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Systematic assignment of NMR spectra of
5-substituted-4-thiopyrimidine nucleosides

Xiaohui Zhang,®* Jian Wang® and Yao-Zhong XuP**

Unambiguous characterization of 5-substituted-4-thiopyrimidine nucleosides (ribonucleosides and 2'-deoxynucleosides) was
performed using NMR spectroscopy. Assignments of all proton and carbon signals of 5-bromo-4-thiouridine and related nu-
cleosides were systematically carried out and firmly established by COSY and HMQC techniques. The NMR data of various
4-thiopyrimidine nucleosides are compared, and the key contributing factors discussed. The approach presented here is ap-
plicable to other modified nucleosides and nucleotides, as well as nucleobases. Copyright © 2013 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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Introduction

Nucleic acids (DNA and RNA) are fundamental biomolecules,
playing crucial roles in all forms of life. DNA is the genetic mate-
rial for all living species except some viruses, whereas the primary
biological function of RNA lies with the transmission (transcrip-
tion and translation) of genetic information. There are only four
deoxynucleosides used for the storage of genetic information.
However, DNA bases and nucleosides are susceptible to damage
by chemical, physical and biological actions." Therefore, a great
number of base-modified deoxynucleosides have been detected
and documented.”™ As to RNA, whereas four ribonucleosides
are used for the transcription of the genetic information, the
number of other naturally occurring ribonucleosides is huge
(over 100) because of the wider range of biological functions
(see review™).

Nucleosides can be modified on either the sugar or the base.
Both types of modified nucleosides are of biological relevance
and medicinal uses. For instance, sugar-modified nucleosides,
such as azidothymidine (AZT), acyclovir (Zovirax), famciclovir
(Famvir) and 4"-thionucleosides', are primarily used as antiviral
agents.'” The alteration in the sugar moiety is designed to pre-
vent further DNA elongation, thus inhibiting viral production.
However, as genetic information is encoded in the bases in
DNA and transmitted by the bases in RNA, base-modified nucle-
osides are certainly of great importance in various biological
and medicinal research fields including the study of cancer and
have been subjected to extensive studies (see review).”?

Currently, the incidence of cancer remains extremely high and
one in three people will have the disease in their lifetime. The
fundamental cause of cancer can be ascribed to DNA damage
and subsequent mutations.”” Any agent or treatment that can
lead to DNA damage could also be used to reduce and destroy
cancerous cells. This, in fact, is the principle underlying chemo-
therapy and radiotherapy. However, more often than not, such
anti-cancer drugs or treatments are toxic and indiscriminating
and thus unsatisfactory. Obviously, better drugs and treatments
are urgently required. For the development of anti-cancer drugs,

we reported that 4-thiothymidine (2b, see Scheme 1 below), an
analogue of the naturally occurring nucleoside thymidine (1b),
can be readily incorporated into DNA of proliferative cells (such
as cancerous cells) and activated by UVA light to kil cells.”! To
systemically exploit other 4-thionucleosides as potential anti-
cancer drugs, we synthesized 5-bromo-4-thio-2"-deoxyuridine
(2e)® and, more recently, other 5-halo-4-thio-2"-deoxyuridines
(2¢, 2d and 2f) and their ribonucleosides (4a-f). As many of these
5-substituted-4-thionucleosides (IUPAC name: 5-substituted 4-
thiooxo-3,4-dihydropyrimidin-2-one nucleosides) are synthe-
sized for the first time, a full characterization of these compounds
is essential. Among all analytical methods, nuclear magnetic
resonance (NMR) spectroscopy is often the primary tool because
it can uncover structural details. NMR is also a solution technique
and therefore more likely to reflect the stereochemistry in vivo.
X-ray crystallography could also accomplish this aim if a diffraction
quality crystalline form of the nucleoside is obtainable.

NMR spectroscopy has been extensively used for studies of
naturally occurring nucleosides.' However, the data on
modified nucleosides in literature are patchy and sometimes
contradictory because of the rarity of these modified
nucleosides.""! There are few papers systematically examining
nucleosides by use of NMR.!"? This has prompted us to carry
out a systematic NMR examination of nucleosides, in particular,
base-modified nucleosides. Previously, we reported an unambig-
uous approach to determining structures of purine-modified
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Scheme 1. Transformation of 5-substituted nucleosides to their
4-thio-anaologues. The starting materials 1 (Y=H) and 3 (Y =0H) were
converted to 4-thioanalogues 2 (Y =H) and 4 (Y = OH) via a three reaction
process: protection of the OH groups of the sugar moiety, replacement of
the oxygen atom at 4-position with a sulfur atom, then removal of the
protecting groups on the sugar. X at 5-position represents an H atom,
CH; (methyl group) or any of the halogens.

