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Synthesis of an ethidium nucleoside and its acyclic analog
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Abstract—The protected ethidium nucleosides 8-(3',5'-di-O-benzoyl-2'-deoxy-D-ribofuranosyl)-3-acetamido-5-ethyl-6-phenyl-
phenanthridinium (5), 8-(3',5'-di-O-acetyl-2'-deoxy-D-ribofuranosyl)-3-acetamido-5-ethyl-6-phenyl-phenanthridinium (6), and the
acyclic analog 8-[(3R)-1,3-dihydroxy-4-yl]-acetamido-3-amino-5-ethyl-6-phenyl-phenanthridinium (3) were prepared. Based on to
their different stability, only the acyclic derivative 3 seems to be suitable for oligonucleotide synthesis. Furthermore, the acyclic
ethidium nucleoside analog 3 exhibits comparable absorption and emission properties of the underivatized ethidium (1). © 2003

Elsevier Science Ltd. All rights reserved.

1. Introduction

One of the interesting properties of planar polycyclic
aromatic molecules is their ability to intercalate
between two adjacent base pairs in duplex DNA which
was first proposed by Lerman.! This type of DNA
binding is mediated by non-covalent stacking interac-
tions with nucleobases and often combined with hydro-
gen bonding or other types of interactions. Among
these intercalators, the highly polar or even charged
systems are the most potent ones with respect to drug
positioning and sequence preferences. Thus, it is
believed that the electrostatic energy plays a major role
in the intercalation process.>

3,8-Diamino-5-ethyl-6-phenylphenanthridium  (‘ethid-
ium’, 1) is one of the well known positively charged
intercalators for duplex DNA and has been widely used
as a fluorescent staining agent due to the significant
fluorescence enhancement which it exhibits upon inter-
calation.? Ethidium (1) and its derivatives are also well
known as potent trypanocidal drugs.* In order to evalu-
ate the specific features of ethidium (1) such as binding
affinity, base sequence specifity and fluorescence prop-
erties, different experimental approaches were tried in
the past. Among these are the synthesis and application
of bifunctional DNA intercalators bearing ethidium
derivatives,’ theoretical calculations,> and the applica-
tion of the photochemical reactivity beyond the absorp-
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tion of the nucleic acids (>300 nm).® Ethidium (1) also
plays an important role with respect to the studies of
photoinduced processes in DNA.” In order to investi-
gate the distance dependence of charge transfer in
DNA, modified oligonucleotides have been used con-
taining ethidium covalently attached to the 5-end via
an alkyl linker.® Herein, we want to present the synthe-
sis and properties of the ethidium nucleoside 2 and its
acyclic analog 3 (Scheme 1) towards potential building
blocks for oligonucleotide synthesis.

2. Results and discussion

Early steps in the synthesis of ethidium (1) and its
derivatives were made by Walls et al.,” Watkins et al.,'”
and Berg et al.!! More recently, work by Schacht et al.
showed clearly that the amino group in position C-3 of
ethidium (1) is deactivated in comparison to the C-8
amino group due to the mesomeric stabilization of the
positive charge (Scheme 1).!* Thus in general, the C-8
amino group exhibits a higher reactivity towards any
modification. Hence, we expect that a regioselective
reaction of the C-8 amino group should be possible in
order to prepare the ethidium derivatives 2 and 3.

8-(2’-Deoxy-D-ribofuranosyl)-3-acetamido-5-ethyl-6-
phenyl-phenanthridinium (2) contains the ethidium
moiety glycosidically linked to the furanose form
of 2’-deoxyribose. Glycosides with ethidium as an agly-
con, e.g. 3- and 8-N-glucuronosylethidium, have been
previously identified as the major metabolites of ethid-
ium."* Although the structure of 2 represents an N,O-
acetal, or a glycosylamine, respectively, the stability of
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Scheme 1. Deactivation of the amino group at C-3 of ethid-
ium (1) due to mesomeric stabilization of the positive charge.
Ethidium nucleoside 2 and its acyclic analog 3.

