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Uracil, thymine, and 5-fluorouracil (5-FU) have been ferro-
cenoylated selectively at the N position. Deprotonated pyr-
imidine nucleobases, prepared with sodium hydride (NaH)
in N,N-dimethylformamide (DMF), reacted with either ferro-
cenoyl chloride (FcCOCI) or ferrocenoyl ethyl carbonate
(FcCOOCOOEY), in DMF to give a single product. The re-
gioselectivity of these reactions were analyzed in detail by
using NMR spectroscopy and quantum chemical calcula-
tions. The 'H and 'F NMR spectra of reaction mixtures, and

13C NMR and 2D NOESY spectra of products, confirmed the
formation of the N'-isomer only. The calculated energy bar-
rier for acetylation at the N3-position is significantly higher
(> 40 kJ/mol), which suggests that the analogous reaction
at the N!-position is kinetically controlled. The nucleophilic
addition of pyrimidine bases to the carbonyl group of
FcCOCI proceeds through a concerted Sn2-like mechanism
with the absence of the generally assumed tetrahedral inter-
mediate.

Introduction

The ferrocenyl fragment has been coupled to a plethora
of biologically relevant systems, such as peptides, sugars,
drugs, and nucleosides.['! In this respect, nucleobases re-
main attractive targets for ferrocenyl conjugation. Pyrimid-
ines and purines substituted by a ferrocenyl moiety present
interesting organometallic conjugates because their struc-
tures incorporate both biologically and electrochemically
active components.?l A series of ferrocene-substituted nu-
cleobases has been described incorporating a different set
of linkers, but no carbonyl group has been used as a chemi-
cal spacer. Carbonyl spacers enable extended conjugation
involving ferrocenyl and nucleobase aromatic moieties, and
the electron delocalization can be tuned by inserting sub-
stituents at the ferrocene ring system.

In this work, the Fc-C=0 fragment has been linked to
“standard” pyrimidine bases uracil and thymine. In ad-
dition, the ferrocenyl moiety is attached to S-fluorouracil
(5-FU), which is a nucleobase analogue of known pharma-
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cological significance.’] It is expected that the ferrocenyl
group can modulate or potentiate the biological activity of
the conjugated pharmacophores.

To replace the sugar part of pyrimidine nucleosides with
a ferrocene moiety, the parent nucleobases should be substi-
tuted selectively at the N'-position. In this report, synthetic
procedures for the preparation of N!-ferrocenoyl-substi-
tuted pyrimidine bases (thymine, uracil, and 5-FU) have
been developed. No protection of the N3-position is needed
to afford the N'-isomer as a single product. The regioselec-
tive N'-substitution was confirmed by NMR spectroscopic
analysis, and quantum chemical calculations were per-
formed to rationalize the kinetic preference for the N'-acyl-
ation reaction.

Results and Discussion

To prepare N'-ferrocenoyl-substituted uracil, thymine, or
5-fluorouracil, several bases (K,CO3, TEA, or NaH) were
probed as deprotonating agents for pyrimidines. Attempts
at the preparation with K,CO3z or TEA were less effective
in terms of both yield and efficacy. By using NaH as a de-
protonating agent, exclusive formation of the N'-isomer in
high yield was observed. The acidity of N! and N* protons
in uracil (or thymine) is essentially identical in solution,*-¢!
and therefore cannot account for the observed regioselectiv-
ity. Herewith, we employ NMR spectroscopy and quantum
chemical methods to rationalize the mechanism underlying
the regioselectivity of the reaction between deprotonated
nucleobases and FcCOCI (or FcCOOCOOEY) (Scheme 1).
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Scheme 1. Regioselective N'-acylation of pyrimidine nucleobases 1
(uracil, R = H; thymine, R = Me; 5-fluorouracil, R = F) with ferro-
cenoyl chloride (X = Cl) or ferrocenoyl ethyl carbonate (X =
OCOOCH,CHy3;). Preparation of ferrocenoyl chloride (FcCOCI)
and ferrocenoyl ethyl carbonate (FcCOOCOOEt) from ferro-
cenecarboxylic acid (FCCOOH) is presented in the inset box.

