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Oxazofurin is the inactive oxazole analogue of the C-glycosyl thiazole antitumor agent tiazofurin. 
Replacement of the thiazole sulfur in tiazofurin with the oxazole oxygen in oxazofurin produces 
conformational effects that are examined using crystallographic and computational methods. The 
crystal structure of oxazofurin contains six molecules in the asymmetric unit and has been refined 
to a standard R value of 6.8% for all data. The six oxazofurin conformers show an average 
C-glycosidic torsion angle of 70(9)°. This value is significantly higher than the average absolute 
C-glycosidic torsion angle of 24(10)° obtained from previous thiazole nucleoside structures. Previous 
studies suggest that, in tiazofurin, an electrostatic interaction between a positively charged thiazole 
sulfur and negatively charged furanose oxygen constrains the C-glycosidic torsion angle to a relatively 
small value. Ab initio molecular orbital studies presented here suggest that the higher C-glycosidic 
angles observed in the oxazofurin structures result from a repulsive interaction between negatively 
charged oxazole and furanose oxygens. Thus, it is likely that differences in activity between oxazo-
and tiazofurin are either (1) due directly to differences in electronic properties between the thiazole 
and oxazole rings or (2) due to the variation in C-glycosidic bond conformation resulting from the 
alteration in the charge distribution of the heterocycle. 

Introduction 

Tiazofurin (NSC 286193) is a thiazole-containing C-
nucleoside which has demonstrated clinical efficacy in the 
treatment of human leukemias.1-3 The antitumor activity 
of tiazofurin results from a combination of cytotoxic and 
maturation-inducing activities.2-4 Both effects result from 
inhibition of the target enzyme inosine monophosphate 
dehydrogenase (IMPd)2-4 by the tiazofurin anabolite 
thiazole-4-carboxamide adenine dinucleotide (TAD).5'6 

Close contacts between the thiazole sulfur and furanose 
oxygen are observed in crystal structures of free tiazofurin7 

and enzyme-bound TAD analogues,8 suggesting that a 
nonbonded S—O interaction may be one requirement for 
activity in the thiazole nucleosides. Constraints imposed 
by this interaction on rotation about the C-glycosyl bond 
may enhance binding of tiazofurin or an intermediate to 
anabolic enzymes or enhance binding of TAD to the target 
IMPd. Oxazofurin (1), the inactive oxazole analogue of 
tiazofurin,9 thus provides an ideal control for examining 
the significance of the S—O interaction. 

Computational10 and data base11 studies suggest that 
the close S-0 contact observed in tiazofurin results from 
an electrostatic interaction between a positively charged 
sulfur and negatively charged oxygen. In oxazofurin, 
replacement of the divalent thiazole sulfur by the more 
electronegative oxygen may be expected to compromise 
this interaction and thus alter the conformation about the 
C-glycosidic bond. In order to test this hypothesis, the 
crystal structure of oxazofurin has been determined. This 
novel structure yields six crystallographically independent 
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molecules in the asymmetric unit, hence six independent 
determinations of the C-glycosidic torsion angle. Ab inito 
molecular orbital studies also examine the electronic 
structure of the oxazole ring and its influence on C-glycosyl 
bond conformation. Comparison of results from oxazo­
furin with those from the thiazole nucleosides supports 
the contention that C-glycosyl bond conformation may be 
an important determinant of activity in the substituted 
C-nucleosides. 

Results and Discussion 

1. Crystallographic Studies. The crystal structure 
of oxazofurin is shown in Figure 1. Crystal and refinement 
data are summarized in Table 1. This structure contains 
six molecules in the asymmetric unit. Thus, the crystal 
structure provides six crystallographically independent 
determinations of the molecular conformation of oxazo­
furin. This finding is particularly valuable in that 
constrained regions of the molecule can be more easily 
identified. Each conformer is subjected to different 
intermolecular packing interactions. Thus, structural 
features which are conserved among the six conformers 
are more likely to result from intramolecular interactions 
and are more likely to be conserved in solution.12 
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Figure 1. Asymmetric unit of the oxazofurin crystal structure 
showing the six molecular conformers. Conformers are numbered 
sequentially from the top of the figure for comparison with Table 
2. Atom labels are shown for conformer 2. Hydrogen atoms are 
omitted for clarity. Non-hydrogen atoms are represented by 
thermal ellipsoids at the 50% probability level. The unattached 
atom at bottom is the oxygen of the water of hydration. 

