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Abstract 

The assignment of the ~H, 19F, and 13C NMR chemical shifts and coupling constants of 
2-deoxy-2-fluoro-o-ribose, an important intermediate in the synthesis of antiviral nucleoside 
drugs, is reported and the NMR spectra are used to determine the proportions of the pyranose and 
furanose forms together with the anomeric ratios in acetone-d 6 solution. The/3-pyranose isomer is 
shown to exist at equilibrium with both 4C~ and ~C 4 conformations in approximately equal 
proportions in fast exchange. The a-pyranose isomer at equilibrium is predominantly in the 4Cj 

i form but the C 4 conformer is also present in solution, the two forms being in intermediate 
1 9  • • 1 1 3  • exchange on the F NMR tlmescale but m fast exchange on the H and C NMR umescales. For 

both the pyranose and furanose forms, the /3-anomer predominates. The results are similar to those 
for o-ribose. 
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1. I n t r o d u c t i o n  

Modified sugars have been used frequently as mimics of natural carbohydrates in 
many drug design studies and for probing biochemical processes [1]. In the area of 
chemotherapy, for drugs which inhibit nucleic acid synthesis, analogues of the natural 
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aldopentoses, and in particular derivatives of ribose, have been used extensively [2]. One 
type of sugar modification has been to replace a hydroxyl group by a fluorine as in the 
use of 2-deoxy-2-fluoro-o-ribose. 

Although the NMR spectra of 2-deoxy-2-fluoroarabinose and 2-deoxy-2-fluoroxylose 
have been reported [3], there appear to be no published studies of the NMR spectra of 
2-deoxy-2-fluoro-o-ribose nor of its anomeric or ring isomer proportions. The ~ H spectra 
of the arabinose and xylose derivatives were reported without assignments and the 13C 
NMR spectrum of the former compound was assigned but only a- and fl-pyranose 
forms were considered. The synthesis of 2-deoxy-2-fluororibose has been reported [4,5] 
as has the synthesis of the arabinose [5] and lyxose [6] analogues and the 19F NMR 
chemical shifts in a series of fluoromonosaccharides have been reported and analysed in 
terms of structural dependency [7]. 

The 1H, 19F, and ~3C NMR spectra of 2-deoxy-2-fluoro-D-rihose have therefore now 
been measured and assigned using a combination of one-dimensional and two-dimen- 
sional NMR spectroscopy. Furthermore, the isomeric equilibrium has been determined 
and compared with that of ribose. 

The structures of the four ring forms of 2-deoxy-2-fluoro-D-ribose are shown in 
Scheme 1, as the a-furanose (Ore) (1), fl-furanose (fly) (2), a-pyranose (ap) (3, 5), and 
/3-pyranose (tip) (4, 6) forms, respectively. In addition, the possibility of the acyclic 
aldehyde form of the compound needs to be considered. The pyranose form could exist 
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in either or both chair conformations, i.e. 4C 1 (3, 4) or 1 C4 (5, 6) as shown in Scheme 1, 
or in various boat and twist-boat forms. 

2. Experimental 

NMR spectroscopy was performed on a solution of 2-fluoro-2-deoxy-D-ribose in 
acetone-d 6 on a Bruker AMX600 spectrometer equipped with an inverse detection 5 mm 
broadband probe with z-field gradient coils operating at 600.13 MHz for I H and 150.90 
MHz for ~3C. 19F detection was at 564.69 MHz on a dual 19F/1H probe. Chemical shift 
referencing was to the solvent acetone-d 5 resonance at 6 2.05 for 1H, to the solvent 
acetone-d 6 resonance at 29.5 ppm for 13C and to external CFC13 at 0.0 ppm for ~9F. 
Unless otherwise mentioned, all experiments were performed at 303 K. Resolution 
enhancement of the one-dimensional NMR spectra was by the Lorentzian-Gaussian 
transformation method. 

Homonuclear correlation experiments, COSY-45 [8] and TOCSY [9], were typically 
acquired with a spectral width of 2100 Hz. For COSY-45 (magnitude mode) spectra, 32 
transients of 2048 complex data points were acquired for each of 512 FIDs. Data were 
processed with a sine-bell function prior to Fourier transformation in both dimensions. 
The TOCSY data were acquired in phase sensitive mode with States-TPPI phase cycling 
with a spin lock period of 75 ms and 80 transients of 4096 complex data points were 
acquired for each of 400 FIDs. Data were processed with a sine-bell squared function 
prior to Fourier transformation in both dimensions. 

