N(3*) 218 362 538 Ca) 
C(4") 358 263 590 Ca) 
C(5") 425 35 603 (a) 
C(6") 281 -42  548 (a) 
C(7") -104 -114 354 (b) 
C(8") 637 -24  643 (b) 
0(2*) -59 302 383 (b) 
0(4*) 510 385 657 (b) 

(a) Assigned 2.0 A ~. (b) Assigned 3.0 A ~. 

1 - m. After further least-squares cycles, eight 
monomer atomic positions were re-established from the 
eight highest peaks of a partial difference Fourier map. 
Another peak with considerably lower density was 
assigned as the tenth monomer atom [C(6")], and the 
refinement was continued in the same manner. At 
convergence, the parameter shifts were all less than 2% 
of the corresponding e.s.d.'s. The R(F), R(FZ), and 
Rw(F z) values stood at 0.039, 0.053, and 0.106, 
respectively; the value of m was 0.964 (2), and that of 
the isotropic-extinction parameter was 0.014 (3). The 
scattering factors used were those of Berghuis, 
Haanappel, Potters, Loopstra, MacGillavry & Veenen- 
daal (1955) for C, N, and O; those of Stewart, 
Davidson & Simpson (1965) were used for H. The final 
atomic parameters are given in Table 1.t 

+ Lists of structure factors and anisotropic thermal parameters 
have been deposited with the British Library Lending Division as 
Supplementary Publication No. SUP 35711 (4 pp.). Copies may be 
obtained through The Executive Secretary, International Union of 
Crystallography, 5 Abbey Square, Chester CH 1 2HU, England. 

Discussion 

The 1-methylthymine dimer has a crystallographic 
center of symmetry at the center of its cyclobutane 
ring. A stereoscopic view of the dimer is shown in Fig. 
1, and interatomic bond distances and bond angles are 
given in Fig. 2. These values are not significantly 
different from those obtained on refinement of the 
dimer alone (without partially occupied monomer 
sites). The largest difference in the bond distances on 
changing to the final, mixed dimer-monomer model 
was an increase of 0.005 A for N(1)-C(2);  the average 
difference for bond lengths between nonhydrogen 
atoms was 0.002 A. 

The dimer bond distances and angles are less reliable 
than as indicated by their e.s.d.'s, because of the 
disorder. Still, they fall within the ranges tabulated for 
pyrimidine photodimers (Karle, 1976). The N(1) -C(2)  
distance is 0.017 A. longer, and the C ( 6 ) - N ( 1 ) - C ( 2 )  
angle is 2.4 ° smaller, than the corresponding values 
observed for the thymine trans-anti photodimer 
(Camerman & Nyburg, 1969). 

The cyclobutane ring is planar by symmetry. The 
pyrimidine ring is folded along the N(1) . . .C(4)  line 

l i i 
Fig. I. A stereoscopic view of the trans-anti photodimer of 

l-methylthymine. All figures were prepared by the use of the 
program OR TEP-II (Johnson, 1976). 
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Fig. 2. Bond lengths (A) and bond angles (°) for the dimer 
molecule and hydrogen-bond parameters. Primes refer to atoms 
related to those in the asymmetric unit by the crystallographic 
center of symmetry. The angles C(8) -C(5) -C(6)  and C(6)- 
C(5 ' )-C(4 ' )  are 113.8 and 112.0 °, respectively. Not shown are 
15 bond angles involving H atoms attached to tetrahedral 
carbons. They range from 98 ° for H(7a)-C(7)-H(7b)  to 120 ° 
for H(7b)-C(7)-H(7c),  with an average value of 109.7 °. E.s.d.'s 
are as follows, where X denotes a nonhydrogen atom: for bond 
lengths X-X ,  0.002, X-H,  0.01-0.03 A [single exception, 0.04 
A for C(7)-H(7b)]; for bond angles X - X - X ,  O. 1, H - X - X ,  1-2, 
H - X - H ,  2 ° Isingle exception, 3 ° for H(7a)-C(7)-H(7b)]. 
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with C(5) and C(6) atoms out of the best plane formed 
by N(1), C(2), N(3), and C(4) by 0.423 (3) and 
0.322 (3)A in the same direction. A similar folded 
configuration has been observed for one of the two 
pyrimidine rings in 1, l'-trimethylene-linked thymine 
cis-syn photodimer (Leonard et al., 1969), in which 
C(5) and C(6) atoms are out of the best plane formed 
by the remaining four pyrimidine-ring atoms by 0.30 
and 0.32 A. Another folded configuration was found in 
one of the two pyrimidine rings of 6-methyluracil 
cis-syn photodimer (Gibson & Karle, 1971), in which 
the folding of 11.5 o is along the N(3).. .  C(6) line. 