The Reaction Mechanism

To investigate the mechanism of the reaction between
pyrimidine bases and FcCOCI, DFT calculations were per-
formed. Stationary points were searched at the correspond-
ing potential energy surfaces, and characterized as either
minima (NImag = 0) or first-order saddle points (NImag =
1). For the reaction between N'-deprotonated uracil (Iny,
R = H) and FcCOCI, only one transition state (TSx;) was
located (Figure 1). This transition structure connects reac-
tants (1ny and FcCOCI) and the product (255, R = H), as

Figure 1. Transition-state structures TSy; and TSn3 for the reac-
tion of N'- or N3-deprotonated uracil, respectively, with ferro-
cenoyl chloride (FcCOCI), optimized at the B3LYP/6-31G(d) level.
All distances are in angstroms.
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followed by the IRC procedure, which suggests a concerted
Sn2-type mechanism.

The same mechanism is operative for the reaction be-
tween N3-deprotonated uracil (In3, R = H) and FcCOCI,
in which a single transition state (TSn3) exists on the corre-
sponding energy surface. No tetrahedral intermediate, typi-
cal of a nucleophilic addition—elimination mechanism, was
found in either case. All starting structures of conceivable
intermediates converged, during geometry optimization, to
local minima at the reactant or product side of the reaction.
Therefore, the reaction between uracil and FcCOCI follows
a one-step mechanism in which N-C bond formation and
C-Cl bond cleavage occur simultaneously. This supports
earlier theoretical and experimental results that corroborate
that nucleophilic addition to the carbonyl group of acid
chlorides proceeds by a concerted Sy2-like mechanism with
the absence of the generally assumed tetrahedral intermedi-
ate.l”!

The one-step mechanism is operative in the reaction be-
tween other pyrimidine bases, thymine (1n;, R = Me) or 5-
fluorouracil (I1ny, R = F), and FcCOCI, as evidenced by
our computational results. However, if a poor leaving group
is incorporated in the acylating agent, then the “classical”
two-step mechanism becomes operative. According to the
computational results, in the reaction between neutral ura-
cil and ferrocenoyl ester (FCCOOCH3) and ferrocenecarb-
oxylic acid (FcCOOH), the tetrahedral intermediate was
easily located in both cases (see Figure S1 in the Supporting
Information). This finding reveals the stepwise mechanism
for nucleophilic substitution at the carbonyl carbon. Again,
this is in agreement with experimental evidence of an ad-
dition—elimination pathway, which is a preferred reaction
channel when the acylating agent contains poor leaving
groups.[1%

Regioselectivity of the Acylation Reaction

In the following section, we will investigate the regiose-
lectivity of the reaction between pyrimidine bases and
FcCOCI. Reports on regioselective acylations of uracil and
thymine are rather scarce.l'’-'? Most of the reactions be-
tween unprotected uracil/thymine derivatives and acylating
agents (acylchlorides, esters, or anhydrides) result in the for-
mation of a mixture of N'- and N3-substituted products.[!3]
It has been found that the N-acylation position depends on
the reaction temperature, base, catalyst, and acylation agent
employed.[!#13]

In case of the reaction between thymine and FcCOCI,
only one product was observed spectroscopically (Figure 2).
The reaction was followed by the sampling method in which
aliquots (0.2 mL) were taken directly from the reaction mix-
ture at selected time points. The 'H NMR spectrum of each
aliquot was measured in [Dg]DMSO. Along with the disap-
pearance of signals of the reactant (the ring protons for
FcCOCl in the range of 4-5 ppm), a new set of proton sig-
nals of the product emerged (Figure 3). According to de-
tailed 'H, '3C, and 2D NOESY NMR analysis of the prod-
5425
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uct obtained (see below), we conclude that a N'-ferrocenoyl
conjugate (2n1, R = Me) was formed.

Figure 2. B3LYP/6-31G(d) optimized N'- and N3-substituted prod-
ucts (2ng and 23, resp.) of the reaction between thymine and ferro-
cenoyl chloride (FcCOCI). The double arrows indicate key 'H-'H
NOESY correlations observed for 2y; (see the Supporting Infor-
mation) and the corresponding interatomic distances [A]. The
dashed lines indicate the calculated distances [A] between the 6-H
atom and selected ferrocenyl protons in 2n3.