Table 1. Crystal Data and Data Collection and Refinement 
Variables for Oxazofurin 
formula 
Mr 
space group 
a (A) 
6(A) 
e(A) 
0(°) 
Z 
crystal size (mm) 
diffractometer 
scan type 
radiation 
lattice parameter refinement 
transmission factor (on I) 
data collection range: 9 
data collection range: h,k,l 
total reflections 
unique reflections 
fimerjeU) 
fimergeOF) 
R(F) (all data) 
RW(F) (all data) 
no. variables 
S 
(A/ffW 
extinction parameter G (X10-4) 

C9H12N2Oe-
l/6H20 

247.2 
monoclinic, P2i 
5.482(1) 
29.423(4) 
19.546(2) 
91.04(1) 
12 
0.07 X 0.07 X 0.62 
Enraf-Nonius CAD4 
eu-20 
CuKa (X = 1.5418 A) 
25 rflns (23.8 < 29 < 61.4°) 
0.867-1.000 
3° < 20 < 156° 
0 < h < 6; 0 < k < 37; -24 < I < 24 
7493 
6774 (5307 > 3a(F0)) 
0.035 
0.028 
0.068 
0.067 
1186 
1.026 
0.53 
0.41 

The number of independent molecules seen in this 
crystal structure is unusual. A search of the Cambridge 
structural database (version 4.5)12 yields only 39 structures 
which contain six or more molecules in the asymmetric 
unit from a total of ~ 100 000 entries. Of these, none are 
nucleosides. In fact, this is the first furanose-containing 
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crystal structure to demonstrate more than four molecules 
in the asymmetric unit. 

Atomic coordinates and individual bond lengths and 
angles for the six oxazofurin conformers are deposited. 
Sugar puckers13 and selected torsion angles for each 
conformer are listed in Table 2. These values provide 
general structural features of each molecule. 

The oxazole ring in each conformer is planar within 
experimental error. Average bond lengths and angles in 
the oxazofurin oxazole rings are comparable to those 
obtained from a Cambridge structural database search of 
26 previously determined oxazole structures (deposited). 
Values of the carboxamide torsion angle K (Table 2) indicate 
that the carboxamide amino group in each structure is 
approximately cis-planar to the oxazole nitrogen. This is 
the same conformation seen in all thiazole nucleoside 
structures.14 The oxazole carboxamide group is likely 
constrained in an approximate cis-planar conformation 
by intramolecular N6-H—N3 and 06—H interactions 
similar to those identified in the thiazole-4-carboxamide 
moiety.14 

The conformational feature of greatest interest is the 
C-glycosidic torsion angle Xo, defined by the atoms O l -
C2-Cl '-01' . Values of Xo for the six conformers range 
between 58° and 83° (Table 2). Thus, the same general 
anti conformation is seen in all six independent molecules, 
despite variations in sugar pucker and 5'-hydroxyl ori­
entation (Table 2). This finding suggests that the C-
glycosidic torsion angle in oxazofurin is at least partially 
constrained within an ~25° range. 

Values of Xo may be compared with those of the 
analogous C-glycosidic torsion angle Xs observed in the 
thiazole nucleosides, defined by atoms Sl-C2-Cl ' -01 ' . 
Absolute values of Xs for 11 independent thiazole nucleo­
side structures7,10'15 range between 5.2° and 40.8°, with 
one outlier at 55.2° (ara-tiazofurin, below).16 Values of x0 

and Xs are compared graphically in the polar plot shown 
in Figure 2. Each point represents the conformation of 
one oxazole or thiazole nucleoside. The radial distance of 
each point from the origin represents the distance between 
the furanose oxygen 0 1 ' and the oxazole or thiazole 
heteroatom (Ol or Si). The angle between this radius 
and the horizontal axis gives the absolute value of Xo or 
Xs- The mean value of x0 is 70(9)° vs a mean of 24(10)° 
for Xs in the thiazole nucleosides (omitting the ara-
tiazofurin structure). It is apparent from Figure 2 that 
the oxazole ring in oxazofurin adopts significantly higher 
C-glycosidic torsion angles than does the thiazole moiety 
in tiazofurin and its analogues. 