It was stated by Karle (1976) that when the 
cyclobutyl ring is planar, or nearly so, the adjacent 
six-membered rings are also planar. This generalization 
holds for one of the two pyrimidine rings in the 
structure of Leonard et al. (1969), for trans-anti 
thymine dimer (Camerman & Nyburg, 1969), and for 
one pyrimidine ring adjacent to the cyclobutane ring in 
a thymine trimer (Flippen & Karle, 1971). However, 
the folded conformation for the other pyrimidine ring in 
the structure cited above of Leonard et al. (1969) is a 
counter-example to this generalization. The folded 
conformation, observed in the present structure, pro- 
vides an additional counter-example. 

In the present structure, the group of atoms on one 
side of the fold, N(1), C(2), N(3), and C(4), are 
coplanar to within 0.007 A (plane 1). The group on the 
other side of the fold, N(1), C(6), C(5), and C(4), are 
much less coplanar, with a maximum deviation of 
0.04 A from the least-squares plane (plane 2). The 
dihedral angles between various planes are: planes 1 
and 2, 163.6(1)°; plane 2 and cyclobutane ring, 
118.2 (1)°; plane 1 and cyclobutane ring, 134.5 (1) °. 
The torsion angles C(4)-C(5)-C(6)-C(5 ' )  and N(1)-  
C(6)-C(5)-C(6 ' )  are 114.6 (1) and -122.2 (2) °, 
respectively. 

The 1-methylthymine dimers are connected in 
infinite chains along the [110] or [i 10] directions by 
centrosymmetrically related pairs of N(3)H.. .O(2) 
hydrogen bonds (Fig. 2). This type of hydrogen 
bonding occurs very frequently in the crystals of 
photodimers reviewed by Karle (1976). 0(4) atoms do 
not participate in hydrogen bonding. Excluding N(3) 
and 0(2) atoms, the shortest intermolecular (dimer) 
contact between nonhydrogen atoms is 3.38 A for 
O(4)...C(4), and that between nonhydrogen and H 
atoms is 2.48 A for 0(4) . . .  H(8b). 

The coordinates of monomer atomic sites, as 
obtained from a partial difference Fourier map, are 
included in Table 1, and the observed monomer 
configuration is shown in Fig. 3. Although these atomic 
sites roughly conform to those for the 1-methyl- 
thymine framework, their occupancy is low (only 
3.6%), and these sites were not refined, except for their 
occupancy. The splitting of dimer into monomers in the 
crystalline state upon X-irradiation has previously been 
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Fig. 3. (a) The framework of monomer atomic sites, as obtained 
from a partial difference Fourier map. (b) A view rotated 90 ° 
clockwise around the N( 1")... C (4*) direction. 

reported only for three cis-syn isomers (see 
Introduction). The case of the sodium salt of thymine 
dimer (Wei & Einstein, 1968), in which extensive 
remonomerization resulted in a dimer-monomer ratio 
of roughly 7 : 3, is the only one for which a complete 
model for the disorder, including all nonhydrogen 
atoms of the monomers, has been successfully refined 
(J. R. Einstein & C. H. Wei, to be published). 

Despite the fact that in this trans-anti dimer there is 
no strain created by the crowding of methyl groups 
attached to C(5) and C(5'), as in the three cis-syn cases 
cited above, our results show that X-rays can result in 
sufficient monomerization for detection in a structural 
study, though less than in the above cases. This finding 
is in accordance with the observations of Weinblum 
(1969) that ),-rays monomerize the three 'unstrained' 
stereoisomers of dimethylthymine photodimer, besides 
the strained cis-syn type. 

We thank Dr H. A. Levy for making available to us 
(in 1967) the X-ray diffractometer used for data 
collection. 
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Abstract 

Crystalline C27H26N202 is monoclinic, space group 
P21/b, with a = 11.335 (3), b = 13.012 (2), c = 
15.513 (6) A, y = 98.56 (3) °, Z -- 4, D m -- 1.22 (1) 
and D x = 1.204 Mg m -3. Data were collected on an 
Enraf-Nonius  CAD-4 diffractometer using Mo Ka 
radiation. The crystal structure was solved by direct 
methods and refined by full-matrix least-squares 
analysis to a final R of 0.055 for 1784 independent 
reflections. All the H atoms, except those attached to 
the last two C atoms of the butyl group, were located 
and refined. The crystal structure can be regarded as 
consisting of either layers parallel to the (120) plane or 

0567-7408/81/020414-05501.00 

columns built along 21 axes parallel to Oz in the (100) 
plane. An intramolecular N - H . . - O  hydrogen bond 
forms a pseudo-ring in which four bonds are in- 
volved with non-located ~r electrons. The interatomic 
distances and bond angles are in good agreement with 
values reported in the literature. 

Introduction 

La preparation du benzoyl-1 n-butyl-2 ph6nacylid+ne-3 
t&rahydro-l,2,3,4 quinoxaline a 6t+ r~alis6e dans le 
cadre de la recherche de mol6cules susceptibles de 
pr+senter une action anti-inflammatoire. Les m~thodes 
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