The same conclusion comes from '"F NMR spectro-
scopic measurements of the reaction between S-fluorouracil
and FcCOCI (the small inset in Figure 3). The peak at
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—178.3 ppm, which corresponds to deprotonated 5-fluoro-
uracil, disappears in time, while a new signal at —166 ppm
shows up as the only signal in the spectrum. Again, the
detailed 2D NMR spectra (see below) confirmed that the
product formed was the N'-isomer (257, R = F).

Quantum chemical calculations have been employed to
rationalize the preferential reaction of ferrocenoyl chloride
with the Nl-nitrogen atom in uracil. At the B3LYP/6-
31+G(d,p) level, the calculated Gibbs free energy of acti-
vation for the reaction at the N3-position is approximately
40 kJ/mol higher than the barrier for the corresponding re-
action at the N'-position (Scheme 2 and Table 1).

The calculated energy of N'-ferrocenyl-substituted uracil
(2n1, R’ = Fc in Scheme 2) is similar to the energy of its
N3-substituted counterpart (2n3, R’ = Fc). Therefore, the
Nl-acylation reaction 1n;— 2np is not thermodynamically,
but kinetically favored. The comparative computational
study has been performed for the reaction between other
acyl chlorides, benzoyl chloride (R’ = Ph) and acetyl chlor-
ide (R’ = Me), and other pyrimidine bases (thymine and 5-
fluorouracil). In each case, the barrier for the N'-reaction
is lower than the corresponding barrier for the N3-reaction
(Table 1).

The results presented above confirm our hypothesis that
regioselectivity in the reaction between the acylating agent
(FcCOCl) and deprotonated pyrimidine nucleobases is ki-
netically controlled. Both reactions 1—2y; and 1—2x3
(see Scheme 1, where R = H, Me, or F) are strongly exer-
gonic (Table 1). The calculated Gibbs free energies (AG,) for

Mo

5.1 5.0 4.9

48 47 46 435 44
ppm

Figure 3. '"H NMR (400 MHz) spectra (selected resonances) of the reaction mixture aliquots (thymine/NaH + FcCOCI in DMF) taken
at several time points. The stack-plot of spectra (with an offset included) were recorded over 20 min. The small inset shows 'F NMR
(376 MHz) spectra of the reaction mixture (5-FU/NaH + FcCOCI in DMF) recorded over 15 min. All spectra were measured in [Dg]-

DMSO at 25 °C.
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Scheme 2. Schematic energy profile [B3LYP/6-31+G(d.,p) + AG,,] for the reaction between deprotonated uracil (at N'- or N3-position)

and a series of acylchlorides (R’ = Me, Ph, or Fc).

Table 1. Relativel® Gibbs free energy of the reaction (AG,) and acti-
vation barrier (AG¥) (in kJ/mol, at 298.15 K) for reactions between
deprotonated nucleobases (at the N!- or N3-position) and acyl
chlorides, calculated at the CPCM/UFF//B3LYP/6-31+G(d,p)/
SDD level of theory.[™

Acylation reac-  Uracil Thymine 5-Fluorouracil
tion at selected

position AG, AG*  AG, AG* AG. AG*
Base + N!' 1164 394 -1064 632 893 755
MeCOCI N* 951 783 834 1045 654 933
Base + N! 984 551 -840 803 -66.0 772
PhCOCI N3 951 967 862 1245 679 1158
Base + N'' 843 878 714 92.1 -534 976
FcCOCl N3 836 1349 -69.1 1640 -509 153.9

[a] Sum of energies for the N'-deprotonated base and acyl chloride
is set to zero. [b] All geometries optimized at the B3LYP/6-31G(d)
level, and bulk solvent effects have been calculated for DMF (¢ =
37.22).

all reactions are between —50 and —120 kJ/mol. In each case,
several product conformers are located (see the Supporting
Information), and only the most stable are presented here-
with (Table 1). In reactions between acetyl chloride and nu-
cleobases the N'-acetylated products are calculated as more
stable (> 20 kJ/mol) than their N3-counterparts. However,
in reactions between benzoyl or ferrocenoyl chloride and
nucleobases, the stability of N!- and N3-isomers is very sim-
ilar. It comes out that the formation reactions of N'- and
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N3-ferrocenoylated products are almost isoenergetic pro-
cesses (AAG, = 0.7 kJ/mol, for the reaction uracil +
FcCOCI). This shows that the calculated thermochemical
data, for parallel reactions at N'- and N3-positions, cannot
explain the experimentally observed regioselectivity. As
stated above, the regioselectivity of this reaction is mainly
kinetically controlled.

