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Due to its antibacterial activity, 5-fluorouracil (5FU) is used as a 
drug against infections.1,2 It was suggested as an anticancer agent,3 
and it is commonly used in the treatment of head, neck, breast, 
colorectal, aerodigestive tract and other cancers.4,5 5FU belongs 
to a few compounds that can replace a base in nucleic acids, that 
is, to form ‘fraudulent’ nucleic acids.6 In spite of its importance 
for medicine and pharmacy, the fundamental properties of 5FU, 
such as its accurate molecular structure, have not been studied 
well. Naumov et al.7 determined the thermal-average structure of 
this molecule in a gas-phase electron diffraction (GED) study. 
However, this structure cannot be directly compared with other 
experimental structural data and used for benchmarking high-
level quantum-chemical computations. The purpose of this work 
was the GED determination of the accurate equilibrium structure 
of 5FU taking into account vibrational corrections up to cubic 
terms. This structure will be used to benchmark ab initio calcula
tions at the coupled-cluster level of theory.

The GED experiment was carried out on the EG-100M apparatus 
with an accelerated voltage of about 60 kV for long (LD) and 
short (SD) nozzle-to-film distances at a nozzle temperature of 
484 K.† A commercial sample (declared purity, 99%) was used 
without further purification. The total electron scattering intensities 
I(s)† were obtained by the initial processing of recorded electron 
diffraction patterns using a method described elsewhere.8

All quantum-chemical calculations were carried out using the 
Gaussian program package,9 except for the CCSD(T)10,11 structure 
optimization performed with the Molpro program.12,13 According 
to predictions of MP214 and B3LYP15,16 calculations (with the 
cc-pVTZ basis set17), the diketo tautomer of 5FU is noticeably 
lower in energy than all other possible tautomers (a dienol and four 
keto-enol forms†). The next low-energy tautomer (dienol form) is 
higher in energy relative to the diketo form by 10.9 kcal mol–1 (MP2). 
Therefore, only the canonical tautomer [5-fluoro-2,4(1H,3H)-
pyrimidinedione] can be expected in a gas phase at the temperature 

of the experiment. According to the results of calculations, this 
tautomer is planar (Cs symmetry) and relatively rigid with the 
lowest vibrational frequency higher than 130 cm–1. The structure 
optimization was also carried out at the CCSD(T) level of theory 
in conjunction with the cc-pVTZ basis set. The final structure of 
the CCSD(T)_AE/aug-cc-pCVQZ quality (Table  1) was 
estimated using an additivity approximation as follows: 

re
BO = re(CCSD(T)/cc-pVTZ) + Drcorr + DrT®aQ,	 (1)

where Drcorr = r(cc-pwCVQZ_AE)  –  r(cc-pwCVQZ) are 
structural changes due to a core-valence correlation,18 DrT®aQ = 
= r(aug-cc-pVQZ) –  r(cc-pVTZ) are structural changes due to 
the enlargement of the basis set from triple- to quadruple-ζ size 
and the inclusion of diffuse functions.19 The values of Drcorr and 
DrT®aQ were estimated at the MP2 level.† 

The harmonic and anharmonic (cubic) force fields required 
for the calculations of vibrational corrections to thermal-average 
internuclear distances were computed at the MP2/aug-cc-pVTZ 
level. The total corrections Drij = ra,ij – re,ij

se including harmonic 
shrinkages, kinematic and dynamic anharmonicity effects and 
centrifugal distortions† were calculated according to Sipachev.20–22 
The semiexperimental equilibrium structure, re

se, was derived 
from the GED data augmented by the results of ab initio calculations 
(Table 1). Figure 1 shows the radial distribution functions derived 
by the Fourier transformation of final molecular electron scattering 
intensities sM(s).†

As can be seen in Table 1, some parameters of the ra structure 
previously determined by Naumov et  al.7 are inaccurate, for 
instance, the N(1)–C(6) bond length is too short (by 0.047 Å) and 
the N(1)–C(6)–C(5) angle is larger by 1.1° in comparison with 
the corresponding parameters refined in this work. The computed 
structure of CCSD(T)_AE/aug-cc-pCVQZ quality, re

BO, agrees 
well with the re

se one, namely within a few thousandths of angström 
and a few tenths of degree for the bond lengths and angles, 
respectively. The high accuracy of such quality re

BO structure was 
confirmed many times.23–25 Discrepancies between the structures 
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in a gas phase and a solid state26,27 are relatively large (up to 
0.02  Å and 2° in the bond lengths and angles, respectively, see 
Table 1) reflecting the strong effect of intermolecular interactions 
in the crystal.