Crystallographic and computational studies suggest that 
the C-glycosidic bond in tiazofurin is constrained such 
that the thiazole sulfur is generally syn to the furanose 
oxygen.7,10,15 This constraint results from the combination 
of attractive electrostatic interactions between the posi­
tively charged sulfur and negatively charged oxygen, as 
well as repulsive interactions between the furanose oxygen 
and the negatively charged thiazole nitrogen.10 The 
unusually high value of xs observed in ara-tiazofurin (55.2°) 
results from competing S—Ol' and S—02' interactions.16 

Crystallographic results suggest that replacement of the 
thiazole sulfur with the oxazole oxygen removes the 
attractive component of the heterocycle-oxygen interac­
tion. Apparently, repulsion between the oxazole and 
furanose oxygens drives the torsion angle to higher values. 
This hypothesis is examined next using computational 
studies. 
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Table 2. Sugar Puckera and Selected Torsion Angles 

pucker 
<b(05'-C5'-C4'-C3') 
K (N3-C4-C6-N6) 
Xo (01-C2-C1'-01') 

1 

C3' endo-C4' exo 
185.6(4) 
0.0(8) 
58.3(6) 

(°) for the Six Oxazofurin Conformers" 

2 

Cl 'exo 
53.3(6) 
7.2(7) 
62.1(5) 

3 

C3' endo 
59.4(7) 
-1.4(7) 
83.1(5) 

4 

Cl 'exo 
51.9(6) 
6.7(7) 
73.5(5) 

5 

C3' exo 
175.7(4) 
-9.0(7) 
77.2(5) 

6 
C3' endo 
171.8(4) 
-2.8(8) 
68.8(6) 

1 Numbers in parentheses are standard deviations in the last significant figure. 

thiazole 
nucleosides 

Or-S/O (A) 

Figure 2. Polar plot comparing C-glycosidic torsion angles from 
the six oxazofurin conformers (Xo) with torsion angles from the 
thiazole nucleosides (x.)• Individual values of x0 are represented 
by filled squares. Values of x» are represented by circles. The 
filled circle shows the outlying value of x« from ara-tiazofurin 
(see text). The radial axis gives the distance between 01 ' and 
either S or 0 on the heterocycle. 

2. Computat ional Studies. Ab initio quantum me­
chanical methods were used to identify interactions 
stabilizing the C-glycosidic bond conformation in oxazo­
furin. Electronic energy as a function of the C-glycosidic 
angle x0 was determined for an oxazofurin model fragment 
(Figure 3). This model fragment is analogous to the 
thiazole nucleoside "core" fragment employed in previous 
computational and database studies.10'11 The analogous 
oxazofurin fragment replaces the thiazole moiety with an 
oxazole ring. In both cases, a linkage at C2 to a methyl 
ester mimics the C-glycosidic bond. 

Energy at a given torsion angle was obtained via full-
geometry optimization at the RHF/3-21G//3-21G level.17 

Two model fragments were used. Initial optimizations 
were applied to a simple symmetric fragment, in which 
the plane of the CH3-Ol ' -C l ' atoms is parallel to the 
plane of the oxazole ring at x0 = 0° (Figure 3). An 
asymmetric "ribose-like" fragment was also generated by 
fixing the C2-C1'-01'-CH3 torsion angle x at -124°, the 
value observed in a C3' ercdo-puckered ribose moiety.13 

For each point on the profile, x0 was fixed and the fragment 
geometry optimized (see the Experimental Section). 
Energy vs C-glycosidic torsion angle for each fragment is 
illustrated in Figure 3. A histogram of the six values of 
Xo observed in the oxazofurin crystal structure is super­
imposed on the computational results. 

