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Regioselectivity of the HBF4�catalyzed ferrocenylalkylation of 2�mercaptobenzoxazole in two
phase aqueous organic solvent mixture was studied. The reaction proceeds regioselectively at the
heterocyclic nitrogen atom. Structures of the synthesized compounds were established by 2D NMR
technique. Structure of 3�(1�ferrocenylbenzyl)benz[d]oxazol�2�thione was elucidated by X�ray
diffraction.
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Benzoxazole is an aromatic benzene�fused oxazole ring
structure. Despite the fact that unsubstituted benzoxazole
is of low practical value, its numerous derivatives found
application in industry (e.g., as optical brighteners for
detergents1). Heterocyclic core of benzoxazole is an in�
teresting starting ring system for the synthesis of biologi�
cally active substances. Aromaticity is a reason of the
relative stability of benzoxazole, at the same time it has
active sites for functionalization.2 It should be empha�
sized that benzoxazole derivatives of both natural and
synthetic origin possess a wide range of biological activi�
ty.3 For instance, they show antibacterial,4 anti�inflam�
matory,5 cyclooxigenase�2 inhibitory,6 antiviral,7 anti�al�
lergic,8 antifungal,9,10 and antihelmintic activities.11 The
benzoxazole moiety is a constitutive part of flunoxapro�
fen, a non�steroidal anti�inflammatory drug. Recent stud�
ies indicated that substituted benzoxazoles and related
heterocycles combine low toxicity and high chemothera�
peutic efficiency.12 It was also found that
2�mercaptobenzoxazole is a promising candidate for bi�
ological13 and medicinal applications.14

It is also known that introduction of the ferrocene
fragment into different organic substances,15—19 medi�
cines,20 and vitamins significantly decreases their toxici�
ty. Moreover, in vitro and in vivo antitumor activities of
ferrocene were extensively studied.17,21—27 It has been
found that ferrocenium salts exhibit not only antiprolif�
erative activity28,29 but also are capable of both inhibit�

ing the DNA synthesis30 and damaging the DNA mole�
cule.31 Ferrocene�containing heterocycles are effective
against murine solid tumor17,32 and human tumor cells.17

Recently, a cytotoxic cooperative effect of cyclophos�
phamide, a known antitumor drug, and ferrocenylmethyl
thymine against the Ca755 solid tumor model was de�
monstrated.32 Therefore, the development of new effi�
cient synthetic approaches towards ferrocene�containing
heterocycles for the design of new low toxic antitumor
agents is still an ongoing challenge to organic chemists.

Introduction of ferrocenylalkyl moiety into different
structures can be achieved by ferrocenylalkylation;33—41

however, regioselectivity of this reaction is still poorly
studied. Earlier, we have described phase�transfer�cata�
lyzed alkylation of unsymmetrically substituted heterocy�
cles with ferrocenyl carbinols. It has been shown that the
reaction is regioselective if the substituents exert different
electronic effects.42

Results and Discussion

Ferrocenylalkylated thiobenzoxazoles 1a—e were syn�
thesized by the reaction of 2�mercaptobenzoxazole (2)
with different ferrocenyl carbinols 3 in dichloromethane
catalyzed by 48% tetrafluoroboric acid (Scheme 1). Re�
action was carried out with equimolar amounts of ferro�
cenyl carbinol and 2�mercaptobenzoxazole at room tem�
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perature under vigorous stirring. The reaction products
were purified by column chromatography, if necessary.

Scheme 1

1: R = H (a), Me (b), Et (c), Pr (d), Pri (e), Ph (f)

It is found that all reactions proceed regioselectively
at the heterocyclic nitrogen atom. Structures of the reac�
tion products were established by 1H—13C heteronuclear
correlation experiments. Thus, HMBC NMR spectra of
compounds 1 exhibit characteristic correlations of the
bridging alkyl group protons of the ferrocenylalkyl moi�
eties with the C atoms of the C=S group of oxazole
fragment (at about δ 180) and with the C(9) atom (in the
range of δ 129.8—131.5). This is evidence in support of
the substitution at the benzoxazole ring nitrogen.

Structure of 3�(ferrocenylbenzyl)benz[d]oxazole�
2�thione (1f) was examined by X�ray diffraction analysis
(Fig. 1). The bond lengths and bond angles of compound
1f are nearly the same as those found for substituted
ferrocenes and benzoxazoles.