deoxynucleosides."®! Recently, we extended our work to some 4-
thiopyrimidine deoxynucleosides." With the availability of all 5-
halogenated-4-thionucleosides (ribo and deoxyribo), we were able
to carry out a systematic and comparable NMR study of both types
of nucleosides. Here, we take 5-bromo-4-thiopyrimidine ribonucle-
oside (4e) as an example to illustrate a general approach to the
NMR study of pyrimidine-modified nucleosides. Together with our
early work on purine-modified nucleosides™® we can offer a
complete "H and "3C NMR assignments for both purine-modified
and pyrimidine-modified nucleosides and clarify some inconsistent
NMR assignments in the literature.

Results and Discussion

The standard nucleosides fall into two types: purine and
pyrimidine nucleosides. In our previous paper,* we studied
NMR of purine nucleosides extensively. In this paper, our focus
will be on pyrimidine nucleosides, namely, thymidine (1b) (of
DNA) and uridine (3a) (of RNA) and their base-modified
analogues, although the principles discussed here should be
applicable to cytidine, another pyrimidine nucleoside. Scheme 1
shows the chemical structures of these compounds and the
transformation of 5-substituted pyrimidine nucleosides (1 and
3) to their 4-thioanalogues (2 and 4).

Chemical synthesis

5-substituted-4-thiouridines (4a-f) and their deoxy-analogues
(2a-f) were prepared by adapting methods reported in the liter-
ature.">™"”! A general synthetic approach consists of three stages:
(i) first, protecting the hydroxyl groups on the sugar by acylation; (ii)
then replacing the oxygen atom at 4-position with a sulfur atom
using suitable thiating reagents (such as P,Ss"®); and (iii) finally,
removing the protecting groups with milder deprotecting reagents
(such as NHs) to produce the target compounds.

NMR peak assignment
Sugar protons

The first step in NMR structural elucidation is to assign all the NMR
signals (peaks) to their corresponding atoms (e.g. H or C). Proton
assignment is always the initial step as it is relatively easy to

acquire 'H NMR spectra because of the abundance of NMR-
sensitive protons in most organic molecules (including pyrimidine
nucleosides). Here, we used 5-bromo-4-thiouridine, 4e, to exem-
plify an unambiguous route to assigning all the sugar protons.

Although 5-bromo-4-thiouridine is a doubly modified nucleoside,
however, their modifications take place at 4- and 5-positions of the
base and are thus expected to have little effects on the sugar protons
in terms of their chemical shifts. "H NMR spectrum of 4e is shown in
the supplementary material.

By comparison with the reported data for un-modified nucleo-
sides,"*'¥ we can be confident that the chemical shifts of all the
sugar protons would be below 6 ppm (Table 2). The protons of
the sugar OHs can be readily identified by the means of D,O ex-
changes. Thus, we can tentatively assign the peaks below 6 ppm
to their corresponding sugar protons. Our above assignments are
further supported by the COSY spectrum as shown Fig. 1.

Figure 1 shows the sugar part of the 'H-'H Correlation
Spectroscopy (COSY) spectrum of 4e (5-bromo-4-thiouridine).
COSY is commonly used to identify nuclei (such as protons
in the case of 'H-'H COSY) that exhibit a scalar (J) coupling.
The presence of off-diagonal peaks (cross-peaks) in the spec-
trum directly correlates the coupled partners (the protons in
the case of 'H-"H COSY). It has long been established!?! that
1"-H has the highest chemical shift value among all sugar pro-
tons because of the deshielding effect of the electronegative
N atom (at the glycosidic position) in the base and the O
atom (at 4'-position) in the sugar. Thus, the peaks at &
5.67 ppm can be confidently assigned to 1'-H. Subsequently,
we can start from the assigned 1-H on the diagonal line (in-
dicated by a dotted line in Fig. 1) to trace its cross-peak with
2'-H signal, then following the arrows to identify 2"-H (5 4.07)
on the diagonal line. From 2'-H signal on the diagonal line,
we can easily find its cross-peak with 2-OH (5 5.48). Using
the same arrow approach, all other sugar protons can be
identified (namely, 3-H, 3-OH, 4'-H, 5-OH, 5-H, and 5'-Hy).
The "H-"H COSY spectrum also clearly show that these two
chemically equivalent 5'-H, and 5'-H,, atoms are not magneti-
cally equivalent as evidenced by the presence of two sets of
signals for these two 5'-H atoms.

