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Mono- and 1,1'-Disubstituted Aza Ferrocenyl Compounds: Evidence for an
Original Electroactive Fluorescent Species
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New azaalkyl or azacrown ferrocenyl compounds containing
a C;H,COCC- linkage are accessible from mono- or diacetyl-
ferrocene upon treatment with the appropriate aldehydes
(CHOCgH,-p-R, R = NEt,, N-aza-15-crown-5). Preliminary
results concerning the electrochemical behaviour of complexes
[(CsHs)Fe(CsH,COCH=CHCH,NEt,)] (3a), [Fe(CsH,COCH=

CHCgH4NEt,),] (5a), the novel ferrocenophane [Fe(CsH,-
COCH,),CHCgH,NEt,;] (6a) and its protonated species
[Fe(CsH4COCH,),CHC¢H,NHE,][BF,] (7a), are reported. The
ferrocenyl ligand 5a is a rare example of a molecule which is
both electroactive and fluorescent.

Introduction

The design of ferrocene-based ion sensors constitutes an
area of active research,!! especially for property-directed
synthesis.?) Of special interest are novel functionalised mol-
ecules which are able to change an easily measurable physi-
cal property by coordination or interaction with a target
molecule. Among these new molecules are redox-func-
tionalised receptors which are able to display a shift of the
redox potential upon addition of particular substrates, and
we have recently been involved in the synthesis of electroac-
tive ferrocenyl receptors for the electrochemical recognition
of cations and anions.’ Studies concerning ion recognition
by fluorescent sensors are also well documented and offer
a wide range of applications.[! Despite the development of
these two areas, to the best of our knowledge, few examples
of fluorescent ferrocenyl ion sensors have been described !
probably because ferrocene derivatives are known to be ef-
ficient fluorescence quenchers.[ It is noteworthy that Beer
et al. have developed two particularly interesting polymetal-
lic [Ru-Fe] systems where anion binding induces a lumi-
nescence revival.’l In the compounds described by Beer et
al.Pl luminescence arises from organometallic ru-
thenium(II) and osmium(II) bipyridyl moieties and the fer-
rocene residue acts as a quencher. As a complementary part
of our research, a purely organic fluorescent ion sensor su-
bunit containing an R-aza complexing moiety (—COCH=
CHC4H4-p-R, R = NEt, or aza-15-crown-5)!") was com-
bined with a redox ferrocenyl fragment to give rise to a new
type of ion-sensing device. This choice was mainly made for
the following reasons: 1) It has recently been shown for a
dibenzylideneacetone containing these aza fragments that
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the photophysical properties of the fluorescent group can
be modified upon complexation of the nitrogen atom.!" ii)
Redox active ionophores based on covalently linked crown
ether-metallocene systems have received much attention in
recent years and give a good selective electrochemical re-
sponse to the presence of a guest cation.!®! It is worth not-
ing that in our simple ligands, the ferrocenyl moiety is in-
volved in the conjugated m system, and a physical response
for ion recognition either by electrochemistry and/or by flu-
orescence methods can be expected.

In this paper we report the characterization of novel elec-
troactive ferrocenyl ligands presenting a rare CsH,COCC
linkage!™™ (Scheme 1) and preliminary results concerning the
physical properties of the original fluorescent electroactive
molecule [Fe(CsH,COCH=CHCzH4NEt,),] (5a).

Results and discussion

In order to test the efficiency of the synthesis of easily
isolable products presenting the desired properties, a reac-
tion was performed between the monosubstituted ferro-
cenyl compound [(CsHs)Fe(CsH4COCH3)] (1) and p-di-
ethylaminobenzaldehyde (2a) or crown aldehyde [N-(4-for-
mylphenyl)aza-15-crown-5] (2b) in basic solution (1:1 etha-
nol/10% aqueous NaOH). With 2a, the expected compound
[(CsHs)Fe(CsH4,COCH=CHC¢H4NEt,)] (3a) formed in
40% vyield (by NMR spectroscopy), after stirring for 6
hours. It was isolated as a red powder after purification and
identified by DCI-NH; mass spectroscopy ((M + H]" =
388). The '"H NMR spectroscopic data were consistent with
a trans geometry of the ethylenic protons (3Jy_ gy =
15.4 Hz)!'%l and our spectroscopic assignment was in
agreement with the literature data for related com-
pounds.['"112] The isolated yield of 3a was not improved
under different experimental conditions, probably because
of a reverse aldol condensation. The compound
[(CsHs)Fe(CsH4COCH=CHC¢Hy4-p-aza-15-crown-5)] (3b)
was obtained, after 31 h of reaction with 2b, in 50% yield
(by NMR spectroscopy) and characterized after isolation
as a red oil.
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Scheme 1. Reagents and conditions: 1) 1:1 ethanol/10% aqueous
NaOH, room temp; ii) CH;CN, 20°C.