The high accuracy of the computed structure allows for the 
observation of fine structural effects in uracil derivatives. The 
C(5)–C(4) and C(5)=C(6) bond lengths in 5-methyluracil 
(thymine)25 with an electron-donating methyl group are longer than 
those in 5FU with fluorine as an electron acceptor by 0.002 and 
0.004 Å, respectively (see Table 1†). The adjacent C(4)–C(5)=C(6) 
angle in 5FU is larger than that in thymine (by 3.4°). These 
structural effects correlate with charge distributions in the 
molecules.† Due to a negative partial charge on the C(5) atom in 

thymine, the C(5)–C(4) and C(5)=C(6) bonds are weaker and 
longer than those in 5FU with a positive partial charge on the 
C(5) atom. Note that the N(3)–C(4) bond in 5FU is of the same 
length as that in thymine. 

Uracil, thymine and 5FU have nearly identical partial charge 
distributions in the H–N(3)–C(4)=O fragments. Because this 
fragment is docking to adenine in nucleic acids, 5FU might be 
able to surrogate a corresponding base. 

This work was supported by the Dr. B. Mez-Starck Foundation 
(Germany).
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Table  1  Experimental and ab initio structures of 5FU (see Figure 1 for atom numbering) in comparison with the ab initio structures of thymine and uracil 
(bond lengths in Å, and bond angles in °).

Parameter
5FU uracil thymine

re
BO a,b  re

se a,c,d  ra
a ra

d,e r(XRD) f re
BO g,h re

BO h,i

N(1)–C(2) 1.3784 1.378(2)1 1.390 1.394(2)1 1.366(2) 1.3796 1.3776

C(2)–N(3) 1.3828 1.382(2)1 1.392 1.394(2)1 1.383(2) 1.3775 1.3783

N(3)–C(4) 1.3932 1.393(2)1 1.404 1.410(2)1 1.375(2) 1.4005 1.3934

N(1)–C(6) 1.3798 1.379(2)1 1.391 1.343 j 1.367(2) 1.3729 1.3789

C(4)–C(5) 1.460 1.458(7) j 1.468 1.464(2) 1.444(2) 1.4578 1.4621

C(5)=C(6) 1.3405 1.342(5)2 1.348 1.355(2)2 1.350(3) 1.3446 1.3455

C(2)=O 1.2101 1.212(1)3 1.215 1.217(1)3 1.223(2) 1.2111 1.2103

C(4)=O 1.2097 1.212(1)3 1.215 1.217(1)3 1.232(2) 1.2131 1.2145

C(5)–Xk 1.3295 1.329(5)2 1.337 1.342(2)2 1.335(2) 1.0764 1.4933

N(1)–H 1.0045 1.0045
l 1.020 1.014m 1.029(7) 1.0048 1.0041

N(3)–H 1.0094 1.0094
l 1.025 1.014m 1.030(8) 1.0090 1.0085

C(6)–H 1.0786 1.0786
l 1.094 1.083m 1.083(8) 1.0794 1.0802

N(1)–C(2)–N(3) 113.10 113.1(1)4 112.4(1)4 115.3(1) 113.51 112.73

C(2)–N(3)–C(4) 128.72 128.7(1)4 128.6(1)4 126.5(1) 127.73 128.08

N(3)–C(4)–C(5) 112.51 112.6(2) j 111.8(1)4 114.0(1) 113.82 114.97

C(4)–C(5)=C(6) 121.21 121.2(2) j 121.3(1)4 121.0(1) 119.66 117.78

C(4)–C(5)–Xk 117.33 117.33
l 115.9n 116.9(1) 118.33 118.07

N(3)–C(4)=O 121.94 121.94
l 119.5n 121.8(1) 120.41 120.44

N(3)–C(2)=O 123.49 123.49
l – 121.9(1) 123.68 123.81

C(2)–N(1)–C(6) 123.82 123.8(1)4 124.0(2) 122.8(1) 123.60 123.72

N(1)–C(6)=C(5) 120.63 120.7(1)4 121.8(3) 120.5(1) 121.68 122.72

a This work. b See equation (1). c Parenthesized uncertainties are 3s. d Parameters with equal superscripts were refined in one group, structural differences in 
each group were assumed at the values from theoretical computations. e Ref. 7. f Refs. 26,27. g Ref. 24. h Structure of CCSD(T)_AE/cc-pwCVQZ quality. 
i Ref. 23. j Dependent parameter. k X is F, H or C (methyl) atom. l Assumed at the  re

BO value. m Assumed at the value from B3LYP/6-31G* calculation. 
n Assumed.
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Figure  1  Experimental radial distribution curve f (r)exp (open circles) derived 
with a damping factor of 0.0016 and its theoretical counterpart f (r)theor 
(solid line) with vertical bars of the molecular terms. Difference curve, 
∆f (r) = f (r)exp − f (r)theor (disagreement factor Rf = 3.07%).
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