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A new method for attachment of a ferrocenyl moiety to hydroxyl-containing biomolecules is reported,
based on the Mitsunobu reaction with N-(ethoxycarbonyl)ferrocenecarbothioamide. The reaction results
in the replacement of the OH group with a (ferrocenyl)thioimidoyl moiety. Using this method, ferrocenyl
conjugates of cholesterol, stigmasterol, as well as protected and nonprotected adenosine and 2’-deoxy
adenosine were obtained in high yield and with high chemo- and stereoselectivity.
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Bioorganometallic chemistry of ferrocene has attracted consid- We have recently described the synthesis of N-(ethoxycar-

erable interest in recent years,! which has stimulated the search
for synthetic methods enabling attachment of ferrocenyl groups
to biomolecules. The most frequently used method relies on simple
acylation of amino- or hydroxyl groups of biomolecules with deriv-
atives of carboxylic acids containing ferrocenyl moieties.’®*d An-
other method consists of the reaction of ferrocenecarbaldehyde
with amino groups of biomolecules with subsequent reduction of
the imino function initially formed.'? Finally, there are other meth-
ods based, for example, on addition of thiol groups to ferrocenyl
maleimides or iodoacetamides,'® C-C bond forming cross-coupling
reactions,'”? ‘click’ chemistry,® and Staudinger ligation.*

The Mitsunobu reaction is one of the most versatile methods for
the replacement of the hydroxyl groups of alcohols by various
nucleophiles® and therefore could be of interest for the synthesis
of ferrocene conjugates of hydroxyl-containing biomolecules. In
fact, the Mitsunobu reaction of ferrocenyl alcohols with thymine/
uracil, a protected thymidine and a protein nucleic acid has been
used for the synthesis of ferrocenyl conjugates of these biomole-
cules.® However, to our knowledge, there has been no report on
the application of this reaction for the replacement of the hydroxyl
group by a ferrocene-containing nucleophile.
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bonyl)ferrocenecarbothioamide 1. Herein, we report that this
compound can be used as a pronucleophile in Mitsunobu reactions,
allowing the synthesis of ferrocene conjugates of thio analogs of
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Figure 1. Electronic absorption spectra of 1 in HO-MeOH (9:1) at pH 7 (solid line)
and pH 12 (dashed line).
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some hydroxyl-containing biomolecules (the hydroxyl group is re- hypsochromic effect is observed, as expected for (at least partial)
placed by a (ferrocenyl)thioimidoyl unit). deprotonation of 1. This means that the pK, of this compound is
Figure 1 shows the electronic absorption spectra of 1 in MeOH- <13, that is, in the range required for classical Mitsunobu condi-

water solutions at pH 7 and pH 12. In alkaline solution a significant tions (PPhs, DEAD).>
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Scheme 1. Mitsunobu reaction of 1 with benzylic alcohols.
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Chart 1. Structures of the synthesised bioconjugates.
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In our first attempts we found that 1 reacts in the presence of
PPh; and DEAD with benzyl and p-nitrobenzyl alcohol to afford
(N-ethoxycarbonyl)thioimidates 2a-b, in 56% and 87% isolated
yields, respectively (Scheme 1).8

The reaction was carried out in THF at room temperature for
4 h. Identification of the products was simple as we had obtained
them earlier in the reaction of 1 with the corresponding halides
in DMF/K,CO3 and we had confirmed the structure of 2b by X-
ray diffraction.’

The reaction of 1 with cholesterol, PPh; and DEAD afforded 3
(Chart 1). The reaction was relatively slow and the isolated yields
of 3 after 2 h, 4 h, 24 h and 3 days were 16%, 21%, 51% and 83%,
respectively. Analysis of the coupling constants in the 'H NMR
spectrum of 3 (measured using selective decoupling experiments)
revealed inversion of the configuration at C-3 typical for the Mits-
unobu reaction (coupling constants of H-3 with H-2, 5.5 Hz and
3.5 Hz, reveal the equatorial orientation of H-3). The '*C NMR
spectrum of 3 in CDCl; showed signals characteristic for the -S-
C=N-CO-OEt moiety at 172.6 and 161.9 ppm. Although the stereo-
chemistry of this moiety has not been determined, we presume
that it is the same as in 2b, that is (E). Similarly, the reaction of
1, PPh; and DEAD with stigmasterol afforded compound 4 (87%
yield after 3 days).

It is worth noting here that Mitsunobu reactions of cholesterol
lead in some cases to mixtures of products, resulting from assis-
tance from the ethylenic bond,'® although examples of the selec-
tive C-3 substitution with inversion of the configuration are also
known.!!