2 towards acid and base hydrolysis should be high
enough to guarantee the later incorporation into
oligonucleotides. This expectation is mainly based on
the assumption that a significant mesomeric stabiliza-
tion exists within the ethidium aromatic system. We
started the preparation of the 2’-deoxyribofuranoside 2
from the precursors 1,3,5-tri-O-acetyl-2-deoxy-D-ribo-
furanose,'* 1-chloro-3,5-di-O-benzoyl-2-deoxy-D-ribo-
furanose,’”> and  3,5-di-O-benzoyl-2-deoxy-D-ribo-
furanose.'® A whole variety of different reactions condi-
tions were tried to perform this preparation including
the Vorbrueggen conditions for the preparation of
nucleosides,'” the Koenigs—Knorr conditions'® or Lewis-
acid catalyzed conditions'® for the preparation of gly-
cosides, and, finally, special reaction conditions for the
preparation of aromatic glycosylamines.”* In all of
these experiments none or only traces of the product
could be detected by different analytical techniques,
mainly HPLC-MS.

In conclusion, only the reaction of 3,5-di-O-benzoyl-2-
deoxy-D-ribofuranose (4) with ethidium (1) by treat-
ment with the weak acid NH,Cl in MeOH?! gave the
desired product in a yield of 10-15% (Scheme 2) which
was high enough in order to characterize and test the
stability of this ethidium nucleoside. Detailed investiga-
tions of the conditions of this reaction mainly by HPLC
showed that the maximum amount of the desired
product 4 could be found after 24 h reaction time under
reflux. The yield could not be improved since degrada-
tion of the product was detected after 24 h by HPLC.
In order to facilitate the chromatographic purification,
the coupling product was acetylated directly after the
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Scheme 2. Synthesis of the protected ethidium nucleosides 5
and 6: (a) 1 (1.3 equiv.), pTsOH (0.1 equiv.), MeOH, 60°C, 24
h; (b) Ac,O (3.3 equiv.), pyridine, rt, 6 h, 10-15% (a+b).

preparation. The ethidium glycoside 5 was character-
ized by UV/vis spectroscopy and ESI mass spectrome-
try.?> The structure of 5 was confirmed by NMR
spectroscopy, including the 2D techniques HMQC and
DQF-COSY. These NMR experiments clearly revealed
that the protected 2'-deoxyribofuranoside moiety is
covalently attached to the amino group in the C-8
position of the ethidium part. The a-/Bf-anomers of the
glycoside 5 showed a slightly different R; value on TLC.
Additionally, the NH-HSQC spectrum of 5 (Fig. 1)
showed two cross-peaks for the NH-protons in the
C-8-position of the ethidium group representing the
two anomers, whereas the NH-protons in the C-3 posi-
tion which is acetylated showed only one cross-peak.

It turned out that a complete interpretation of the
aromatic ethidium resonances in the '"H NMR spectrum
is impossible due to the overlay with the resonances of
the protons of the two benzoyl groups in the positions
3" and 5’ of the 2'-deoxyribose moiety of 5. Hence, we
synthesized additionally the corresponding ethidium
glycoside 6 from 3,5-di-O-acetyl-2’-D-deoxyribofuran-
ose (7) again by treatment with NH,Cl in MeOH and
subsequent acetylation. The yield of 6 was comparable
to the synthesis of 5. Using this compound, the substi-
tution pattern of the ethidium group could be investi-
gated through 2D NMR experiments (DQF-COSY)
and was confirmed.>

We checked the stability of the protected ethidium
nucleosides 5 and 6 towards the typical reaction condi-
tions during automated DNA synthesis and workup.
Among these, the most critical ones for the glycosides 5
and 6 were expected to be the treatment with acids and
strong bases. As expected due to the mesomeric reso-
nance stabilization, both compounds, 5 and 6, stayed
stable towards the presence of trifluoroacetic acid in
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Figure 1. NH-HSQC of the ethidium nucleoside 5.

MeCN over at least 3 h which was investigated by
HPLC analysis. In contrast, treatment of 5 and 6 with
aq. NH,OH solution completely degraded the products
within 3 h by cleaving the glycosidic bond between the
ethidium and the 2’-deoxyribofuranose part. This frag-
ments could be identified by HPLC-MS. This observed
instability of the glycosylamines 5 and 6 is in agreement
with results by Carell et al.>! and clearly indicates that
they are not suitable as building blocks for the prepara-
tion of oligonucleotides with ethidium as an artificial
DNA base.