General features of each curve in Figure 3 are similar. 
The symmetric fragment shows minima at ±60°. "Puck­
ering" of the fragment breaks the symmetry of the curve, 
giving a local minimum at -60° and a global minimum at 
+60°. The 60° conformation is flanked by rotational 
barriers of ~1.5 kcal/mol at x0 = 0° and ~2.3 kcal/mol 
at Xo = 140°. This global minimum is close to the mean 
of the distribution of torsion angles obtained from the six 
oxazofurin conformations seen in the crystal structure 
(70(9)°). 

x = o° 

X(") 
Figure 3. (left axis) Energy vs C-glycosidic torsion angle Xo in 
the oxazofurin model fragment. The fragment is illustrated at 
top in the Xo = 0° conformation, with T = 0° or -124° for symmetric 
or ribose-like fragments respectively. Each point was obtained 
by fixing x0 at the corresponding value on the horizontal axis and 
computing the energy for the fully optimized fragment at the 
RHF/3-21G//3-21G level. In each case the global minimum is 
normalized to 0 kcal/mol. (right axis) Histogram showing the 
number of conformers from the oxazofurin crystal structure with 
values of x0 in the ranges indicated on the horizontal axis. 

As observed in the thiazole nucleosides, the use of more 
complex fragments will modulate the energy curve while 
maintaining the basic features of the simpler models.10 

Although the location of energy minima may change as 
the model fragment increases in complexity, the stable 
conformers of oxazofurin are likely to remain at values of 
Xo significantly higher than the mean of Xs observed for 
the thiazole nucleosides.10 

General features of the curves of energy vs Xo shown in 
Figure 3 can be interpreted on the basis of simple 
electrostatic considerations. An approximate view of the 
electrostatic environment is obtained by examination of 
point charges obtained via integration and partitioning of 
the electron density distribution of the fragment.17 Point 
charges obtained for both oxazole and thiazole fragments 
at the RHF/3-21G(*)//3-2lG(*) level17 are compared in 
Figure 4. 

Charges on the thiazole fragment are comparable to 
those obtained previously at slightly lower levels of 
theory.10 Specifically, the thiazole sulfur is positively 
charged and the "ribose" oxygen negatively charged. 
Comparison with the oxazole fragment shows that re­
placement of the thiazole sulfur with the oxazole oxygen 
introduces a large negative charge in this position on the 
heterocycle. Thus, the attractive electrostatic component 
of the S—OT interaction in the thiazole fragment is 
replaced by a repulsive O—Ol' interaction. Barriers at 0° 
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tiazofurin oxazofurin 

Figure 4. (a) Schematic illustration of the tiazofurin and 
oxazofurin model fragments. Bonds defining the C-glycosidic 
torsion angles x> and Xo are shown in bold, (b) View down the 
C-glycosidic bond in both fragments with only the heteroatoms 
shown. Numbers next to heteroatoms are the NBO point charges 
computed for each fragment at the 3-21G(*)//3-21G(*) level. 
Electrostatic attraction between S and 01' in tiazofurin (dotted 
line) produces a lower value of x». Electrostatic repulsion between 
0 and 01' in oxazofurin increases the value of Xo (arrow). 

and ~±140° in Figure 3 reflect geometries in which the 
negative thiazole oxygen and nitrogen atoms are ~cis to 
the furanose oxygen. Thus, electrostatic repulsion between 
the furanose and oxazole oxygens produces the larger 
C-glycosidic angle. 

Electrostatic effects are modulated by a number of less 
apparent charge-transfer interactions. An electrostatic 
model by itself would produce an energy maximum at x0 

= ±180°, this cis-planar conformation yielding the closest 
contact between the negatively charged N3 and 0 1 ' atoms. 
However, the energy profile actually shows a slight dip at 
Xo = 180° in the symmetric fragment (Figure 3). Natural 
bond orbital analyses (not shown) indicate attractive 
charge-transfer interactions between bonding and anti-
bonding orbitals centered on the C2-0 and Cl ' -Ol ' bonds. 
These stabilizing interactions are optimized in the 180° 
conformer, countering to some degree the N3—01' elec­
trostatic repulsion. Similarly, a simple electrostatic model 
places the energy minimum at Xo ~ 80°, somewhat higher 
than the 60° value observed here (Figure 3). However, 
the 60° conformer is further stabilized by charge-transfer 
interactions between orbitals on the heterocycle and those 
on the two Cl '-H bonds. 

