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Abstract The title compound, C13H16O6N3F, features a

central furan ring containing four carbon atom chiral centers

with a 4-amino-5-fluoro-2-oxopyrimidine group, two acetyl

groups and a methyl group bonded at the 2,3,4,5 positions,

each in an absolute R configuration (2R,3R,4R,5R). It

crystallizes in the monoclinic space group C2 with unit

cell parameters a = 14.5341(3), b = 7.26230(10), c =

16.2197(3) Å, b = 116.607(2)�, Z = 4. An extensive array

of intra and intermolecular hydrogen bond interactions

dominate crystal packing in the unit cell highlighted by a

relatively rare three-center proton-bifurcated donor N–

H���(O,F) hydrogen bond interaction in cooperation with a

second, (C,N)–H���O bifurcated acceptor three-center

hydrogen bond in a supportive fashion. Additional weak

Cg p-ring intermolecular interactions between a fluorine

atom and the 4-amino-5-fluoro-2-oxopyrimidine ring in

concert with multiple donor and acceptor hydrogen bonds

significantly influence the bond distances, bond angles and

torsion angles of the deoxy-5-fluorocytidine group. Com-

parison to a MOPAC computational calculation provides

support to these observations.

Keywords Cytidine � Pyridine � Furan �
Dual three-center hydrogen bond � Bifurcated � Donor �
Acceptor � R-chiral center � p-Ring interactions

Introduction

The title compound, C13H16O6N3F, (I), whose systematic

name is (2R,3R,4R,5R)-2-(4-amino-5-fluoro-2-oxopyrimi-

din-1(2H)-yl)-5-methyl-tetrahydrofuran-3,4-diyl diacetate

is a derivative of 50-deoxy-5-fluorocytidine. It is an inter-

mediate for the preparation of capecitabine, a prodrug of 5-

fluorouracil, which is the first and only orally administered

fluoropyrimidine approved for the use as a second-line

therapy of metastatic breast cancer, gastric, colorectal,

bladder cancer and other solid malignancies [1–3]. Cape-

citabine is enzymatically converted to 5-fluorouracil in the

tumor, where it inhibits DNA synthesis and slows growth

of tumor tissue. Activation of capecitabine follows a

pathway with three enzymatic steps and two intermediary

metabolites, 50-deoxy-5-fluorocytidine (50-DFCR) and 50-
deoxy-5-fluorouridine (50-DFUR), to form 5-fluorouracil

[4, 5]. 20,30-di-O-acetyl-50-deoxy-5-fluorocytidine, the

abbreviated name, was synthesized by glycosidation

of 5-fluorocytosine with 1,2,3-tri-O-acetyl-5-deoxyribose

with stannic tetrachloride in dichloromethane (at 15–20�C)

to form the title compound [6]. Crystal structures of

similar compounds include cytidine [7], 2,30-dideoxy-30-
fluorocytidine [8] and 6-amino-3-(b-D-2-deoxy-erythro-

furanosyl)-2-fluoropyridine [9]. In view of the importance
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of the title compound, the crystal structure of C13H16

O6N3F, (I), is reported.

Method of Crystallization of 20,30-Di-O-Acetyl-50-
Deoxy-5-Fluorocytidine

20,30-Di-O-acetyl-50-deoxy-5-fluorocytidine was obtained

as a gift sample from Intermed Labs Private Ltd, Banga-

lore, India. Crystals suitable for single-crystal X-ray

diffraction were grown from water by slow evaporation of

solvent. The melting range was found to be 431–435 K.

Structure Determination and Refinement

X-ray data for (I) was collected with an Oxford Diffraction

Gemini R CCD area detector using CrysAlisPro software

and graphite-monochromated Cu-Ka (k = 1.54184 Å) at

200(2) K. The structure was solved by direct methods

using SHELXS97 [10] and all of the non-hydrogen atoms

were refined anisotropically by full-matrix least-squares on

F2 using SHELXL97 [10]. The hydrogen atoms were

placed in their calculated positions and included in the

refinement using the riding model. The methyl hydrogen

atoms were refined using HFIX137. An absorption cor-

rection was performed using CrysAlis RED and all

calculations were performed using SHELXTL [11]. Crystal

and experimental data for (I) are listed in Table 1. A

scheme for the molecular structure of (I) is shown in Fig. 1.