Regioselectivity of the substitution in 2�mercapto�
benzoxazole agrees with our previous observations.43 We
have found43 that acid�catalyzed ferrocenylalkylation of
2�mercaptobenzimidazole and 2�mercaptobenzothiaz�
ole occurred at the nitrogen atoms. Ferrocenylalkylation
proceeds via thermodynamically stable α�ferrocenium
carbocation, which is relatively hard Lewis acid efficiently
reacting with somewhat harder basic center, in our case,
with the benzoxazole nitrogen atom. Furthermore, quan�
tum chemical calculations show that N�isomers 1, 5, and
7 are more thermodynamically stable than the corre�
sponding S�isomers 4, 6, and 8 (Table 1).

Table 1 shows the differences between the energies of
formation (ΔG) of N� and S�alkylation products for iso�

lated and solvated (CH2Cl2) molecules 1 and 4—8. For
benzimidazole and benzoxazole derivatives, the ΔG val�
ues are generally higher than for benzothiazole deriva�
tives with the exception of calculations for the isolated
molecules 1b and 1f. Under solvation conditions, substi�
tution at the nitrogen atom is always more favorable than
substitution at the sulfur atom. Moreover, solvation re�
sults in an increase in the ΔG value between N� and
S�isomers.
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Fig. 1. Geometry of compound 1f. The thermal displacement ellip�
soids were drawn at 50% probability level.
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Experimental

Solvents were dried following the standard procedures and dis�
tilled under argon prior to use. EI mass spectra were taken on a
FINNIGAN POLARIS Q spectrometer at 70 eV and the tempera�
ture of the ion chamber 250 °C. 1H and 13C NMR spectra were
obtained on a Bruker Advance 400 spectrometer (at 400 and 100
MHz, respectively) in CDCl3 at 30 °C. The chemical shifts are
given in the δ scale relative to the residual solvent signal. All signals
in the NMR spectra were attributed using gradient HSQC and
HMBC heteronuclear correlation techniques. Melting points were
determined with a Stuart SMP30 apparatus (Bibby Scientific).
Commercially available 2�mercaptobenzoxazole (Acros Organics)
was used as purchased. Ferrocenylmethanol (3a) was synthesized
from trimethylferrocenylmethylammonium iodide by the known
procedure.44 Ferrocenyl carbinols 3b—e were accessed from fer�
rocene by the Friedel—Crafts acylation with the corresponding acid
chlorides and subsequent reduction with lithium aluminum hydride
in diethyl ether or THF.45

Quantum chemical calculations were performed with a Gauss�
ian09 program package. Full geometry optimization of the isolated
molecules were done with PBE0 exchange�correlation functional
and 6�311G(d,p) basis set followed by oscillator vibrational fre�
quency calculations. Effects of non�specific solvation from CH2Cl2
was accounted for by the PCM model.

Synthesis of ferrocenylalkyl�2�mercaptobenzoxazoles (general
procedure). A 48% aqueous solution of tetrafluoroboric acid (0.21 mL,
1.2 mmol) was added to a suspension of ferrocenyl carbinol (1 mmol)
and 2�mercaptobenzoxazole (1 mmol) in dichloromethane (1 mL)
under vigorous stirring. The stirring was continued for 5—15 mL.
Then water (10 mL) and diethyl ether (10 mL) were added to the
reaction mixture. The resulting mixture was washed with water
(2×20 mL), the organic layer was separated and dried with Na2SO4.
The solvent was removed under water pump vacuum.

3�(Ferrocenylmethyl)benz[d]oxazole�2�thione (1a). Yield 72%.
Yellow powder. M.p. 166.8—167.2 °C. Found (%): C, 61.97;
H, 4.32; N, 4.04; Fe, 15.96. Calculated (%): C, 61.91; H, 4.33;

N, 4.01; Fe, 15.99. Rf 0.6 (petroleum ether—ethyl acetate, 3 : 1).
MS, m/z (Irel(%)): 349 [M]+ (100). 1H NMR, δ: 4.18 (s, 2 H,
C5H4); 4.27 (s, 5 H, C5H5); 4.48 (s, 2 H, C5H4); 5.21 (s, 2 H,
CH2); 7.15 (d, 1 H, Het, J = 7.6 Hz); 7.22—7.31 (m, 2 H, Het);
7.32 (d, 1 H, Het, J = 7.6 Hz). 13C NMR, δ: 45.66 (CH2), 68.74
(C5H4), 68.96 (C5H5), 69.69 (C5H4), 80.29 (ipso�C5H4), 109.81
(Het), 110.34 (Het), 124.17 (Het), 124.75 (Het), 131.51 (Het),
147.05 (Het), 180.06 (C=S).