I“H 2-0H5"-0H 3-0H 2%-H 3“H4'H

J L__,UL_JILL.‘)”UUL_T:“&

5-Hb 4H/SHy [3'5
i—ﬂa 4-H/5-H—
- — . I-H/3-0OH IVHA4-H

& = * . - 4.0

4.5
3-0H 30
5-OH
2-0H 55
I“H

.f

Figure 1. The sugar section of H-H COSY spectrum of 4e (5-bromo-4-

thiouridine). Peaks on the diagonal line are the NMR signals of the pro-
tons on the sugar. The off-diagonal peaks (cross-peaks) directly correlate
the coupled protons. The arrows indicate routes to the coupled partners.
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Table 1. 'H NMR of 5-substituted-2'-deoxyuridines and their 4-thioanalogues (in DMSO-ds)

Cpd 1"-H 2'-H 3-H 4'-H 5"-H 3-OH 5-OH 6-H NH 5-H (CHs)
1a 6.12 247 421 3.76 3.54 5.24 5.01 7.84 11.28 5.67
1b 6.15 249 422 3.74 3.55 521 5.01 7.68 11.25 (1.79)
1c 6.12 2.10 425 3.78 3.62 5.25 5.15 8.21 11.82

1d2% 6.08 2.15 421 3.77 3.57 5.22 5.14 8.28 11.80

1e12% 6.07 2.19 421 3.77 3.57 5.22 5.14 8.36 11.76

120 6.10 2.12 424 3.79 3.58 524 5.14 8.40 11.66

2a 6.07 2.11 422 3.81 3.56 5.26 5.03 7.78 12.68 6.30
2b 6.10 214 424 3.79 3.59 5.27 5.10 7.89 12.69 (1.96)
2c 6.05 218 425 3.82 3.60 5.28 521 8.26 13.06

2d 6.06 2.21 427 3.84 3.58 521 5.21 8.43 13.07

2e 6.02 2.21 422 4.09 3.61 5.26 5.21 8.52 13.08

2f 6.01 217 423 3.81 3.59 5.25 5.18 8.55 12.99

The above assignment of NMR peaks of 5-bromo-4-thiouridine
(4e) is in good agreement with those of its related 5-bromo-uri-
dine (3e) (Table 2) and 5-bromo-4-thiodeoxyuridine (2e) (Table 1).
The excellent agreement offers a solid cross-check of our sequen-
tial approach to assigning nucleoside sugar protons. Because the
sugar moieties are not altered in base-modified nucleosides, this
method would thus be applicable to the sugar protons in other
base-modified nucleosides. Therefore, the same approach has
been used to assign the sugar protons of all 5-substituted-
4-thiopyrimidne deoxynucleosides (2a-f) and ribonucleosides
(4a-f) examined in this paper. The chemical shifts are summa-
rized in Tables 1 and 2.

Pyrimidine protons

assigned as the 3-NH. It is worth noting that when the oxygen
at the 4-position is replaced by a sulfur atom, the 3-NH shifts
further downfield from 11.82 (in 5-bromouridine, 3e) to 13.02
(in 5-bromo-4-thiouridine 4e). This also holds true for other 5-
modified 4-thio-nucleosides (Tables 1 and 2). However, it is also
worth pointing out that the signals of exchangeable protons are
often broad, and their chemical shifts can vary somewhat
depending upon the solvents and conditions used.
Pyrimidine-modified nucleoside 4e has one non-exchangeable
pyrimidine proton appearing 8.65 (Table 2); the peak is readily
assigned to the proton at the 6-position. Other pyrimidine-
modified nucleosides (2a-f and 4a-f) have also been examined,
and their proton chemical shifts are listed in Tables 1 and 2, from
which the following common features can be summarized:

a) All the sugar protons appear between 6 2.0 to 6.0 ppm.
b) 1'-H has the highest 3 value (around 6 ppm) among all sugar
protons and is in the form of a doublet for ribonucleosides

Pyrimidine bases have few protons, namely, 3-NH and 5-H and
6-H. When the 5-position is substituted for by a bromo group,
for instance, in the case of 4e, there are only two protons for
assignment, namely the imino proton at the 3-N-position and two doublets for deoxynucleosides. The remaining sugar
(exchangeable) and the 6-H proton (non-exchangeable). The protons always give multiplets.

exchangeable proton, 3-NH, can be readily identified by using ) 6-H always appears as a singlet and shows the highest &
D,0 exchange. Furthermore, because of the strong deshielding value among all non-exchangeable protons derived from
effect of the N atom (in the form of two amide groups), the imino the nucleosides.