As an alternative, we designed 8-[(3'R)-1",3’-dihydroxy-
4’-yl]-acetamido-3-amino-5-ethyl-6-phenyl-phenanthri-
dinium (3) which represents an acyclic analog of the
ethidium nucleoside 2. The (3R),5-dihydroxy pentanoic
acid part mimics the 2’-deoxyribose moiety of common
nucleosides. Ethidium derivatives with an amide bond
to the exocyclic amino function at C-8 have proven to
be stable during DNA workup conditions as shown by
Barton et al.>* We started the synthesis (Scheme 3) with
the enantiomerically pure (3R),5-dihydroxypentanoic
acid methyl ester 8 which can be prepared in a multi-
step process according to literature procedures.”® The
two hydroxy functions of 8 were protected by a benzyl-
idene group and the ester function of 9°° was
hydrolyzed in aq. LiOH.?’

The coupling of the carboxylic acid 10*® with ethidium
(1) was performed by three different ways. First, the
carboxylic acid of 10 was activated with iso butyl
chloroformiat.?® Subsequent treatment of the mixed
anhydride 11°° with ethidium (1) in DMF at elevated
temperature gave the coupling product 12*! in good
yield (70%). Using this synthetic pathway, only 3% of
3,8-disubstituted ethidium side product were detected
by HPLC-MS. Alternatively, the direct coupling of the
carboxylic acid 10 with ethidium (1) via typical and
common peptide coupling procedures gave 12 in com-
parable yields (60-80%). We tried this coupling using
HATU/HOAL,*? and in the presence of DCC/DMAP!2.
Using the latter method, the 3,8-disubstituted ethidium
side product was formed only in traces whereas the
HATU/HOAt-catalyzed coupling gave this side
product in higher amounts (14%). Finally, the benzyli-
dene group of 12 was removed in aq. HCI yielding the
ethidium derivative 3.

We confirmed the structure of the ethidium derivative
3* by 2D NMR experiments (DQF-COSY and
HMQC) and by mass spectrometry. Most importantly,
in contrast to the glycosides 5 and 6, the acyclic deriva-
tive 3 stays stable for hours upon treatment with acids
and bases presenting the conditions of the DNA syn-
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Scheme 3. Synthesis of the acyclic analog 3: (a) Ph-
CH(OCH,;), (1.0 equiv.), pTsOH (0.1 equiv.), CH,Cl,, 40°C,
2 h, 63%; (b) LiOH, THF:H,0=1:1, rt, 12 h, 64%; (c)
4-ethylmorpholine (1.1 equiv.), isobutyl chloroformiate (1.1
equiv.), THF, rt, 10 min, quant; (d) 1 (1.0 equiv.), DMF,
70°C, 48 h, 70%; (e) 1 (0.9 equiv.), HATU (1.0 equiv.), HOAt
(1.0 equiv.), DMF, rt, 12 h, 80%; (f) 1 (1.0 equiv.), DCC (2.4
mmol), DMAP (0.5 equiv.), DMF, 70°C, 48 h, 60%; (g)
pTsOH (cat.), MeOH, rt, 30 min, 8§9%.

thesizer cycle and workup. With respect to this stability,
the ethidium derivative 3 is suitable in terms of a
potential building block for oligonucleotide synthesis.

In order to evaluate the absorption and emission prop-
erties of the ethidium derivative 3, we finally measured
the UV/vis absorption and the steady-state fluorescence
of 3 in MeCN and MeOH, representing two typical
organic solvents without or with hydrogen-bonding
capabilities, respectively (Fig. 2). Whereas the UV/vis
absorption is very similar in both solvents, the fluores-
cence intensity is significantly different. In MeCN, the
integrated emission of 3 is 3.7 fold higher than in
MeOH, although the emission maxima reflect only a
small difference. This result stands in agreement with
the well-known electronic properties of ethidium (1)
meaning that the quantum yield of the ethidium
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Figure 2. UV/vis absorption and steady-state emission spectra
of the ethidium derivative 3 in MeCN (—) and MecOH (---).