3�(1�Ferrocenylethyl)benz[d]oxazole�2�thione (1b). Yield
65%. Orange oil. Rf 0.6 (petroleum ether—ethyl acetate, 3 : 1).
MS, m/z (Irel(%)): 364 [M]+ (80). 1H NMR, δ: 1.86 (d, 3 H, CH3,
J = 7.0 Hz); 4.20 (s, 1 H, C5H4); 4.27 (m, 6 H, C5H4); 4.31 (s, 1 H,
C5H4); 4.52 (s, 1 H, C5H4); 6.37 (q, 1 H, CH, J = 7.1 Hz); 6.92
(d, 1 H, Het, J = 8.0 Hz); 7.06 (t, 1 H, Het, J = 7.8 Hz); 7.15 (t, 1 H,
Het, J = 7.8 Hz); 7.31 (d, 1 H, Het, J = 8.0 Hz). 13C NMR, δ:
16.29 (CH3), 54.30 (CH), 66.78 (C5H4), 67.78 (C5H4), 69.17
(C5H4), 69.29 (C5H5), 69.43 (C5H4), 84.89 (ipso�C5H4), 110.27
(Het), 111.42 (Het), 123.78 (Het), 124.37 (Het), 129.81 (Het),
147.14 (Het), 179.48 (C=S).

3�(1�Ferrocenylpropyl)benz[d]oxazole�2�thione (1c). Yield
70%. Orange powder. M.p. 117.2—118.8 °C. Found (%): C, 61.70;
H, 5.10; N, 3.74; Fe, 14.84. Calculated (%): C, 61.67; H, 5.05;
N, 3.71; Fe, 14.80. Rf 0.6 (petroleum ether—ethyl acetate, 3 : 1).
MS, m/z (Irel(%)): 378 (100). 1H NMR, δ: 1.04 (t, 3 H, CH3,
J = 7.4 Hz); 2.35 (m, 1 H, CH2); 2.43 (m, 1 H, CH2); 4.15 (s, 1 H,
C5H4); 4.22 (s, 1 H, C5H4); 4.26 (s, 5 H, C5H5); 4.29 (s, 1 H,
C5H4); 4.47 (s, 1 H, C5H4); 6.28 (m, 1 H, CH); 7.01 (d, 1 H, Het,
J = 8.0 Hz); 7.07 (t, 1 H, Het, J = 7.8 Hz); 7.15 (t, 1 H, Het, J =
= 7.8 Hz); 7.30 (d, 1 H, Het, J = 8.0 Hz). 13C NMR, δ: 11.07
(CH3), 24.56 (CH2), 59.88 (CH), 66.63 (C5H4), 67.67 (C5H4),
68.70 (C5H4), 68.88 (C5H4), 69.29 (C5H5), 85.06 (ipso�C5H4),
110.32 (Het), 111.28 (Het), 123.83 (Het), 124.37 (Het), 129.79
(Het), 147.03 (Het), 180.84 (C=S).

3�(1�Ferrocenylbutyl)benz[d]oxazole�2�thione (1d). Yield
75%. Orange powder. M.p. 116—118 °C. Found (%): C, 64.49;
H, 5.44; N, 3.56; Fe, 14.31. Calculated (%): C, 64.46; H, 5.40;
N, 3.50; Fe, 14.27. Rf 0.8 (petroleum ether—ethyl acetate, 3 : 1).
MS, m/z (Irel(%)): 391 (100). 1H NMR, δ: 1.05 (t, 3 H, CH3, J =
= 7.3 Hz); 1.33 (m, 2 H, CH2); 1.53 (m, 2 H, CH2); 4.15 (s, 1 H,
C5H4); 4.22 (s, 1 H, C5H4); 4.26 (s, 5 H, C5H5); 4.30 (s, 1 H,
C5H4); 4.46 (s, 1 H, C5H4); 6.34 (s, 1 H, CH); 7.04 (d, 1 H, C6H5,
J = 7.7 Hz); 7.10 (t, 1 H, C6H5, J = 7.6 Hz); 7.17 (t, 1 H, C6H5,
J = 7.7 Hz); 7.32 (d, 1 H, C6H5, J = 7.9 Hz). 13C NMR, δ: 14.07
(CH3), 19.47 (CH2), 33.28 (CH2), 58.06 (CH), 66.65 (C5H4),
67.65 (C5H4), 68.71 (C5H4), 68.90 (C5H4), 69.27 (C5H4), 85.26
(ipso�C5H4), 110.30 (Het), 111.29 (Het), 123.80 (Het), 124.36
(Het), 129.81 (Het), 147.05 (Het), 180.66 (C=S).