An identical procedure was carried out to obtain the
disubstituted ferrocenyl derivative [Fe(CsH4,COCH=
CHC¢H4NEt,),] (5a). The analogous compound [Fe(CsH,.
COCH=CHC¢H4NMe,),]!"3 has been proposed in the lit-
erature for photographic use though no characterization or
yield have yet been reported. Two equivalents of 2a were
reacted with one equivalent of [Fe(CsH;COCH3),] (4) to
give, after stirring for 4 h at 20°C, a mixture (50%, NMR)
of compound 5a and the ferrocenophane [Fe(CsHy.
COCH,),CHC4H4NEt,] (6a) in a 2/3 ratio. A two-step
chromatography workup allowed the separation of pure 5a
as a light-sensitive powder and 6a as an orange powder with
7% and 9% yield, respectively. Attempts to improve the
synthesis of 5a, as reported in the patent in ref,,!'? or in
excess of 2a according to another published procedure, '42]
failed. The yield of ferrocenophane 6a was increased (40%)
by stirring the reagents for 18 hours (4 equivalents of alde-
hyde) and performing several diffusions in a toluene/pen-
tane mixture of the red fraction obtained after simple chro-
matography on alumina. According to the literature, 6a can
be formed either by an aldol condensation in a 1/1 stoichi-
ometry followed by an intramolecular Michael addition['¥
or by a reverse aldol condensation in basic medium starting
from 5a.['3] This explains why 6a is the major compound
in solution.

For the disubstituted compound 5a, DCI-NH; mass
spectroscopy showed a [M + H]* molecular peak at the
expected value of 589. The IR spectrum exhibited a ¥(C=
O) vibration at 1644 cm ™!, this low value being due to the

1822

conjugation of the CO group in the molecule.!'°! The pro-
posed structure was first deduced from NMR spectroscopic
data, which revealed high symmetry. The protons of the CH
groups, as for the monosubstituted compound 3a, are in
trans positions. In the '3C{'H}-NMR spectrum, a singlet
observed at 6 = 192.4 in CDCl; was attributed to the CO
groups. 2D NMR experiments were carried out and clearly
verified our assignments.

In the case of 6a, the number and the multiplicity of the
signals observed for the cyclopentadienyl protons in the 'H-
NMR spectrum showed the asymmetry of the molecule. In
the BC{'H}-NMR spectrum a lone singlet was detected for
the CO groups (8 = 199.5, CDCl;). Analysis of the 'H-13C
HMBC spectra supported the existence of a bridge linkage
between the Cp ring, in which the CO carbon atoms are
strongly coupled to the H atom of the CH group and to
each proton of the CH, groups. The bridge between the Cp
rings may force them out of coplanarity and staggers them
by less than 36°. It probably also pushes the CO groups out
of the Cp ring planes and in the same direction.!'®! Selective
decoupling 'H-NMR experiments (400 MHz, 223K,
CDCls) indicated that the CH, protons of the ferroceno-
phane chain are diastereotopic (at 293 K, a broad singlet at
& = 2.50 and a triplet at & = 2.90 were detected for both
CH, groups). X-ray structures of [5]-ferrocenophane are
not common but it has been previously reported that the
ferrocenophane molecules have conformational mobility in
solution: the Cp rings can undergo small torsional vi-
brations with respect to each other around the axis passing
through the center of the rings and the iron atom.[!!”]

The analogous reaction of 4 with the crown aldehyde 2b
produced, after stirring for 17h, [Fe(CsH4COCH=
CHC¢Hy-p-aza-15-crown-5),]  (5b) and  [Fe(CsH,4.
COCH,),CHC¢H -p-aza-15-crown-5)] (6b) in a 3:7 ratio.
These compounds were identified by DCI-NH; mass spec-
troscopy (M + H]* = 881 and 576, respectively). The
NMR spectroscopic data of a pure sample of 6b were very
similar to those obtained for 6a when considering the same
basic cyclic structure for both compounds. 2D NMR
experiments allowed a clear assignment of the '*C-NMR
chemical shifts, in particular for the carbons of the Cp and
crown rings whose signals appeared in the same region of
the spectra.

Compound 6a was protonated to provide useful data
concerning the analysis of its electrochemical behaviour.
When treated with one equivalent of HBF4Et,O in
CH;CN, 6a afforded [Fe(CsH4COCH,),CHC4H,-
NHE®][BF,] (7a) (95% NMR, MS (FAB): 430 [M —
BF4]"). The 'H-'H COSY NMR spectrum clearly con-
firmed the nature of the protonation site (nitrogen): a corre-
lation between the NH™ proton[*! (broad singlet, § = 8.60)
and the NCH, protons (complex multiplet, 6 = 3.65) was
observed (CD;CN, 300 MHz).