Summary and Conclusions 

The crystal structure of oxazofurin is unusual, yielding 
six independent conformations of the molecule. These 
conformers have a mean C-glycosidic torsion angle of 
70(9)°. This value is close to the computed global energy 
minimum for a "ribose-like" oxazofurin model fragment 
and is significantly higher than the 24(10) ° mean observed 
for the thiazole nucleosides, omitting the ara-tiazofurin 
structure. A second minimum, at -60°, also differs from 
that seen in the thiazole nucleosides. These observations 
support the contention that, in solution, oxazofurin adopts 
a C-glycosidic bond conformation different from that seen 
in tiazofurin. The higher C-glycosidic angle in oxazofurin 
is primarily attributed to electrostatic repulsion between 
the furanose and oxazole oxygens. 

Unlike tiazofurin, oxazofurin shows no in vitro cyto­
toxicity in either P388 or K562 cells.9'18 Steric and 
hydrogen-bonding properties of the functional groups in 
the two compounds are similar. In particular, the car-
boxamide group, required for activity,19 appears con-
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strained to the same conformation in oxazofurin as that 
seen in the thiazole nucleosides.14 Thus, it is likely that 
differences in activity are either (1) due directly to 
differences in electronic properties between the thiazole 
and oxazole rings or (2) due to the variation in C-glycosidic 
bond conformation resulting from the alteration in the 
charge distribution of the heterocycle. 

Experimental Section 
1. Crystallographic Study. Oxazofurin was prepared as 

described.9 Colorless needle-shaped crystals were obtained by 
slow evaporation from a 7.5 mM oxazofurin solution in a 
1-propanol/water mixture. Crystal data and data collection and 
refinement variables are listed in Table 1. One quadrant of data 
was collected at room temperature and corrected for Lorentz 
and polarization factors. Monitoring of three standard reflections 
showed no decay. Data were corrected for absorption using the 
semiempirical i/<-scan technique.20 Equivalent reflections were 
averaged to give 6774 reflections, of which 5307 had F0 > 3<r(F0). 
However, all data were used in the subsequent refinements. 

Initial attempts to phase the structure using standard direct 
methods multisolution techniques were unsuccessful, due to the 
severe overlap of atoms in the hkO and Okl projections. However, 
random phasing techniques21 produced a number of early phase 
sets with strong, negative NQEST figures of merit.22 Although 
additional refinement subsequently degraded, inspection of E 
maps from the earlier stages of refinement yielded recognizable 
fragments from four of the six conformers. Tangent formula 
recycling of this partial structure by random phasing methods23 

produced phase solutions that converged with stable NQEST 
values of —0.25. E maps from these solutions provided positions 
of all 102 non-hydrogen atoms, plus one water of hydration. 

Positions of all 103 non-hydrogen atoms were refined with 
anisotropic temperature factors using full-matrix least-squares 
techniques. The oxazole proton and all methylene protons were 
added in idealized positions and refined using isotropic tem­
perature factors. Positions of all carboxamide amino hydrogen 
atoms and positions of a number of hydroxyl protons were then 
obtained from successive difference Fourier maps, employing 
only low-angle data [(sin 8)/\ < 0.4 A-1]. 