Two-dimensional 1H-13C HMQC spectra (magnitude mode) [10] were obtained with 
the use of field gradients for coherence selection and GARP 13C decoupling [11]. A 1H 
spectral width of 2512 Hz was used with data acquired into 2048 complex data points in 
F2. A delay of 3.85 ms (corresponding to 1/2JcH for JcH 130 Hz) was used and 64 
transients were collected for each of 256 increments in F1. Data were processed with a 
sine-bell squared function prior to Fourier transformation in both dimensions. A 
19 F-detected 19F-1H correlation spectrum was obtained with a spectrum width of 16,667 
Hz and 64 transients of 2048 complex data points were acquired for each of 512 FIDs. 
Data were processed with a sine-bell squared function prior to Fourier transformation in 
both dimensions. 

2-fluoro-2-deoxy-o-ribose was synthesised in-house [12] as a white powder; mp 
123-125 °C. Anal. Calcd for CsHgF~O4: C, 39.48; H, 5.96; F, 12.49. Found: C, 39.38; 
H, 6.00; F, 12.18. 

3. Results and discussion 

The 600 MHz 1H NMR spectrum of 2-deoxy-2-fluoro-~ribose in acetone-d 6 at 303 
K with resolution enhancement is shown in Fig. 1. Assignment of resonances to the 
various isomers, as indicated in Fig. 1, was based on the following premises: (i) the 
chemical shifts of the anomeric protons of furanose isomers are deshielded by around 
0.3-0.5 ppm relative to pyranose isomers for ribose [13]; ( i i )  the [3 to ~ anomeric ratio 
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is always greater than one for aldopentoses [14]; (iii) the 13C chemical shift of C-4 in 
pentofuranoses is around 85 ppm whereas for pentopyranose forms it is near 70 ppm 
[15]. Full assignments then followed from coupling connectivities determined from 
correlation experiments. 1H chemical shifts were obtained from COSY-45 and TOCSY 
NMR spectra. The 19F chemical shifts were obtained from a one-dimensional spectrum 
(Fig. 2) and were assigned using a ~9F-detected heteronuclear correlation experiment. 
~3C NMR chemical shifts were measured from I H-detected HMQC experiments, based 
on one-bond 13C-1H coupling constants. The low level of the a-furanose form 
precluded the detection of 1H-13C correlations and thus the assignment of the 13C 
resonances for this isomer was not possible. The chemical shift data are shown in Table 
1 together with all of the measured coupling constants. 

The relative proportions of the four main isomers of 2-deoxy-2-fluoro-D-ribose in 
acetone-d 6 at 303 K were measured from the 19F NMR spectrum and were 66 : 21 : 11 : 2. 
The two most abundant species are the pyranose forms which have more shielded 
anomeric proton 1H chemical shifts and, perhaps most diagnostically, more shielded 13C 
chemical shifts for C-4. The /3-form is known to be the major pyranose form in 
aldopentoses [14]. Similarly, the two furanose forms are assigned based on ribose, 
assuming that the /3-isomer is the more abundant [13]. A further distinguishing feature 
between the pyranose and furanose forms is the 2JnF coupling constant known to be 
around 50 Hz [16]. For the furanoses, this is observed here to be around 54 Hz whereas 
it is 6 -8  Hz smaller for the pyranose forms. In each case, the 2JnF value for the /3-form 
is slightly higher than that for the a-form. 

The ratio of isomers determined for 2-deoxy-2-fluoro-D-ribose is in general agree- 
ment with data previously reported for equilibria of D-ribose itself in D20 solutions. In 
the following, the numbers refer to the ratio /3-pyranose: oz-pyranose:/3-furanose: a- 
furanose, respectively. The first reported data, based upon anomeric proton resonances 
were 5 4 : 1 8 : 1 6 : 1 2  at 70 °C [13] and values, derived by the same method, of 
56 : 20 : 18 : 6 were reported for the equilibrium at 35 °C [17]. Breitmaier and Hollstein 
[14], using 13C NMR at 30 °C, found a ratio of 62.0:20.3:11.6:6.1 and Horton and 
Walaszek [18], also using ~3C NMR at 30 °C, produced values of 64: 19:11:6.  Later 
Angyal [19], using 1H NMR at 31 °C, reported proportions of 48.5:21.5:13.5:6.5 and, 
most recently, Franks et al. [20] published values of 55 : 23 : 14:8 obtained by 1H NMR 
at 30 °C. For 2-deoxy-2-fluoro-o-ribose solutions at equilibrium therefore, it can be seen 
that there is a higher ratio of pyranose : furanose isomers than is found for D-ribose itself; 
also the ratio of/3-  to c~-pyranose appears to be slightly higher for the fluoro derivative. 
No evidence was found in this study for the presence of the acyclic form. 