proton always appears at lower field (with higher & value). Thus, d) 2-OH (doublet, existing only in ribose) and 3'-OH (doublet)
the exchangeable peak at around 13 ppm can be undoubtedly and 5'-OH (triplet) protons are exchangeable as well as the

Table 2. 'H NMR of 5-substituted uridines and their 4-thioanalogues (in DMSO-de)

Cpd 1-H 2-H 3'H 4'-H 5'H 2'-OH 3-OH 5-OH 6-H NH 5-H (CHs)
3a 5.79 4.03 3.97 3.85 3.56-3.63 5.40 5.10 5.10 7.896 11.3 5.66
3b 6.10 431 427 411 3.84-3.88 5.82 5.82 5.13 7.73 (1.77)
3¢ 591 437 436 415 3.88-4.00 N/A N/A N/A 8.17 N/A

3d2% 573 405 3.99 3.87 3.54-3.74 543 5.08 5.28 841 11.85

3eP” 5.70 401 3.96 3.84 3.59-3.67 5.40 5.04 5.25 8.45 11.78

3120 5.72 401 3.97 3.87 3.53-3.73 541 5.07 5.26 8.48 11.68

4a 5.72 403 3.96 3.86 3.54-3.66 5.44 5.10 5.10 7.82 12.65 6.31
4b 575 4.06 3.99 3.87 3.56-3.70 5.44 5.08 5.19 7.96 12.71 (1.96)
4c 5.68 405 4.00 3.88 3.58-3.74 549 5.08 531 837 13.01

4d 5.68 4.08 401 3.86 3.58-3.76 5.52 5.08 5.34 8.57 13.12

4e 567 4.07 401 3.81 3.49-3.80 5.50 5.05 5.34 8.65 13.02

4f 5.68 4.06 3.89 3.89 3.58-3.72 5.40 5.10 5.30 8.68 13.00

3c: in CD;COCDs.
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imino proton (3-NH). The latter has the highest & value in
the whole molecule of each nucleoside. These exchange-
able protons are distinguishable and easily singled out by
D,0 exchange.

13C peaks of the sugar and pyrimidine

A 3C NMR spectrum of 5-bromo-4-thiouridine was obtained
(shown in supplementary material). The '*C NMR signals are ini-
tially assigned in the 1D spectrum and then verified by using a
Heteronuclear Multiple-Quantum Correlation (HMQC) technique.
HMQC is used to correlate directly bonded nuclei (in this case,
carbon-proton nuclei) and can offer structural information on
the bonded atoms. This approach has the same principle as that
of COSY used to assign 'H signals. Because each of the sugar car-
bons has at least one proton attached, the '3C peaks of 4e, for ex-
ample, can be readily assigned to their carbon atoms from the
known protons by HMQC as demonstrated in Fig. 2 below.

Assignment of sugar carbons

In the previous section, we have unambiguously assigned 'H sig-
nals to their corresponding protons in the sugar. Now, we can easily
trace from the assigned 'H protons to their coupled '3C partners.
For instance, the 'H signal located at & 5.67 ppm has been con-
firmed to be the 1"-H of 4e (Table 2). We can find a cross-peak from
which we can trace to its coupled '3C partner, that is, 1-C at &
89.34 ppm (Fig. 2). In a similar vein, we can allocate the signals for
2"-C, 3-C, 4'-C and 5-C. It is also reassuring that there is no cross-
peak for the sugar OHs as the protons in the OH groups are not di-
rectly linked to any carbon.

Assignment of pyrimidine carbons

The pyrimidine has two types of carbons, ones with proton attached
(e.g. 6-C in 4e) and the others without (e.g. 2-C, 4-C and 5-C in 4e).
The former can be readily identified by using the same HMQC
technique. Taking 4e again as an example, as the peak of singlet (3
8.65 ppm) has been previously assigned as 6-H (cf. Table 2), the 6-H
peak can be traced in the HMQC spectrum (Fig. 2) to identify a

5.0H "iH
|

4
/ 3-H|
Y 2'-?!'}. 3-0H 2H &/
[1] |

N/ |I SH
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20— )\1 6 150
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Figure 2. H-C COSY spectra of 4e (5-bromo-4-thiouridine). 'H NMR is
shown at the top. 3C NMR is shown in the left side. Inserts are chemical
structures of the sugar and base.

cross-peak leading (via a broken line) to its coupled carbon (3
137.37 ppm).