Final refinements employed block-diagonal least squares. Six 
blocks were used, each block containing one molecule. The 
function minimized was Y,w(AF)2 where AF = \F0\ - \FC\. Weights 
were w = l/</2 where a' = [<fi + 0.5A|Fo|

2 +0.5B[(sin 0)/X]2F2. 
Values of a2 were obtained from counting statistics. Values of 
A and B were obtained from least-squares minimization of the 
function \AF\2 - </2 in 20 separate segments in |Fo| and (sin 8)/\ 
for the data set. Non-hydrogen atoms were refined anisotropically 
and positional parameters of all hydrogen atoms were refined 
with isotropic temperature factors. Final refinements included 
a type I extinction correction24 and utilized all data. Atomic 
scattering factors were taken from ref 25. All refinement 
programs were from the DNA system.26 

2. Computational Studies. Energy as a function of C-
glycosidic torsion angle Xo was computed for the oxazofurin model 
fragment using methods employed previously.10'" By analogy 
to tiazofurin, Xo is defined by atoms 01'-Cl'-C2-Ol. A value 
of Xo = 0° refers to the conformation in which the oxazole and 
furanose oxygen atoms are cis-planar. A positive value of Xo 
indicates a counterclockwise rotation of the C2-01 bond relative 
to the Cl'-Ol' bond when viewed down the C-glycosidic bond 
from C2 to CI'. 

Ab initio calculations were performed using the Gaussian90 
system of programs and internal basis sets.27 The value of Xo was 
incremented in 10-20° steps and fixed. All remaining geometry 
variables describing the fragment were then optimized. Energy 
profiles were obtained using both symmetric and "ribose-like" 
fragments (see text). In the asymmetric "ribose-like" fragment, 
both the value of the CH3-Ol'-Cl'-C2 torsion angle as well as 
that of xo were fixed at each optimization. The initial fragment 
geometry in both models was based on the oxazofurin crystal 
structure. The starting geometry at each subsequent value of x0 
was the optimized geometry obtained at the previous value. All 
geometry optimizations used the analytical gradient method.27 

Energies for the symmetric fragment were obtained for 
conformations between x0 = 0° and 180° and the resulting energy 
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profile symmetrized about Xo = 0°. Energies for the asymmetric 
fragment were obtained for conformers between xo = -180° and 
180°. Optimized geometries and associated SCF energies were 
obtained using the 3-21G basis set for both the symmetric and 
"ribose-like" fragments. Thus , each point in Figure 3 represents 
a calculation at the RHF/3-21G//3-21G levels.17 

In order to interpret the computed energy profiles and obtain 
estimated point charges, natural bond orbital ( N 8 0 ) analyses 
were performed on model fragments using the NBO program 
incorporated in Gaussian90.M NBO analysis decomposes the 
internal energy of a chemical complex into a charge transfer energy 
resulting from electron dereal izat ion and a non-charge-transfer 
energy, the latter including electrostatic and exclusion-repulsion 
terms.28 NBO analyses were obtained for model fragments a t x0 

= 0° (local maximum), 60° (global minimum), 140° (global 
maximum), and 180° (Figure 3). 

Point charges were obtained from both thiazole and oxazole 
fragments using the natural population analysis method incor­
porated in the NBO program.29 This method of charge parti­
tioning uses fewer assumptions than the traditional Mulliken 
population analysis.17'28'29 Charges were obtained from optimized 
geometries a t the R H F level of theory using a 3-21G basis set for 
the oxazole fragment and a 3-21G* basis set for the sulfur-
containing thiazole fragment.17 

A c k n o w l e d g m e n t . T h e a u t h o r s t h a n k Dr . K e n n e t h 
H a l l e r for a id in t h e d a t a col lec t ion . W o r k s u p p o r t e d b y 
G r a n t s CA-45145 (B .M.G. ) a n d G M - 4 6 7 3 3 (D.A.L.) f rom 
t h e N a t i o n a l I n s t i t u t e s of H e a l t h , U . S . D e p a r t m e n t of 
H e a l t h a n d H u m a n Serv ices . F i n a n c i a l s u p p o r t f rom 
C N R , I t a ly , is a l so a c k n o w l e d g e d . 

Supplementary Material Available: Coordinates, thermal 
parameters, and bond lengths and angles for oxazofurin and 
listings of Browse Quantum Chemistry Database System30 

summaries for ab initio computations on model fragments (13 
pages). Ordering information is given on any current masthead 
page. 
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