Bond lengths and bond angles are within expected ranges,

Table 2 [12].

Results and Discussion

The title compound, also known as (2R,3R,4R,5R)-2-(4-

amino-5-fluoro-2-oxopyrimidin-1(2H)-yl)-5-methyl-tetra-

hydrofuran-3,4-diyl diacetate, consists of a central furan

ring containing four carbon atom chiral centers with a 4-

amino-5-fluoro-2-oxopyrimidine group, two acetyl groups

and a methyl group bonded at the 2,3,4,5 positions, each in

an absolute R configuration (2R,3R,4R,5R), respectively

(Fig. 2). This was confirmed using Cu radiation to determine

the absolute configuration during data collection. An

extensive array of inter and intramolecular hydrogen bond

interactions dominate crystal packing in the unit cell. Details

of these hydrogen bond interactions are given in Table 3. A

relatively rare three-center proton-bifurcated donor N–

H���(O,F) hydrogen bond, focused on H(3B), highlights this

intermolecular interaction in cooperation with a second,

(C,N)–H���O bifurcated acceptor three-center hydrogen bond

focused on O(6). While numerous examples of three-center

bonds formed by conventional strong hydrogen bonds exist

Table 1 Crystal and experimental data for (I)

(I)

CCDC deposit no. 698584

Formula C13H16FN3O6

Formula weight 329.29

Crystal color, habit Colorless, chunk

Crystal size (mm) 0.55 9 0.51 9 0.42

Crystal system Monoclinic

Space group, Z C2, 4

Temperature (K) 200(2)

a (Å) 14.5341(3)

b (Å) 7.26230(10)

c (Å) 16.2197(3)

b (�) 116.607(2)

Volume, Å3 530.70(5)

F(000) 688

Absorption coefficient (mm-1) 1.051

Dcalc (Mg m-3) 1.429

No. of reflections [I [ 2r(I)] 2,826

2hmax (�) with Cu-Ka 146.78

R, Rw [I [ 2r(I)] 0.0374, 0.1030

R, Rw [all data] 0.0380, 0.1032

Restraints/parameters 1/211

Absolute structure parameter 0.07(17)

(Dq)max (e Å-3) 0.634

(Dq)min (e Å-3) -0.178

GOF on F2 1.063

Measurement GEMINI (Oxford

Diffraction, 2007)

Program system CrysAlisPro

Structure determination SHELXS97

Refinement Full-matrix least-squares

on F2 (SHELXL97)

O O
O

O

O

N

NO

F

NH2

Fig. 1 Chemical structure of the title compound, C13H16FN3O6, (I)
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[14], the bifurcation of weak interactions, such as between a

weak donor and strong acceptors, are not as well character-

ized. In (I), the mean plane of the furan ring is twisted

83.7(1)� with that of the pyrimidine ring. The torsion angles

of the O(1), F and N(3) substituent atoms are twisted slightly

out of the plane of the pyrimidine ring with O(1)/C(1)/N(2)/

C(2), F/C(3)/C(2)/N(3) and C(1)/N(2)/C(2)/N(3) torsion

angles of 177.2(2)�, 2.4(3)� and -178.64(19)�, respectively.

Selected geometric parameters for (I) are listed in Table 2.

The crystal structure is held together by intermolecular

N–H���N [#1 –x ? 2, y, -z ? 1: 2.919(2) Å], N–H���O [#2

-x ? 3/2, y ? 1/2, -z ? 1: 3.147(2) Å], [#3 -x ? 3/2,

y - 1/2, -z ? 1: 3.084(3) Å] and C–H���O [#4 x, y ? 1,

z: 3.159(3) Å], [#5 -x ? 1/2, y ? 1/2, -z: 3.467(3) Å]

interactions as well as by weak C(3)–F���Cg2 p-ring

interactions [C(3)���Cg = 3.499(8) Å, F���Cg = 3.095(9) Å,

C(3)–F–Cg = 96.0(1)�, (C(3): 3/2 - x, -1/2?y, 1 - z),

Cg2 = center of gravity of N(1)/C(1)/N(2)/C(2)/C(3)/C(4)].