fluorescence in MeOH is significantly lower due to
quenching. In addition to the NMR characterization,
the absorption maximum of 3 in the area of 480490
nm clearly indicates that only one exocyclic amino
group of the ethidium moiety has been derivatized. The
additional derivatization of the exocyclic amino group
in position C-3 of the ethidium part in 3 would result in
a hypsochromic shift of the absorption spectrum to the
area of 430-440 nm.**

3. Conclusion

In conclusion, we presented here the preparation of the
ethidium nucleosides 8-(3',5'-di-O-benzoyl-2'-deoxy-D-
ribofuranosyl)-3-acetamido-5-ethyl-6-phenyl-phenan-
thridinium (5), 8-(3',5'-di-O-acetyl-2’-deoxy-D-ribofura-
nosyl)-3-acetamido-5-ethyl-6-phenyl-phenanthridinium
(6), and the acyclic analog 8-[(3'R)-1',3'-dihydroxy-4'-
yl]-acetamido-3-amino- 5-ethyl- 6 - phenyl - phenanthri-
dinium (3). Due to their different stability, only the
acyclic derivative 3 is suitable as a potential building
block for oligonucleotide synthesis. Furthermore, the
acyclic ethidium nucleoside 3 exhibits the comparable
absorption and emission properties of the underivatized
ethidium (1).
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7.85-7.89 (m, 5 H, ethidium aromatic H), 7.94 (s, 1 H,
H-7), 8.30 (d, 1 H, H-9), 8.81 (d, 1 H, H-10), 8.83 ppm
(d, 1 H, H-1). 3C NMR (125.8 MHz, [d,]-MeOH):
0=13.2 (CH,CH;), 30.8 (C-4), 433 (C-2), 49.7
(CH,CH,), 66.6 (C-5'), 74.1 (C-3), 98.5, 101.0 and 101.1
(Ph-C), 108.1, 110.2, 119.2, 120.0, 122.2, 123.3, 124.1,
1254, 125.7, 125.8, 127.4, 127.5, 127.6, 128.0, 128.1,
128.2, 128.3, 128.4, 129.2, 129.3, 129.4, 129.9, 131.0,

32.

33.

34.

131.7, 203.8 (C-1"). ESI-MS m/z (%): 518.4 (100) [M]".
Alberico, F.; Bofill, J. M.; El-Faham, A.; Kates, S. A. J.
Org. Chem. 1998, 63, 9678-9683.

Data of 3: R;=0.20 (silica gel, EtOAc:MeOH:H,O=
6:2:1). UV/vis MeOH): A, =215, 295, 487. 'H and '*C
NMR signals were assigned according to 2D experiments
(DQF-COSY and HMQC). 'H NMR (500 MHz, [d,]-
MeOH): d=1.56 (t, 3 H, CH,CHy;), 1.72, 1.83 (m, 2 H,
H-4"), 2.51, 2.71 (m, 2 H, H-2"), 3.71, 3.77 (m, 2 H, H-5'),
4.21,4.39 (m, 1 H, H-3"), 4.77 (q, 2 H, CH,CH,), 7.47 (s,
1 H, H-2), 7.49 (s, 1 H, H-4), 7.66-7.69, 7.81-7.85 (m, 5
H, aromatic H), 7.95 (s, 1 H, H-7), 8.31 (d, 1 H, H-9),
8.77 (d, 1 H, H-10), 8.79 ppm (d, 1 H, H-1). 1*C NMR
(125.8 MHz, [d,-MeOH): 6 =13.2 (CH,CH,), 39.1 (C-4),
44.8 (C-2), 49.7 (CH,CH,;), 58.1 (C-5"), 65.8 (C-3'), 98.5,
108.2, 110.0, 119.0, 119.9, 122.1, 122.5, 123.3, 123.9,
125.4, 127.4, 128.0, 128.1, 129.2, 129.3, 130.0, 130.9,
131.0, 131.7, 198.4 ppm (C-1'). ESI-MS m/z (%): 430.4
(100) [M]".

According to the comparison of the UV/vis spectra
(MeCN)  of  8-acetamido-3-amino-5-ethyl-6-phenyl-
phenanthridium (4,,,, =216, 291, 477 nm) and 3,8-diac-
etamido-5-ethyl-6-phenyl-phenanthridium (Amax =213,
284, 431 nm).
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