To assign the remaining pyrimidine carbons (i.e. 2-C, 4-C
and 5-C) is more challenging as these carbon atoms do not
bear any proton; thus, HMQC is no use in this instance. HMBC
(heteronuclear multiple bond correlation) is a possible means;
however, the only non-exchangeable proton in the base is at
6-position and is of three bond distance to both 2-C and 4-C.
Clearly, HMBC is unlikely to provide a conclusive answer to the
question of distinguishing between 2-C and 4-C. On the other
hand, the chemical shift of any atom ('>C in this case) is influenced
by its atomic surroundings. 5-Bromo-4-thiouridine (4e) is a nucleo-
side modified at 4-C and 5-C positions. By comparing NMR data of
4e with those of its related compounds, it is possible to reveal how
the modifications at 4-C and 5-C positions influence the chemical
shifts of the pyrimidine carbons. Therefore, such a comparison
could offer a useful route to the assignment of the '*C NMR signals
from these three carbons.

First, we prepared 5-fluoro-4-thiouridine (4c) and examined its
"9F and "3C spectra. Only a single peak at 151.7 ppm is observed
in its '”F NMR spectrum (see the supplementary material) and is
not informative. '*C NMR appears more useful. The pyrimidine
'3C peaks are tentatively assigned and summarized in Table 3.
Fluorine is an NMR sensitive atom and can couple with '3C sig-
nals through bonding. The "3C signal at 5 147.74 has the largest
coupling constant (J=217Hz), so this carbon must be the
carbon directly bonded with the fluorine atom and thus can
be unambiguously assigned as 5-C. Both neighboring carbon
atoms (i.e. 4-C and 6-C) have weak couplings with the fluorine
atom, but they can be easily distinguished. This is because 6-C
has a proton attached with it, and its '*C signal (at & 122.13)
can be readily confirmed using 'H-">C HMQC technique as
discussed above. Thus, the other fluorine-coupled peak (at 3
180.67) with a lower coupling constant (J=30Hz) can be confi-
dently assigned as 4-C. The 'C signal located at & 146.85 and
not coupled with fluorine is certainly from 2-C, the remaining
pyrimidine carbon atom.

The chemical structure of 5-bromo-4-thiouridine (4e) is very
similar to that of 5-fluoro-4-thiouridine (4c). The only difference
lies with the substituent at 5-position; thus, this difference would
be reflected primarily in the chemical shifts of 5-C and less in the
shifts of 2-C and 4-C atoms. Therefore, the little-shifted *C sig-
nals at 147.37 and 186.45 should be assigned to 2-C and 4-C of
4e, whereas the substantially shifted '>C signals (at 106.70) can
confidently be assigned to 5-C (Table 3). This initial assignment
is also consistent with the data from its deoxy analogue, namely,
5-bromo-4-thio-2'-deoxynucleoside (2e) (also see Table 4 and
Fig. 3).

Our approach involves the following steps: (i) use HMQC to as-
sign 6-C, (i) use '? F-'3C coupling to identify 5-C (larger coupling
constant) and 4-C (smaller coupling constant), and (iii) recognize
the fact that 2-C is away from and little affected by the mod-
ifications. Using this approach, all '3C peaks from a number of
5-substituted-4-thiopyrimidine nucleosides have been unambig-
uously assigned and are listed in Tables 4 and 5, from which
the following conclusions can be drawn:

a) All of the sugar carbons have § values lower than 100 ppm. 1*-
C has a higher value than most of other sugar carbons. 2'-C (in
deoxynucleoside) has the lowest § value and its signals are lo-
cated near 40 ppm, sometimes buried within the signals of
DMSO-dg when used as the solvent.