NMR Analysis of the Reaction Mixture

The '3C NMR spectra of previously reported acyl-substi-
tuted uracil and thymine reveal that N'- and N3-acylated
derivatives can be distinguished on the basis of the chemical
shifts of the corresponding C5 carbon resonance.l''! The C5
resonance signals of uracil and thymine are shifted approxi-
mately 3 ppm downfield with the introduction of the N!-
benzoyl substituent (Table 2). No such effect was observed
with the introduction of the benzoyl group at the N3-posi-
tion.'! In our case, the reaction between uracil/thymine
and FcCOCl results in the ferrocenoylated product in which
the CS5 signal is also shifted approximately 3 ppm downfield
compared with the corresponding signal of the parent nu-
cleobases (Table 2). The introduction of the ferrocenoyl
group, accompanied by the downfield shift of the C5 signal,
is therefore indicative of N'-substitution.

5427
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Table 2. Experimental™® and computational [GIAO-CPCM/UFF//
B3LYP/6-311G(d,p)//B3LYP/6-31G(d)/ Wachter-f method]™ NMR
chemical shifts!! for the C5 signal (and for the Fe atom, where
appropriate) in pyrimidine bases and their N'- and N3-acylated
derivatives (Bz = benzoyl, Fc¢ = ferrocenoyl).

(O] (O} Fe

6exp (60‘11&:) Aéexp (Aéculc)[d] 6calc
Uracil 101.1 (101.8) - -
N!-Bz-uracil 103.7 (105.0) +2.6 (+3.2) -
N3-Bz-uracil 100.1 (102.2) -1.0 (+0.4) -
N!-Fc-uracil 102.9 (104.0) +1.8 (+2.2) 1970.4
N3-Fc-uracil n. a. (102.3) n. a. (+0.5) 1984.8
Thymine 107.8 (111.6) - -
N'-Bz-thymine 111.5 (115.4) +3.7 (+3.8) -
N3-Bz-thymine 107.9 (112.2) +0.1 (+0.6) -
N!-Fc-thymine 111.6 (114.6) +3.8 (+3.0) 1919.0
N3-Fc-thymine n. a. (112.1) n. a. (+0.5) 1935.8
5-Fluorouracil 139.9 (146.1) - -
N'-Fc-5-fluorouracil  140.9 (147.2) +1.0 (+1.1) 1935.5
N3-Fc-5-fluorouracil  n. a. (145.9) n. a. (-0.2) 1952.9

[a] Experimental NMR spectra measured in [Dg]DMSO. [b] Geo-
metries were optimized and chemical shifts calculated in the model
solvent [Dg]DMSO. [c] 3*C NMR chemical shifts are given in ppm
downfield from tetramethysilane (TMS; 0 ppm), and ’Fe NMR
chemical shifts are relative to ferrocene (1532 ppm). [d] Difference
between chemical shifts for C5 signals Jcs(acylated base) —
ocs(base).

To supplement the above experimental observation, we
performed GIAO-NMR calculations for N'- and N3-acyl-
substituted structures and for the parent pyrimidine bases
(uracil and thymine). In agreement with experimental NMR
spectroscopic data, a difference of 3.2 ppm was calculated
(Table 2) for the CS5 signal in uracil (dcy. = 101.8 ppm) and
in N'-benzoyl-substituted uracil (6ge = 105.0 ppm). No
significant difference between chemical shifts (C5 signal)
was calculated in uracil and N3-benzoyl-substituted uracil
(Ocale = 102.2 ppm). A similar result was found for thymine
and its N'- and N3-benzoylated products (Table 2). This
supports earlier claims that 1*C NMR spectroscopy can be
a useful tool to differentiate N'- vs. N3-acylation products.

In the case of 5-fluorouracil, no significant chemical shift
difference for the C5 signal in the parent 5-FU and N!-
ferrocenoyl-substituted 5-FU was observed either experi-
mentally or theoretically. This is in line with the recent
NMR study on 5-FU and its N'-analogues.I'® However, ac-
cording to NMR analysis of the reaction mixture (the small
inset in Figure 3) we are confident that the regioselectivity
in the reaction between 5-FU and FcCOCI follows the same
pattern as that described for uracil and thymine.