19F NMR spectra at 564 MHz were recorded at 5 ° intervals between 298 and 318 K. 
The spectra recorded at 298, 308, and 318 K are shown in Fig. 2. The relative 
proportions of each species at each temperature were determined by comparison of the 
areas of the fluorine resonances. Over this temperature range there is a small decrease in 
the level of the /3-pyranose form (from 69 to 61% of the total) and slight increase in 
each of the other three species. Such a relative change in proportions was also observed 
on heating ribose in D20 [17]. Each of the fluorine resonances also undergoes a change 
in chemical shift with temperature in that they all move to low frequency by varying 
amounts as the temperature is increased. This is most likely due to the inherent 
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Table 1 
NMR parameters for 2-deoxy-2-fluoro-D-ribose a 

57 

ot-Furanose fl-Furanose o t - P y r a n o s e  fl-Pyranose 
(1) (2) (3) + (S) (4) + (6) 

Proportions 2 11 21 66 

19F -- 217.5 - 207.9 - 201.1 - 200.2 

8 H- 1 5.28 5.29 5.01 5.07 
H-2 4.79 4.62 4.44 4.22 

~H-3 4.20 4.36 4.26 4.10 
tS H-4 4.06 3.94 3.70 3.71 
t~ H-5 3.65 3.72 3.79 3.73 
tS H-5' 3.56 3.59 3.46 3.60 

C- 1 nd b 99.49 92.14 92.64 
C-2 nd 96.01 87.18 91.42 
C-3 nd 70.45 71.62 68.62 
C-4 nd 83.40 67.08 68.26 
C-5 nd -- 62.5 58.99 64.08 

JI2(HF) 12.5 10.8 3.1 4.0 
J32(HF) 20.6 25.2 3.1 17.8 
J22,(HF) 53.3 54.1 46.6 48.4 

J12(HH) 3.4 0.6 3.1 5.7 
J23(HH) 4.6 4.1 3.1 2.9 
J34(HH) ~ 8.5 7.3 nd 3.0 
Jas (HH) ~ 4 3.5 9.8 nd 
J45,(HH) ~ 3 3.5 4.8 7.2 
J55,(HH) 11.4 nd 11.1 11.0 

J22 (CF) nd 174 197 182 
JI2(CF) nd 28 nd nd 
J32(CF) nd ~ 18 ~ 10 ~ 20 

a In acetone-d 6 at 303 K. 
b nd = not detected. 

temperature  dependence  o f  19F N M R  chemica l  shifts [21] rather than due to small  

changes  in the re la t ive  amounts  o f  mul t ip le  conformat ions .  

Ev idence  for the nature o f  the pyranose  ring conformat ions  can be obta ined by 

analysis o f  the vic inal  3JHH coupl ing  constants.  These  were  obtained by f irs t-order 

analysis by direct  measu remen t  o f  the splittings. This  represents  an approximat ion  in 

that there is a degree  o f  second-order  nature to the spec t rum as can be seen f rom the ~H 

chemica l  shifts g iven  in Table  1. Howeve r ,  this is only s ignif icant  for the H-4 and H-5 

resonances  o f  the /3-pyranose fo rm and it is accepted that the va lue  for  J45 for  this fo rm 

might  be in error and thus its value  must  be treated with c i rcumspec t ion  for  the 

de terminat ion  o f  the conformat ion.  Fo r  the a -pyranose  form,  the large va lue  o f  9.8 Hz  

for J45 demonst ra tes  that H-4  must  be axial  and therefore  is indicat ive  o f  the 4C~ 

con fo rmer  (3). A l though  this indicates that this is the predominant  conformer ,  there is 
also ev idence  that other  conformat ions  may  be  popula ted  to some degree as the 19F and 
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H-1 1H resonances in particular are broadened and do not show resolved couplings. The 
19F resonance for this form becomes appreciably sharper as the temperature is raised 
from 298 to 318 K (see Fig. 2) providing further evidence that this resonance is 
reflecting conformational exchange at an "intermediate" rate. 