wileyonlinelibrary.com/journal/mrc
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Table 3. Comparison of 3C NMR chemical shifts of the carbons in bases
2-C 4-C 5-C 6-C
4c 146.85 180.67 2J=30Hz 147.74 'J=217Hz 12213 2 =41Hz
4e 147.37 186.45 106.70 137.37
2e 147.12 186.33 106.57 137.18
Table 4. ">C NMR of 5-substituted-2'-deoxyuridines and their 4-thioanalogues (in DMSO-dg)
Cpd 1'-C 2'-C 3-C 4'-C 5'-C 2-C 4-C 5-C 6-C CH3
1a 84.11 39.63 7043 87.40 61.29 150.45 163.14 101.76 140.53
1b 83.73 39.40 7043 87.24 61.33 150.46 163.75 109.36 136.12 12.26
1?1 84.5 4205 70.1 87.5 61.0 149.0 157.1 1411 124.9
156.9 138.8 124.5
’J=20Hz  %J=230Hz  'J=40Hz
1d®” 84.73 40.09 70.02 87.45 60.89 150.40 160.09 107.27 137.39
1e” 84.86 40.13 69.96 87.57 60.79 149.74 159.17 95.66 140.27
129 84.63 40.18. 69.99 87.50 60.80 150.09 160.48 69.25 145.03
2a 85.00 N/A 70.10 87.70 61.00 147.70 190.00 112.60 135.90
2b 84.70 39.90 70.10 87.70 61.00 147.80 190.70 117.70 133.50 17.00
2c 85.36 40.06 69.64 87.75 60.63 146.63 180.60 147.73 122.12
180.30 145.56 121.71
’J=30Hz  'J=213Hz  ’J=41Hz
2d 85.65 40.32 69.46 87.79 60.44 146.89 185.32 116.77 134.67
2e 85.61 40.31 69.43 87.77 60.39 147.12 186.33 106.57 137.18
2f 85.39 39.50 69.50 87.74 60.41 147.63 189.31 82.99 140.15
& i . JI:H R d) The following order 4-C> 2-C> 6-C> 5-C has been noted
| | | Iy | except in the case of fluorine-substituted nucleosides when
I [ im i the strong electronegativity of fluorine shifts its bonded C-5
- = Bk & toward a higher & value.
20— == [0
50
L — - 60
K o— - 20 Further discussion
;-g — . )| 22 Comparison between ribonucleosides and deoxyribonucleosides
v 100
3 Br o Tables 1,2and 45 list 'H and '°C chemical shifts of base-modified
4’\ [ 5 o deoxynucleosides and ribonucleosides. There is little difference in
oFo~p 6 5o the chemical shifts of the bases between these two types of nu-
6C [ . | 10 cleosides. However, interesting differences were noted in chemi-
! an cal shifts of the sugar part. As expected, the major difference is
8.3 13 6.5 3.3 4.5 33 2.3 related to the 2-position. 2-H and 2-C in all of the

£2 {ppm)

Figure 3. H-C COSY spectra of 2e (5-bromo-4-thiodeoxyuridine). H
NMR is shown at the top. 3C NMR is shown in the left side. Inserts are
chemical structures of the sugar and base. The chemical shift for 4'-C (3:
87.77) is clearly higher than that 1'-C (3: 85.61).

b) All of the pyrimidine carbons have & values higher than
90 ppm and higher than the sugar carbons except in 5-
iodo analogues where the & values are affected by the
heavy atom effect (discussed below).

¢) The carbon at 4-position has the highest 6 value among all
the carbons. The sulfur atom at 4-position shifts & for 4-C to
even higher values. In all cases, 4-C of 4-thiouridines has a
higher § value than that of 4-oxy-uridine analogues.

deoxynucleosides (Tables 1 and 4) appear at higher fields (i.e. with
lower § values) than those in the ribonucleosides (Tables 2 and 5).
This can be attributed to the presence of the electronegative
oxygen atom of 2'-OH in the latter. The orders of chemical shifts
for the sugar protons are the same for both types of nucleosides,
namely, 1-H> 3'-H> 4'-H >5'-H, indicating the deshielding effects
from the presence of 2'-OH on the sugar protons (except 2'-H)
is minimal.

However, the deshielding effects derived from the presence
of 2'-OH on the sugar carbons (except 2'-C) are more complex.
'3C signals from 1'-C and 4'-C often appear very closely;
however, the presence (or lack) of 2'-OH in ribonucleosides (or
in deoxyribonucleosides) would seriously affect the chemical
shifts of 1'-C and 4'-C and possibly change their order. This is
why the data from one-dimensional '*C NMR in the
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Table 5. '>C NMR of 5-substituted uridines and their 4-thioanalogues (in DMSO-de)
1-C 2-C 3-C 4-C 5-C 2-C 4-C 5-C 6-C CH;
3a 87.71 73.46 69.80 84.77 60.80 150.66 163.01 101.66 140.64
3b 89.18 74.25 70.24 85.01 61.60 152.59 168.19 112.31 138.21 12.8
324 88.77 7431 69.94 85.22 60.89 149.80 157.68 141.38 125.53
157.48 139.56 125.25
?)=25Hz ')=227Hz  ?J=35Hz
3d*” 88.50 73.93 69.24 84.68 60.14 149.74 158.99 107.12 137.89
3eP% 88.49 73.94 69.25 84.67 60.11 149.97 159.14 95.69 140.35
320 88.27 73.95 69.31 84.73 60.18 150.35 160.48 96.17 145.11
4a 88.5 74.0 69.6 84.7 60.5 148.0 190.2 112.6 136.0
4b 88.24 73.72 69.43 84.81 60.43 147.99 190.72 117.56 133.45 16.82
4c 89.08 74.06 68.90 84.63 59.87 146.85 180.67 147.74 122.13
180.37 145.57 121.72
2)=30Hz  'J=217Hz = *J=41Hz
4ad 89.36 7413 68.72 84.57 59.63 147.07 185.36 116.81 134.71
4e 89.34 74.18 68.77 84.61 59.65 147.37 186.45 106.70 137.37
af 89.01 74.10 68.86 84.60 59.66 147.73 189.28 89.01 142.05
literature®®2"! could not unambiguously distinguish the '*C  Modification at 5-position