Although the >’Fe nucleus has a large chemical shift
rangel!”! and 3’Fe NMR shift values can be very susceptible
to slight changes in geometry;!'8! we found less than 18 ppm
relative difference between the calculated >’Fe NMR chemi-
cal shifts in N'- and N3-ferrocenoylated nucleobases
(Table 2). This suggests that >’Fe NMR is probably not a
sensitive tool to probe the preferred site of ferrocenoylation
in pyrimidine bases.

In addition to downfield shifts observed for the C5 signal
in N'-acylated pyrimidine bases (ca. 3 ppm as compared
with unsubstituted nucleobases), we found that 'H-'H
5428
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NOESY correlations could also be a valuable tool to detect
N'-acylation products. In the case of N!-ferrocenoyl-substi-
tuted thymine (2n7, Figure 2), the NOESY experiment pro-
duces crosspeaks (see Figure S3 in the Supporting Infor-
mation) between C6-H and ferrocenyl protons that are close
in space (the calculated distances of ca. 2.5 A). It is ex-
pected that no cross-relaxation between C6-H and ferro-
cenyl protons is possible in the N3-isomer (2N?3, Figure 2),
because the corresponding interatomic distances are larger
than 5 A. The same cross-polarization between C6-H and
ferrocenyl protons is observed for uracil and 5-fluorouracil
(see Figure S2 and S4 in the Supporting Information),
which results in cross peaks in the corresponding 2D
NOESY spectra. To conclude, a detailed analysis of both
'H and '3C NMR spectra reveals that N'-ferrocenoylated
products are formed preferentially in the reaction between
the deprotonated pyrimidine nucleobase (using NaH as a
deprotonating agent) and FcCOCI in dimethylformamide.

Conclusions

A facile and selective N!-ferrocenoylation of pyrimidine
nucleobases (uracil, thymine, and 5-fluorouracil) is re-
ported. The synthetic procedure used to obtain only the
N'-regioisomer does not require any protection of the N3-
position in the nucleobase. Out of three deprotonating
agents (K,CO3, TEA, and NaH), only sodium hydride ap-
peared effective to assist the acetylation at the N'-position.

1D and 2D NMR spectral evidence of regioselective N'-
ferrocenoylation of pyrimidine nucleobases has been pre-
sented. Reactions were followed by 'H and '°’F NMR spec-
troscopy and only one product was detected. The structure
and position of the substitution were confirmed by '3C
NMR spectroscopy. It is unambiguously identified as the
N'-regioisomer. We have shown that experimental NMR
spectroscopic data analysis coupled with GIAO-NMR cal-
culations is a valuable tool to differentiate between N'- and
N3-acylated products.

The relative acidity of N'-H vs. N3>~H bonds in nucleo-
bases, the calculated thermochemical data of the reaction
products (2N Vs. 2n3), and energy barriers for the two par-
allel reactions, 1— 2y vs. 1 — 2n3, have been considered to
explain the rationale behind the observed regioselectivity. It
comes out that the regioselectivity is governed by kinetic
factors only. The transition-state structures for N!-ferro-
cenoylation of nucleobases (TSy;) were calculated to be
much more stable (> 40 kJ/mol) than the corresponding
structures for N3-ferrocenoylation (TSy3) in each case.

According to our computational results at the CPCM/
B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) level of theory, the
reaction between pyrimidine nucleobase and ferrocenoyl
chloride follows a concerted Sy2-like mechanism. The nu-
cleophilic attack of the deprotonated base on the carbonyl
group of FcCOClI is a one-step process, which implies that
no tetrahedral intermediate exists on the corresponding po-
tential energy surface.