The electrochemical behaviour of compounds 3a, 5a and
6a (R = NEt,) was investigated. For compounds 3a and 5a
two redox waves were observed by cyclic voltammetry (CV).
The oxidation peak potentials (Epa) of the amine moieties
(0.88 V and 0.78 V vs SCE for 3a and 5a, respectively) are
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in the expected range of values.'®! It is to be noted that
CH;COCH=CHCH4NEt, (8) was oxidized at Epa = 0.74
V in CH,ClL. For the Fe(II)/Fe(III) couple, the Epa values,
0.65 V and 1.15 V for 3a and 5a, respectively, depend on
the number of CO substituents, which are strong electron-
withdrawing groups.[''® This was confirmed by the data
obtained for 1 and 4 under the same experimental con-
ditions. Stepwise addition of HBF4Et,O to a solution of
compound 3a in CH;CN resulted in a clear evolution of
the ferrocene wave from E;, = 0.61 to 0.67 V, associated
with the disappearance of the second wave (Figure 1, top).
The solution turned pink and the new species were oxidized
(Fe'™) and recovered by electrolysis at 0.75 and 0.30 V,
respectively, although some decomposition occurred.

The electrochemical oxidation of compound 6a resulted
in the observation of quasi-reversible redox waves of equal
intensity at 0.77 and 0.99 V (Epa vs SCE), assigned to the
amine and ferrocene parts, respectively (Figure 1, bottom).
This was verified by a two-step electrolysis at controlled po-
tential (0.90 and 1.10 V, respectively), coupled with cyclic
and linear voltammetry measurements. The stepwise ad-
dition of 1 equivalent of HBF4Et,O in CH3CN to com-
pound 6a induced the disappearance of the first wave,
whereas there was no effect on the second. Moreover, the
new species formed had the same electrochemical character-
istics and behaviour towards electrochemical oxidation (at
1V) as compound 7a under the same conditions.

Figure 1. Cyclic voltammograms of (a) 3a, (b) 3a + 1 equiv. of
HBF,Et,O (top); cyclic voltammograms of (a) 6a, (b) 6a + 1
equiv. of HBF,Et,0, at 0.1 V s~ ! in CH3CN (bottom); experimen-
tal conditions: Pt electrode (1 mm) in 0.1 mol L™' solution of
BuyNPF¢ in CH;CN, complex concentration 1073 M

It has been shown that in a molecule with a saturated
spacer such as 6a, the protonation of the nitrogen atom may
induce an anodic shift of the oxidation potential of the Fe'!/
Fe'! couple.l**!1 However, the nitrogen-iron distance is too
long in 6a for such an effect to be detected.!!?! Interposition
of a conjugated spacer between the ionophore and the fer-
rocene unit produces a noticeably different electrochemical
response towards H* addition for 3a. Electronic communi-
cation becomes possible through the spacer between the re-
dox center and the protonated site, inducing an anodic shift
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of AE;, = 60 mV for this couple. This property is of real
importance and suggests that molecules such as 3a,b and
5a,b could be electrochemical cation sensors.

The spectroscopic properties of compounds 3a and 5a
were investigated in CH3;CN. The absorption spectra of
these compounds (Figure 2) can be interpreted in accord-
ance with the literature data.[®?%1 The broad low-intensity
band located above 460 nm and well visible in the case of
3a can be assigned to the d-d transition of iron in ferrocene.
The intense band at 408 nm for 3a and 416 nm for 5a can
similarly be attributed to charge transfer (CT) between the
donor amino group and the acceptor carbonyl group. This
band was strongly red-shifted with respect to the CT band
of chalcone 8 (A,,s = 382 nm in CH3CN), which is in agree-
ment with the extension of the conjugated system. The ab-
sorption spectrum of crown compounds 3b and 5b is similar
in shape to that of 3a and 5a, respectively. Molar absorp-
tion coefficients were also found to be very close (for ex-
ample 404 = 28 600 and 30 000 L mol~!' cm ! for 3a and
3b, respectively). The absorption spectrum of 6a in CH,Cl,
displays a strong absorption band peaking around 264 nm
and two weak bands between 300 and 360 nm, the latter
two being assigned to the ferrocenyl moiety. It was checked
that the protonated compound 7a did not exhibit the long
wavelength absorption band characteristic of the ferrocen-
ium ion.
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Figure 2. Absorption spectra of 3a and 5a in CH;CN, ¢ = molar
absorption coefficient