signals between 1'-C and 4'-C and sometimes led to contradic-
tory assignments. Thus, we used the "H-'>C HMQC technique
to clarify this inconsistency in the literature. Figure 2 clearly
shows that 1'-C has a higher § value than 4'-C; hence, the order
of the chemical shifts for the ribo-sugar carbons is 1'-C> 4'-C>
2'> 3'-C> 5'C. For the deoxyribonucleosides, the respective
order is 4'-C> 1'-C> 3'-C> 5'-C> 2'-C (Fig. 3). Clearly, the OH
at 2'-position (in ribo-sugar) has more influence on its neighboring
1'-C than on the more distant 4'-C.

The increased & value of 1'-C in the ribonucleosides can be
ascribed to the strong electronegativity of the oxygen atom of 2'-
OH. It is interesting to note that the effects of the presence of 2'-
oxygen atom are substantially different on the two neighboring
carbons (1'-C and 3'-C) (Tables 4 and 5). The influence on 1'-C is no-
ticeably high, whereas the influence on 3'-Ciis very small and at the
scale similar to the distantly located 5'-C. This might indicate the
orientation of 2'-OH points towards to 1'-C and away from 3'-C to
avoid the potential electron repulsion from 3'-OH.

Modification at 4-position

The replacement of the oxygen at the 4-position with a sulfur
atom gives rise to a thiocarbonyl group, which is evident
from the shifts of the imino proton (3-NH) and thiocarbonyl car-
bon (4-C) respectively. Exchangeable 'H signals in the range of &
12.68-13.10 ppm, attributable to the 3-NH protons, support the
structures of thiolated compounds 4(a-f). The appearance of only
one carbon signal in the §¢ 185.30-190.70 ppm region (characteristic
for a thiocarbonyl group) confirms the presence of the thiocarbonyl
moieties in compounds 4(a-f). It is interesting to note that the 'H
chemical shifts of the imino proton (3-NH) in all the thionucleosides
4(a-f) are substantially higher (at around 13 ppm) than those of the
oxy-nucleosides 3(a-f) that resonate at & 11.2-11.8 ppm (Tables 1
and 2). This difference offers a valuable NMR window to detect
the imino proton of thionucleosides because in general, there are
no signals from un-modified nucleosides appearing at such a low
field. In addition, these 3-NH proton signals are exchangeable and
readily identifiable by D,0 exchange experiments. Therefore, these
would also be a good marker in NMR studies of 4-thionucleosides
and their corresponding DNA and RNA.

The presence of a substituent at the 5-position affects chemical
shifts of carbon atoms in the base, in particular the bonded
carbon (i.e. 5-C) (Tables 4 and 5). As expected, a fluorine atom
has the strongest effect on the 5-C signals. Figure 4 plots '>C
chemical shifts of halogenated 5-C atoms against the electroneg-
ativity of the 5-substituents. The greater the electronegativity of
the attached halogen atom, the lower the electron density
around the 5-C and the further downfield the chemical shift of
the 5-C. In all cases, when the H atom at 5-position is replaced
by a fluorine atom, the 5-C has the highest value, shifting from
around 100 to 140 ppm.

This is due to the extremely high electronegativity of fluo-
rine. Because F, Cl, Br and | atoms are each more electroneg-
ative than H atom, it would be anticipated that, when the H
atom at 5-C is replaced by these substituents, their '*C reso-
nances should have higher § values. This prediction holds true

Chemical shift against electronegativity

130 - -H-- - F--Br-€F--------- F-
£ 120 .l
S ool B s
= B e 02
£ 100 &* -
g A &*
n W g """"""""" a3
70 +* al
o J