Eur. J. Org. Chem. 2015, 5424-5431
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Computational Methods

Geometries were fully optimized at the B3LYP level of
theory, as implemented in the Gaussian 09 software pack-
age.l'”1 The basis set for optimization was standard Pople’s
6-31G(d) on non-metal atom centers, whereas the Stutt-
gart-Dresden-Bonn (SDD)PY basis set with effective core
potential (ECP) was used for Fe, similar to previous stud-
ies.?!l Improved, single-point energies were calculated at the
B3LYP level with 6-31+G(d,p) basis set for non-metal cen-
ters, while SDD/ECP was used for Fe. This and comparable
DFT levels have proven quite successful for transition-metal
compounds and are well suited for the description of struc-
tures, energies, vibrational frequencies, and other proper-
ties.??l Harmonic frequencies were computed from analyti-
cal second derivatives.

Gibbs energies of solvation were determined by using the
CPCM continuum solvation model at the B3LYP/6-
31+G(d,p)//B3LYP/6-31G(d) level, with the UFF atomic
radii and electrostatic scaling factor (alpha value) set to 1.1
for all atoms (default values in Gaussian09).23-231 The UFF
cavities are selected to ensure that solvent spheres are
placed around light and heavy atoms. The solvent relative
permittivity of ¢ = 37.22 [N,N-dimethylformamide (DMF)]
was used.

Magnetic shieldings (o) were computed at the B3LYP
level for the CPCM/B3LYP/6-31G(d) geometries optimized
in dimethyl sulfoxide (DMSO, ¢ = 46.83), employing
GIAOs (gauge including atomic orbitals)?®! with the aug-
mented Wachters basis?>”! on Fe (8s7p4d), and 6-311G(d,p)
basis on all other atoms. Chemical shifts were calculated
relative to tetramethylsilane (TMS; *C and 'H magnetic
shieldings are 181.29 and 31.86 at the same level) or ferro-
cene (*’Fe, ’C, and 'H magnetic shieldings are —5299.35,
110.33, and 28.11), using the experimental 5(>’Fe) value of
ferrocene (1532 ppm).81 All NMR shieldings were Boltz-
mann-averaged by selection of the most stable conformers
(see the Supporting Information).

IRC calculations (intrinsic reaction coordinate as im-
plemented in Gaussian 09) were performed at the corre-
sponding level to identify the minima connected through
the transition state. The initial geometries used were that of
the corresponding transition structures, and the paths were
followed in both directions from that point. This method
verified that a given transition state structure indeed con-
nected the presumed energy minimum structures.’!

To account for the entropic effect of the presence of sol-
vent molecules around a solute, the cell model presented by
Ardura et al. was used.’% This model is proposed in order
to explicitly evaluate the effect of the loss of translation
degrees of freedom in solution on the Gibbs activation en-
ergy in bimolecular (or higher order of molecularity) reac-
tions. It has been shown that the standard implementation
of the continuum model is not capable of adequately esti-
mating the increase in Gibbs energy corresponding to the
constriction of the translation motion of the species along
the reaction coordinate when passing from the gas phase
to the solution. According to the cell model, the difference
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AAG,,; between the two Gibbs energy variations AG*, and
AG, for bimolecular reaction A + B— A-B is:

AAGsol = AG#sol - AGsol = RTlH[(VC(A)VC(B)/VC(A-B)] - Rﬂn[kBT/p]

where v, corresponds to the cavity volume, and kg, 7, and
p, correspond to the Boltzmann constant, temperature, and
pressure, respectively. The cavity volume for each species
was obtained from CPCM calculation.

Experimental Section

Methods and Materials: The syntheses were carried out under an
argon atmosphere in anhydrous solvents. Melting points were de-
termined with a Biichi apparatus. The IR spectra were recorded for
KBr pellets or CH,Cl, solutions with a Bomem MB100 Mid FT
IR spectrophotometer. The mass spectra were acquired with a 4800
MALDI TOF/TOF-MS Analyzer. The 'H, '3C, and '"F NMR
spectra of [Dg]DMSO or CDCl; solutions were recorded with a
Varian INOVA 400 spectrometer. The spectrometer operated at
399.6 MHz ('H), 375.9 MHz (*°F), and 100.5 MHz (}3C). Chemical
shifts in the "H NMR and '3C NMR spectra are expressed in parts
per million (ppm) vs. TMS as the external standard, and '°F chemi-
cal shifts are referenced to CFCl; as the external standard.