Intramolecular N(3)–H(3B)���F and C(5)–H(5A)���O(1)

hydrogen bonds exist and both form R(5) closed patterns

(N(3)/C(2)/C(3)/F���H(3B) and C(5)/N(1)/C(1)/O(1)���H(5A))

[15]. Intermolecular N(3)–H(3B)���O(6) [#3 –x ? 3/2, y - 1/

2, -z ? 1] and C(6)–H(6A)���O(6) [#4 x, y ? 1, z] hydrogen

bonds link the molecules into an infinite one-dimensional

Table 3 Hydrogen bonds for (I) [Å and �]

D–H���A d(D–H) d(H���A) d(D���A) \(DHA)

N(3)–H(3A)���N(2)#1 0.88 2.05 2.919(2) 169.5

N(3)–H(3B)���O(6)#2 0.88 2.42 3.147(2) 139.9

N(3)–H(3B)���O(2)#3 0.88 2.48 3.084(3) 126.7

N(3)–H(3B)���F 0.88 2.41 2.734(1) 102.1

C(5)–H(5A)���O(1) 1.00 2.30 2.747(7) 106.1

C(6)–H(6A)���O(6)#4 1.00 2.47 3.159(3) 125.4

C(11)–H(11A)���O(6)#5 0.98 2.57 3.467(3) 151.4

Symmetry transformations used to generate equivalent atoms: #1

-x ? 2, y, -z ? 1; #2 -x ? 3/2, y ? 1/2, -z ? 1; #3 -x ? 3/2,

y - 1/2, -z ? 1; #4 x, y ? 1, z; #5 -x ? 1/2, y ? 1/2, -z

Table 2 Selected geometric parameters for (I) [Å, �]

O(1)–C(1) 1.216(2) [1.214]* O(2)–C(5) 1.411(3) [1.356]*

O(3)–C(7) 1.440(2) [1.425]* O(4)–C(8) 1.430(2) [1.420]*

O(5)–C(10) 1.196(3) [1.214]* O(6)–C(12) 1.195(3) [1.214]*

C(2)–N(2) 1.330(2) [1.329]* C(2)–N(3) 1.320(2) [1.400]*

O(2)–C(5)–N(1) 108.09(15) [108.11]* N2(2)–C(2)–N(3) 120.33(16) [116.92]*

O(3)–C(7)–C(6) 111.90(17) [111.21]* O(4)–C(8)–C(5) 108.47(15) [106.27]*

O(3)–C(10)–O(5) 122.72(19) [119.88]* O(4)–C(12)–O(6) 122.20(19) [119.53]*

O(2)–C(5)–N(1)–C(1) -118.47(19) [-119.56]* C(1)–N(2)–C(2)–N(3) -178.64(19) [173.46]*

C(7)–O(3)–C(10)–O(5) 3.9(4) [3.32]* C(8)–O(4)–C(12)–O(6) -1.3(3) [3.59]*

F–C(3)–C(2)–N(3) 2.4(3) [6.43]* C(5)–N(1)–C(1)–O(1) -2.8(3) [-4.79]*

* MOPAC computation results [Å, �] [13]

Fig. 2 ORTEP drawings of (I)

showing the atom numbering

scheme of the asymmetric unit

and 50% probability

displacement ellipsoids of non-

H atoms
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chain extending along the b axis of the unit cell (Fig. 3). The

intramolecular N(3)–H(3B)���F and intermolecular N(3)–

H(3B)���O(2), N(3)–H(3B)���O(6) interactions collectively

form the bifurcated three-center hydrogen bond configuration

focused around the H(3B) atom which is at the center of three

participating donor (H(3B)) and acceptor (F, O(2), O(6))