2 22 24 26 28 3 32 34 36 38 4

Electronegativity of halogen atom

Figure 4. 13C chemical shift of halogenated 5-C plotted against electro-
negativity of the halogen atom. The electronegativity is 3.98 (F), 3.16 (Cl),
2.96 (Br) or 2.66 (1), respectively, and each of them is higher than that of H
atom (2.2). However, the ">C chemical shifts of the 5-carbons bearing
bromo (Br) or iodo () atom are lower than those of the carbons bearing
H atom in all the nucleosides (1-4).
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for F and Cl but not for Br and I. The '*C resonances of 5-C in
5-bromonucleosides (1e, 2e, 3e and 4e) and 5-iodo-nucleo-
sides (1f, 2f, 3f and 4f) in fact have lower § values relative
to that of the un-modified uracil nucleosides. Clearly, the elec-
tron-withdrawing effect alone is not enough to explain these
observations. This unusual effect could be explained by the
'heavy atom effect’'??! that is when a carbon atom is attached
to a heavy halogen atom (such as Br or I), the diamagnetic in-
teractions arising from the numerous electrons of bromo or
iodine atom increase the shielding effect of the substituted
carbon atom so that the NMR resonances shift upfield.

Conclusions

A series of 5-substituted-4-thio-uridines and their 2'-deoxy ana-
logues have been successfully prepared from their respective
parent nucleosides. Their 'H and '*C NMR have been systemically
investigated. Practical methods are established to unambigu-
ously assign all pyrimidine carbons and to distinguish between
1'-C and 4'-C signals in both types of nucleosides. These assign-
ments can provide useful references for 4-thiopyrimidine nucleo-
sides and other base-modified nucleosides. The finding that the
'H chemical shifts of the imino proton in these 4-thionucleosides
are unusually high would offer an excellent marker in NMR stud-
ies of nucleic acids containing these thio-bases.

Experimental
NMR instruments

500 MHz from Bruker (AV-500, FT NMR) and 400 MHz from Bruker
(AV-400, FT NMR). The COSY spectra (DMSO-dg) were obtained in
the magnitude mode with 1024 points in the F2 dimension and
256 increments in the F1 dimension. Each increment FID was
obtained with 12 scans with a relaxation delay of 2 s. HMQC spec-
tra (DMSO-dg) were obtained in the magnitude mode with 1024
points in the F2 dimension and 256 increments in the F1 dimen-
sion. Each increment FID was obtained with 16 scans with a relax-
ation delay of 2s.

Materials and methods

All chemicals and solvents, unless stated otherwise, were from
either Aldrich or Sigma. All chemicals and solvents were used
directly without further purification. Nucleosides on TLC were
identified using p-anisaldehyde/ethanol/H,SO, (5:90:5) or EtOAc:
Petro Ether (8: 2) solution that converted the nucleosides
into black spots on heating.

Preparation of 5-substituted- 4-thiopyrimidine nucleosides:
Chemical synthesis of 5-bromo-4-thiouridine is described below as a
typical example.

2', 3, 5'-tri-O-acetyl-5-bromouridine

To a solution of 5-bromouridine (1e) (0.87 g, 2.70 mmol) in dry
pyridine (15ml) at 0°C, dry (CH3CO),0 (3.0ml, 32 mmol) was
added slowly. The reaction was stirred for 5h and monitored by
the formation of fluorescent spots on TLC (5% MeOH in CH,Cl,).
After the reaction was complete, the solvent was removed under
reduced pressure. A white solid crystallized from ethanol (95%)
was collected by filtration and dried on an oil vacuum pump to
give the title compound (1.16 g, 95.9%), mp 52-53°C.

2, 3', 5'-tri-O-acetyl-5-bromo-4-thiouridine

2', 3!, 5'-tri-O-acetyl-5-bromouridine (0.90g, 2.00 mmol) was
dissolved in 1, 4-dioxane (30 ml), and P,Ss (0.85 g, 3.84 mmol) was
added. The mixture was refluxed at 106 °C for 1.5 h (monitored by
TLQ). The solvent was removed under reduced pressure, and the
residue was treated several times with CH,Cl,. The residue was
purified on a silica gel column and eluted with petroleum: ethyl
acetate (3:2, v/v) to give the title compound (0.51 g, 55.6%).

5-bromo-4-thiouridine (4e)

2', 3', 5-tri-O-acetyl-5-bromo-4-thiouridine (0.63g, 1.95mmol)
was suspended in absolute MeOH (120 ml) and was saturated
with dry ammonia gas by stirring at room temperature for 4.5 h.
The resulting solution was evaporated under reduced pressure
at 35°C, and the residue was purified on a silica gel column
packed in CH,Cl,: MeOH=9:1. Column was eluted with CH,Cl,:
MeOH =9.5:0.5; the solvent was then removed in vacuo to pro-
vide a solid residue. The residue was recrystallized from H,O to
give the title compound (0.33 g, 71%).
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