Products were purified by column chromatography (Fluka, silica
gel, 90 A, 70-230 mesh) using the CH,Cl,/acetone mixtures (10:1).
N,N-Diphenylferrocenecarboxamide was prepared in 54% yield
starting from ferrocene and N,N-diphenylcarbamoyl chloride.’"!
Alkaline hydrolysis of N,N-diphenylcarbamoyl chloride gave ferro-
cenecarboxylic acid in 80%.13%

Synthesis of Ferrocenoyl Chloride: To a suspension of ferro-
cenecarboxylic acid (300 mg, 1.3 mmol) and freshly distilled oxalyl
chloride (274 mL, 3.13 mmol) in anhydrous CH,Cl, (5mL), one
drop of pyridine was added. The reaction mixture was heated to
reflux for 2 h and the solvents were evaporated in vacuo to dryness
to give a dark residue. The crude product was repeatedly extracted
at 80 °C for 10 min with petroleum ether to give red FcCOCI crys-
tals (275 mg, 85%).33 IR (CH,Cl,): v = 2958 (w, C-H, Fc), 1755
(s, C=0)cm™'. 'H NMR (400 MHz, CDCls, 25°C): 6 = 4.9 (t,
3Jan = 1.9Hz, 2 H, H-a"), 4.6 (t, 3Jun = 1.9 Hz, 2 H, H-B'), 44
(s, 5 H, Cp) ppm. 3C NMR (100 MHz, CDCls, 25°C): 6 = 178.3
(CO), 73.3 (Ci), 71.7 (Cp), 71.2 (C-B’), 70.4 (C-a) ppm.

Synthesis of Ferrocenoyl Ethyl Carbonate: A suspension of ferro-
cenecarboxylic acid (500 mg, 2.175 mmol) in water (0.41 mL) was
dissolved by the addition of acetone (7.4 mL) and then cooled to
0 °C. Triethylamine (7.4 pL) in acetone (4.5 mL) is added dropwise,
followed by the addition of ethyl chloroformate (5.8 uL) in acetone
(1.15 mL). After stirring for 30 min, the reaction mixture was evap-
orated, and the ferrocenoyl ethyl carbonate crude product (orange
solid) was used for reactions with pyrimidine bases. IR (CH,Cl,):
¥ = 2932 (w, C-H, Fc), 1770 (s, C=0), 1713 (s, C=0), 1675 (s,
C=0), 1047 (s, C-O) cm™'. 'TH NMR (400 MHz, CDCls, 25 °C): 6
=49 (t, *Jynu = 1.8 Hz, 2 H, H-0'), 4.6 (t, 3Jyyu = 1.8 Hz, 2 H,
H-B'), 44 (s, 5 H, Cp), 4.3 (q, 3Jun = 7.2 Hz, 2 H, CH,), 1.4 (t,
3Jyu = 7.2Hz, 3 H, CH;) ppm. 3C NMR (100 MHz, CDCl;,
25°C): 0 = 167.7 (FcCO), 161.8 (CO), 72.7 (C-a"), 70.8 (C-B’), 70.2
(Cp), 69.3 (Ci), 61.2 (CH,), 14.3 (CH;) ppm.

General Procedure for the Preparation of N'-Ferrocenoylated Pyrim-
idine Bases: Sodium hydride (NaH; 1.5 mmol), was added portion-
wise to pyrimidine bases (1 mmol) suspended in DMF (3 mL). Af-
ter stirring at room temperature for 30 min, FcCOCI (1 mmol) (or
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FcCOOCOOQEt in selected cases) was added dropwise to the clear
solution. The mixture was stirred for 10-30 min and then neutral-
ized with 10% aqueous solution of citric acid and extracted with
CH,Cl,. The organic layer was washed with water and the solvents
were evaporated under vacuum. Subsequent purification by column
chromatography afforded N'-ferrocenoylated pyrimidine bases.