A cyclic voltammetry study of 3 in dichloromethane solution
showed that this compound undergoes reversible one-electron
oxidation at 254 mV (vs Fc*/Fc) with AE = ~70 mV. This significant
anodic shift reflects the electron-withdrawing character of the
thioimidato substituent.

We were also interested in the Mitsunobu reaction of adenine
nucleosides, which should lead to ferrocenyl conjugates of 5'-
thio-analogs of these compounds. Reaction of 1, PPh; and DEAD
with the protected nucleoside, 2’,3'-O-isopropylideneadenosine,
proceeded cleanly with formation of 5 (91% yield after 24 h). More
interestingly, non-protected 2’-deoxyadenosine and adenosine
afforded selectively 6 and 7. The isolated yields of 6 were 15%
and 72% after 4 h and 24 h, respectively. The conjugate 7 was iso-
lated in 93% yield after 3 days.

The structures of compounds 6 and 7 were confirmed by their
'H NMR spectra, exhibiting one and two secondary OH groups
(doublets, exchangeable with D,0), respectively.

In conclusion, we have reported the first example of a Mitsun-
obu reaction using a ferrocenyl pronucleophile and demonstrated
the potential of this reaction for the synthesis of ferrocenyl conju-
gates of hydroxyl-containing biomolecules.
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(80 mg, 0.25 mmol), triphenyl-
phosphine (112 mg, 0.375 mmol), the appropriate alcohol (0.25 mmol), and
diethyl azodicarboxylate (0.06 ml, 0.375 mmol) were dissolved in 0.2 ml of dry
THF under argon. The reaction mixture was stirred at room temperature for the
time indicated below, concentrated in vacuo and chromatographed on silica gel
using dichloromethane as eluent.

Compound 2a. Reaction time 4 h. Yield 56%. Red oil. Identified by comparison
with an authentic sample.®

Compound 2b. Reaction time 4h. Yield 87%. Red plates. Identified by
comparison with an authentic sample.’

Compound 3. Reaction time 3 days. Yield 83%. Orange powder. 'H NMR
(700 MHz, CDCl3, 6): 5.39 (d, J = 4.8 Hz, 1H, H-6), 4.67 (s, 1H, Cp), 4.65 (s, 1H,
Cp), 4.39 (s, 2H, Cp), 4.25 (s, 5H, Cp’), 4.22 (q, J = 7.0 Hz, 2H, CH>CH5), 4.11 (m,
1H, H-3),2.77 (d,J = 14 Hz, 1H), 2.26 (d, ] = 14 Hz, 1H), 1.98 - 2.04 (m, 3H), 1.81
-1.91(m, 2H), 1.54-1.75 (m, 4H), 1.42-1.53 (m, 4H), 1.34-1.40 (m, 3H), 1.31 (¢,
J=7.0Hz, 3H, CH,CH3), 1.24-1.27 (m, 1H), 1.04-1.20 (m, 10H), 1.03 (s, 3H,
CH3), 0.98-1.02 (m, 2H), 0.92 (d, J = 7.0 Hz, 3H, CH3), 0.87 (d, J=7.0 Hz, 3H,
CHs), 0.86 (d, J = 7.0 Hz, 3H, CH;). '3C NMR (175 MHz, CDCl;): § 172.6, 161.9,
139.2, 122.6, 78.5, 70.9, 70.8, 69.3, 68.8, 62.2, 56.8, 56.2, 50.2, 44.2, 42.3, 39.8,
39.5, 37.2, 36.2, 35.8, 35.6, 31.85, 31.8, 28.2, 28.0, 26.9, 24.3, 23.9, 22.8, 22.6,
20.8,19.2,18.7, 14.4, 11.9. IR (KBr, cm™'): 2934, 2903, 2868, 2851, 1710, 1616,
1249, 1232, 1198. Anal. calcd for C4;Hs9FeNO,S: C, 71.80; H, 8.67; N, 2.04; S,
4.68. Found: C, 71.73; H, 8.59; N, 2.11; S, 4.72.

Compound 4. Reaction time 3 days. Yield 87%. Orange oil. 'H NMR (200 MHz,
CDCl3): 6 5.38 (d, J = 4.1 Hz, 1H, CH), 5.02-5.14 (m, 2H), 4.64 (t, ] = 1.8 Hz, 2H,
Cp), 437 (t, J=1.8Hz, 2H, Cp), 4.23 (s, 5H, Cp’), 4.20 (q, J=8.0Hz, 2H,
CH,CH3), 2.71-2.80 (m, 1H), 1.94-2.28 (m, 6H), 1.42-1.76 (m, 12H), 1.29 (t,
J=6.9Hz, 3H, CH,CH3), 1.02-1.22 (m, 12H), 0.77-0.85 (m, 10H), 0.69 (s, 3H,
CHs). IR (KBr, cm~'): 2956, 2934, 2904, 2869, 1710, 1617, 1249, 1230,
1198.Anal. calcd for C43HgFeNO,S: C, 72.55; H, 8.64; N, 1.97. Found: C, 72.49;
H, 8.68; N, 2.01.