atoms and somewhat indistinguishable from each other

(Fig. 4). The sum of the angles around H(3B) equals 369�,

which is slighter greater than the ideal value of 360� for C–

H���C, C–H���O molecular systems [16]. In addition, the

intermolecular N(3)–H(3B)���O(6), C(6)–H(6A)���O(6) and

C(11)–H(11A)���O(6) interactions collectively form a second

three-center hydrogen bond configuration focused around the

O(6) acceptor atom which is at the center of three partici-

pating donor (H(3B), H(6A), H(11A)) atoms. The angle

between the mean planes of the R(5) intramolecular com-

ponent (N(3)/C(2)/C(3)/F���H(3B)) and the intermolecular

O(2)/C(6)/H(6A)/O(6)���H(3B) component of the two three-

center bonds connected through the H(3B) pivot atom com-

mon to both components is 87.3(4)� indicating a side-on

intramolecular component nearly perpendicular and head-on

to an intermolecular component This arrangement is similar

to that observed in related similar C–H���(O,O) bifurcated

three-center bond interactions [17].

A MOPAC AM1 calculation was performed on (I) with

WebMO Pro **[13], to examine the effects of these mul-

tiple intra and intermolecular hydrogen bond interactions

on the crystal packing environment of the C13H16O6N3F

molecule. The greatest difference in bond lengths and bond

angles observed in the crystal structure versus that found

from the AM1 calculation [O(2)–C(5): 1.411(3) Å vs.

1.356 Å; O(6)–C(12): 1.195(3) Å vs. 1.214 Å, C(2)–N(3):

1.320(2) Å vs. 1.400 Å and N(2)–C(2)–N(3): 120.33(16)�
vs. 116.92�, O(4)–C(8)–C(5) 108.47(15)� vs. 106.27�,

O(3)–C(10)–O(5) 122.72(19)� vs. 119.88�, O(4)–C(12)–

O(6) 122.20(19)� vs. 119.53�] indicate that the central

atoms in the two three-centered donor and acceptor bifur-

cated hydrogen bonded species (H(3B) & O(6)) play a

prominent role in the crystal packing with their multiple

intra and intermolecular interactions which may more

accurately characterized as hydrogen bridges [18, 19]

which help stabilize crystal packing (Table 2). Desiraju

[20] has recently suggested that the roles of these types of

interactions in crystal packing may be described in a more

qualitative manner and categorized as innocuous,

Fig. 3 The molecular packing

for (I) viewed down the a axis.

Dashed lines indicate

intermolecular C(6)–

H(6A)���O(6) and N(3)–

H(3B)���O(6) hydrogen bonds

linking the molecules into an

infinite one-dimensional chain

extending along the b axis of the

unit cell

O2
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Fig. 4 Hydrogen bonding scheme of the title compound,

C13H16FN3O6, (I), showing the intramolecular N(3)–H(3B)���F and

intermolecular N(3)–H(3B)���O(2), N(3)–H(3B)���O(6) interactions

that collectively form the bifurcated three-center hydrogen bond

configuration focused around the H(3B) atom which is at the center of

three participating donor (H(3B)) and acceptor (F, O(2), O(6)) atoms.

Also shown are the intermolecular N(3)–H(3B)���O(6), C(6)–

H(6A)���O(6) and C(11)–H(11A)���O(6) interactions which collec-

tively form a second three-center hydrogen bond configuration

focused around the O(6) acceptor atom which is at the center of

three participating donor (H(3B), H(6A), H(11A)) atoms. Additional

intramolecular (C(5)–H(5A)���O(1)) and intermolecular (N(3)–

H(3A)���N(2) hydrogen bonds are also shown
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supportive and intrusive. With regard to the geometry and

directionality of the interactions in this crystalline system

they would most likely be categorized as a supportive type

of interaction. It is clear from the MOPAC computational

calculations that the distortions in the bond distances, bond

angles and torsion angles of those atoms more directly

involved in the multiple hydrogen bond interaction sites are

significantly influenced by the strength and number of

singular and dual bifurcated hydrogen bond bridges and p-

ring interactions that are observed.

Supporting Information Available

X-ray crystallographic files, in Cif format, for the structure

determinations of (I) (698584) has been deposited with the

Cambridge Crystallographic Date Center, CCDC: 26091.

Copies of this information may be obtained free of charge

from the Director, CCDC, 12 Union Road, Cambridge,

CB2 1EZ (fax: ?44-1223-336033; email: deposit@ccdc.

cam.ac.uk or at: http://www.ccdc.cam.ac.uk).
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