N'-Ferrocenoyluracil (2y;, R = H): Red-orange crystals (269.6 mg,
64.6% yield); m.p. > 200 °C. C;sH,FeN,O; (324.112): caled. C
55.59, H 3.73, O 14.81, N 8.64; found C 55.61, H 3.75, O 14.84, N
8.67. IR (CH,CL,): ¥ = 3374 (w, NH), 3099 (w, CH, Fc), 1700 (s,
C=0), 1633 (w, C=0)cm™'. '"H NMR (400 MHz, [Dg]DMSO,
25°C): 6 = 11.5 (s, 1 H, N3-H), 8.0 (d, *Jyz = 8.0 Hz, 1 H, Cé6-
H), 5.7 (d, 3Juu = 8.0Hz, 1 H, C5-H), 4.9 (t, *Jyu = 2.0 Hz, 2
H, H-p’), 4.7 (t, 3Jyu = 2.0 Hz, 2 H, H-0'), 4.3 (s, 5 H, Cp) ppm.
13C NMR (100 MHz, [D¢g]DMSO, 25 °C): 6 = 173.6 (FcCO), 163.8
(C4), 149.9 (C2), 141.3 (C6), 102.9 (C5), 74.1 (C-0), 72.6 (Ci), 71.9
(C-B’), 71.1 (Cp) ppm. HRMS (MALDI-TOF/TOF): m/z calcd. for
CsH,03N,Fe [M + HJ* 325.1203; found 325.1205.

N!-Ferrocenoylthymine (2y;, R = Me): Orange crystals (245.79 mg,
72.7% yield); m.p. > 200 °C. C;sH4FeN,O3 (338.139): caled. C
56.83, H4.17, O 14.19, N 8.28; found C 56.85, H 4.18, O 14.21, N
8.29. IR (CH,Cl,): ¥ = 3375 (w, NH), 2927 (w, CH, Fc), 1730 (s,
C=0), 1700 (s, C=0)cm™!. 'TH NMR (400 MHz, [D¢]DMSO,
25°C): 6 = 11.5 (s, 1 H, N3-H), 7.9 (q, *Juz = 1.3 Hz, 1 H, C6-
H), 4.8 (t, 3Jyu = 2.2 Hz, 2 H, H-0'), 4.7 (t, *Jyu = 2.2 Hz, 2 H,
H-B"), 4.3 (s, 5 H, Cp), 1.8 (d, “Jyy.u = 1.3 Hz, 3 H, CH3) ppm. 13C
NMR (100 MHz, [Dg]DMSO, 25°C): 6 = 173.7 (FcCO), 164.6
(C4), 149.9 (C2), 136.6 (C6), 111.6 (C5), 73.8 (C-0"), 72.9 (Ci), 71.9
(C-p"), 71.1 (Cp), 12.3 (CH3) ppm. HRMS (MALDI-TOF/TOF):
mlz caled. for CsH4O5N,Fe [M + H]*" 339.1469; found 339.1470.

N!-Ferrocenoyl 5-Fluorouracil (255, R = F): Purple crystals
(203.04 mg, 59.4% yield); m.p. > 200°C. C;sH;;FFeN,O;
(342.108): caled. C 52.66, H 3.24, O 14.03, N 8.19; found C 52.62,
H 3.22, O 14.00, N 8.16. IR (CH,Cl,): ¥V = 3366 (w, NH), 2924 (w,
C-H, Fc), 1720 (s, C=0), 1648 (s, C=0) cm~'. 'H NMR (400 MHz,
[Dg]DMSO, 25°C): 6 = 12.0 (s, 1 H, N3-H), 8.4 (d, 3Jry = 6.4 Hz,
1 H, C6-H), 4.9 (t, *Jyn = 2.3Hz, 2 H, H-0'), 4.7 (t, 3Jgnu =
2.3Hz, 2 H, H-p"), 4.3 (s, 5 H, Cp) ppm. 3C NMR (100 MHz,
[Dg]DMSO, 25 °C): § = 172.7 (FcCO), 158.1 (d, 3Jgc = 27.1 Hz,
C4), 148.6 (C2), 140.9 (d, 2Jrc = 234.5 Hz, C5), 125.7 (d, 3Jgc =
36.1 Hz, C6), 73.9 (C-a’), 72.5 (Ci), 71.9 (C-B"), 71.1 (Cp) ppm. '°F
NMR (376 MHz, [Dg]DMSO, 25°C): 6 = ~167.4 (d, 3Jyp =
6.4 Hz, C5-F) ppm. HRMS (MALDI-TOF/TOF): m/z caled. for
CsH;,FO;N,Fe [M + H]* 343.1108; found 343.1111.

Supporting Information (see footnote on the first page of this arti-
cle): Cartesian coordinates and calculated energies for all computed
structures and additional NMR spectroscopic data for products.
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