Compound 5. Reaction time 24h. Yield 91%. Orange powder. 'H NMR
(200 MHz, CDCls): 6 8.38 (s, 1H, adenine), 7.94 (s, 1H, adenine), 6.08 (d,
J=2.0Hz, 1H), 5.72 (s, 2H, NH,), 5.55 (m, 1H), 5.09 (dd, J; =3.0 MHz,
J,=62MHz, 1H), 4.64 (t, J=1.9Hz, 2H, Cp), 453 (dd, J;=2.0 MHz,
J>=6.4MHz, 1H), 4.41 (t, J=1.9 Hz, 2H, Cp), 4.24 (s, 5H, Cp’), 4.21-4.28 (m,
2H, CH,CH3), 3.35-3.40 (m, 2H), 1.61 (s, 3H, CHs), 1.39 (s, 3H, CHs), 1.29 (¢,
J=7.1Hz, 3H, CH,CH3). IR (KBr, cm™'): 3355, 3262, 3183, 3112, 2984,
2936,1709, 1635, 1601. Anal. calcd for Cy7H30FeNgOsS: C, 53.47; H, 4.99; N,
13.86. Found: C, 53.21; H, 4.97; N, 13.92. MS (EI): 606 (M*), HRMS: Found:
606.134782, Calcd. for Cy7H30FeNgOsS: 606.13478.

Compound 6. Reaction time 24 h. Yield 72%. Orange powder, 'H NMR
(700 MHz, DMSO): ¢ 8.34 (s, 1H, adenine), 8.15 (s, 1H, adenine), 7.26 (s, 2H,
NH,), 6.35(m, 1H), 5.50 (d, J = 7.0 Hz, 1H, OH), 4.58 (t, ] = 2.0 Hz, 2H, Cp), 4.53
(t, J=2.0 Hz, 2H, Cp), 4.44 (m, 1H), 4.22 (s, 5H, Cp’), 4.14 (q, J=7.0 Hz, 2H,
CH,CH3), 3.37 (dd, J; = 3.0 MHz, J, = 6.1 MHz, 1H), 3.29 (m, 2H), 2.92(m, 1H),
2.29 (m, 1H), 1.21 (t, J= 7.0 Hz, 3H, CH,CH3). '*C NMR (175 MHz, CDCl5): 6
171.3, 161.2, 156.6, 153.1, 149.6, 140.2, 139.9, 119.8, 85.2, 84.2, 79.7, 774,
73.6, 71.8, 71.2, 69.1, 69.0, 62.5, 38.5, 33.6, 14.6. IR (KBr, cm™'): 3375, 3327,
3118, 2980, 2927, 1709, 1620, 1578, 1598, 1254, 1234, 1200. Anal. calcd for
Ca4H26FeNg04S: C, 52.37; H, 4.76; N, 15.27. Found: C, 52.11; H, 4.63; N, 15.12.
Compound 7. Reaction time 3 days. Yield 93%. Orange powder. 'H NMR
(700 MHz, DMSO-ds): 6 8.37 (s, 1H, adenine), 8.16 (s, 1H, adenine), 7.30 (bs,
2H, NH,), 5.90 (d, J=6.0 Hz, 1H, OH), 5.53 (d, J=5.9 Hz, 1H, OH), 5.42 (d,
J=5.0Hz, 1H, OH), 4.83 (m, 1H), 4.59 (t, J = 1.8 Hz, 2H, Cp), 4.55 (t, /= 1.8 Hz,
2H, Cp), 4.24 (s, 5H, Cp), 4.17 (m, 4H), 3.34 (m, 1H), 3.33 (m, 1H), 1.21 (t,
J=7.0Hz, 3H, CH,CHs). 13C NMR (50 MHz, DMSO-ds): & 171.2, 161.1, 156.5,
153.0, 149.8, 140.4, 119.8, 87.8, 82.6, 77.2, 73.1, 72.7, 71.6, 70.9, 68.9, 68.8,
62.2, 33.2, 14.3. IR (KBr, cm™'): 3371, 3326, 3115, 2971, 2927, 1712, 1623,
1574, 1587, 1247, 1234. Anal. calcd for Cy4H»sFeNgOsS: C, 50.89; H, 4.63; N,
14.84. Found: C, 50.75; H, 4.77; N, 14.73.
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