3�(1�Ferrocenyl�2�methylpropyl)benz[d]oxazole�2�thione
(1e). Yield 60%. Yellow powder. M.p. 146—148 °C. Found (%):
C, 64.40; H, 5.40; N, 3.56; Fe, 14.35. Calculated (%): C, 64.46;
H, 5.41; N, 3.58; Fe, 14.27. Rf 0.6 (petroleum ether—ethyl acetate,
3 : 1). MS, m/z (Irel(%)): 391 [M]+ (55). 1H NMR, δ: 0.88 (d, 3 H,
J = 6.6 Hz); 1.36 (d, 3 H, J = 6.6 Hz); 2.61 (m, 1 H, CH); 4.13
(m, 6 H, Fc); 4.15 (s, 1 H, C5H4); 4.23 (s, 1 H, C5H4); 4.43 (s, 1 H,
C5H4); 5.92 (d, 1 H, J = 10.5 Hz); 7.07 (d, 1 H, J = 7.7 Hz); 7.15
(t, 1 H, J = 7.7 Hz); 7.21 (t, 1 H, J = 7.7 Hz); 7.36 (d, 1 H, J =
= 7.7 Hz). 13C NMR, δ: 20.03 (CH3), 21.89 (CH3), 31.49 (CH2),
64.39 (CH), 67.26 (C5H4), 67.41 (C5H4), 68.47 (C5H4), 68.74
(C5H4), 69.28 (C5H4), 86.04 (ipso�C5H4), 110.38 (Het), 111.69
(Het), 123.96 (Het), 124.40 (Het), 130.40 (Het), 146.82 (Het),
180.83 (C=S).

Table 1. ΔG values for isolated and solvated molecules of
ferrocenylated heterocyclic compounds 1, and 4—8

Possible R ΔG/kcal mol–1

isomers
Gas Solution (CH2Cl2)

1, 4 H 5.1 7.4
Me 1.6 4.3
Et –1.1 2.3
Pri 3.8 6.5
Ph 0.6 2.9

5, 6 H 9.3 10.3
Me 9.9 10.6
Et 9.8 11.0
Pri 8.7 9.4
Ph 8.1 8.6

7, 8 H 3.9 4.8
Me 4.0 5.1
Et 3.6 4.8
Pri 2.7 3.9
Ph 1.8 2.6
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3�(1�Ferrocenylbenzyl)benz[d]oxazole�2�thione (1f). Yield
59%. Orange powder. M.p. 146—148 °C. Found (%): C, 67.80;
H, 4.58; N, 3.33; Fe, 13.15. Calculated (%): C, 67.77; H, 4.50;
N, 3.29; Fe, 13.13. Rf 0.6 (petroleum ether—ethyl acetate, 3 : 1).
MS, m/z (Irel(%)): 425 [M]+ (29). 1H NMR, δ: 4.20 (s, 2 H,
C5H4); 4.25 (s, 5 H, C5H5); 4.27 (s, 1 H, C5H4); 4.29 (s, 1 H,
C5H4); 6.71 (d, 1 H, CH, J = 7.9 Hz); 7.03 (t, 1 H, Het, J = 7.9 Hz);
7.17 (t, 1 H, Het, J = 8.1 Hz); 7.37 (m, 7 H, CH). 13C NMR, δ:
61.96 (CH), 68.10 (C5H4), 68.42 (C5H4), 69.04(C5H4), 69.46
(C5H5), 69.81 (C5H4), 84.68 (ipso�C5H4), 110.30 (Het), 112.50
(Het), 123.85 (Het), 124.34 (Het), 128.08 (C6H5), 128.27 (ipso�
C6H5), 128.54 (C6H5), 130.90 (Het), 137.31 (C6H5), 147.05
(Het), 180.41 (C=S).

X�ray diffraction analysis of compound 1f. Crystals of
3�(ferrocenylbenzyl)benz[d]oxazole�2�thione (1f) were grown by
slow diffusion form a solution in deuterated chloroform at ~22 °C.
X�ray analysis was carried out with a Bruker APEX II diffractometer
(Mo�Kα irradiation, graphite monochromator, ω scan mode). The
structure was solved by direct methods and refined anisotropically
by full�matrix least squares against F2

hkl. The atoms were positioned
geometrically and refined with constraints on the C—H bond lengths
and equivalent thermal parameters Ueq(H) = 1.2Ueq(C). Main
crystallographic data and refined parameters are summarized in
Table 2. All calculations were performed with SHELXT,46

SHELXL,47 and OLEX2 program packages.48 Crystal structure of
compound 1 was deposited with a Cambridge Crystallographic
Data Center (CCDC 1493347).
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