The /3-pyranose form of 2-deoxy-2-fluoro-D-ribose in acetone-d 6 solution at 303 K 
exhibits small couplings of approximately 3 Hz for both J23 and J34; these values are 
small for both chair conformers of this isomer and are therefore not diagnostic for 
identifying the pyranose conformation. The measured values for J12 and J45 are 5.7 Hz 
and 7.2 Hz, respectively, and are intermediate between those expected for a t rans-di -  

axial coupling and an axial-equatorial or di-equatorial coupling. The observed values 
are therefore consistent with an equilibrium mixture containing significant levels of the 
two chair conformers. The relative amounts of each conformer can be estimated with 
knowledge of the coupling constants for each of the individual chair conformers. These 
have been determined using an extended Karplus equation taking into account the 
electronegativity and orientation of neighbouring substituents [22]. The group elec- 
tronegativities used were taken from the literature [23] with the exception of a fluorine 
substituent which was assumed to have a value of 1.70 relative to hydrogen [22]. The 
ring oxygen was approximated by an OCH 2 group and ring carbons were considered as 
CH2OH groups because electronegativities for the specific groups required in these 
molecules have not been reported. These calculations give values for J12 of 8.9 and 3.2 
Hz for the 4C 1 and 1C 4 conformers, respectively, and for Jas they give values of 10.8 
and 2.7 Hz, respectively, for the same conformers. On the basis of these calculations, the 
measured values of Jl2 and J45 indicate, respectively, that the 4C 1 conformer comprises 
56 or 45% of the equilibrium mixture. The closeness of these two values suggests that 
the value of J45 derived by first-order analysis is a good approximation. Thus, it would 
appear that the/3-pyranose form of 2-deoxy-2-fluoro-D-ribose exists as an approximately 
50 : 50 mixture of the 4C~ and 1 C4 conformers at equilibrium. 

From the earliest studies of Rudrum and Shaw [17] it has been recognised that the 
pyranose form of /3-D-ribose, in DzO solution, exists as an equilibrium mixture of both 
chair forms. Ce-D-Ribopyranose, on the other hand, in aqueous solution existed predomi- 
nantly in a single chair conformation which was shown [13] to be 4C 1. More recently, 
Franks et al. [20] have also shown that /3-D-ribopyranose exists as a mixture of chair 
conformers whilst the a-anomer is present in solution predominantly as the 4C~ 
conformer. In the present study, the coupling constant data indicate that, at equilibrium, 
2-deoxy-2-fluoro-D-ribose exhibits similar conformational behaviour to D-ribose. Fur- 
thermore, as both the 19F and ~H resonances for the /3-pyranose form of 2-deoxy-2-flu- 
oro-D-ribose are sharper than those for the a-pyranose, it would appear that interconver- 
sion between the two chair conformers is faster on the NMR timescale for the 
/3-pyranose. The comparison of the conformational results for 2-deoxy-2-fluororibose 
and ribose given here rely on the assumption that the NMR parameters of carbohydrates 
are closely similar in D20 and acetone-d 6 solutions. To confirm this point, there is 
recent evidence given in an NMR spectroscopic study on 4-deoxy-4-fluoroglucose 
which has been examined in both solvents. In that case the vicinal coupling constants 
which were used to determine the ring conformations were very similar in the two 
solvents, with values differing by only 0.1-0.3 Hz [24]. 
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Conformational equilibria have also been demonstrated for various ribose derivatives. 
In a study of aldopentopyranose tetraacetates in chloroform solution [25], it was 
concluded that these exist almost entirely in the 4C 1 (o) conformation, with the 
exception of the fl-D-ribose derivative which appeared to contain substantial proportions 
of each chair form. Similarly, in chloroform solutions a-o-ribopyranose tetrabenzoate 
was found to exist as the 4C 1 conformer, but fl-D-ribopyranose tetrabenzoate existed as a 
2 : l ratio of conformers with the 1C4 form predominating [26]. The relative proportions 
of the conformers was determined in these studies by analysis of coupling constants as 
weighted means of those from the individual forms present. In subsequent studies of 
/3-D-ribopyranose tetraacetate, the two conformers have been "frozen out" at low 
temperatures in acetone [27] and the rates of conformational inversion and coalescence 
temperatures have also been reported [28]. 

An indication that the position of the equilibrium between the chair forms of 
2-deoxy-2-fluoro-D-ribose in acetone-d 6 solution changes with temperature can be 
obtained from the observation that the chemical shifts of the 1H resonances of this 
species change with temperature. The most readily observed signals are from H-l ,  H-2, 
and H-3. Of these, the resonances from H-1 and H-3 become less shielded at higher 
temperatures, whereas that from H-2 moves in the opposite direction. As the two chair 
conformers are in fast exchange, the observed chemical shift represents a weighted 
average of the chemical shifts of equivalent protons in the two conformers. Thus, using 
one of the earliest recorded rules for assignment of ~H NMR spectra of carbohydrates 
[29], which states that "axial protons, usually appear at higher field than equatorial 
protons in chemically similar environments", the observed changes in chemical shift are 
consistent with there being a greater proportion of the ~C 4 conformer of 2-deoxy-2-flu- 
oro-o-ribose at higher temperatures. 
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