Very weak emission could be expected for compounds
3a and 5a, since ferrocenyl residues are known to quench
luminescence. Indeed, when excited at the absorption band
maximum, 3a displays a very weak (& = 1 X 10~%) fluor-
escence signal around 560 nm at room temperature. In con-
trast, an intense unresolved emission band was observed for
compound Sa (Figure 3). Absorption or excitation spectra
of compound 5a were similar. The quantum yield reached
7.7 X 1072, i.e. around ten times higher than that of 8 and
only two times lower than that of diaminodibenzylidenace-
tone (9) in the same solvent.!” This shows that in 5a the
ferrocenyl moiety, far from acting as a simple fluorescence
quencher, behaves essentially as an auxochrome. Com-
pound 5a was studied in different solvents (Table 1). A
strong positive solvatochromic effect was observed both in
the absorption and emission spectra, which is also remi-
niscent of the behaviour of 9.2 This trend was ac-
companied by a drastic increase of the fluorescence quan-
tum yield in polar media, which generally indicates the in-
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volvement of an emissive intramolecular CT in the excited
state.

Fluorescence Intensity (a.u.)

Wavelength (nm)

Figure 3. Excitation (A, = 560 nm) and emission (A, = 416 nm)
spectra of 5a in CH;CN (full line); emission spectra of 8 (Ao, =
382 nm, dotted line) and 9 (., = 444 nm, broken line); the emis-
sion spectra are normalized according to the fluorescence quan-
tum yield

Table 1. Spectroscopic data for 5a in different solvents: absorption
wavelength (L,ps), emission wavelength (A.,), fluorescence quantum
yield (®g) and Lippert polarity parameter (Ag)

Solvent habs (M) Aoy (nm) D Ar
Cyclohexane 386 - <10™* —0.001
Toluene 404 487 1.3x1073 0.013
Dioxane 404 495 43%1073 0.021
Ethyl acetate 404 516 1.4x1072 0.202
Tetrahydrofuran 412 523 2.1x1072 0.210
Acetone 410 541 2.4x1072 0.287
Acetonitrile 416 560 7.7x1072 0.306
[a] }“ex = )\‘abs-

Preliminary studies showed that crown compound 5b was
also fluorescent and could therefore find interesting appli-
cations as a fluoroionophore.

Conclusion

These results clearly indicate that new electroactive and
fluorescent species containing only ferrocene as a metallic
moiety can be obtained. Work is in progress to understand
the electrochemical and unusual photophysical properties
of 5a—b better, and to test their potential ability for cation
recognition by both techniques.

Experimental Section

Physical Methods: NMR, electrochemical and photophysical meas-
urements were made as previously reported.[>*7! The fluorescence
spectra were corrected. The fluorescence quantum yield was deter-
mined relative to coumarin 6 in ethanol as the standard (g =
0.78).1221 Fast atom bombardment (FAB™) or desorption chemical
ionization (DCI) mass spectrometry were performed on a Nermag
R 10 at the Service Commun de Spectrométrie de Masse de I'Univ-
ersité Paul Sabatier et du CNRS, Toulouse.

Complex 3b: To 20 mL of a basic solution (1:1 ethanol/10% aque-
ous NaOH) was added dropwise a mixture of 1 equiv. of 1 (315 mg,
1.38 mmol) and 1.1 equiv. of 2b (490 mg, 1.52 mmol) dissolved in
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10 mL ethanol. The light-protected mixture was stirred for 31 h at
room temperature and the solvent evaporated to dryness. The or-
ganic phase was extracted with dichloromethane. The solution was
filtered with a cannula under nitrogen, the solvent was evaporated
off and the residue washed with pentane. The product was purified
by column chromatography on alumina (eluent: pentane/CH,Cl,)
and collected as a red fraction. After evaporation of the solvent,
the product was washed with pentane and dried under vacuum for
several hours to afford a red oil (240 mg, 33% yield). — 'H NMR
(300 MHz, CDCls, 293 K): 6 = 3.67 (m, 16 H), 3.80 (m, 4 H) (CH,
Crown), 4.22 (s, 5 H, CsHs), 4.56, 4.92 (each t, Jyg = 1.9 Hz, 4
H, CsH,), 6.70 (CH—CN), 7.55 (CH—CH-CN) (each d, Jyy =
8.9 Hz, 4 H, C¢Hy), 6.96 (CH=CH—-CO), 7.76 (CH=CH-CO)
(each d, Jyy = 15.5Hz, 2 H). — BC{'H} NMR (75.47 MHz,
CDCl;3, 293K): & = 53.13, 68.69, 70.49, 70.66, 71.75 (s, CH,
Crown), 69.99, 72.65, 81.69 (CsH4) 70.41 (CsHs), 111.93
(CH—CN), 123.08 (Cipso—C=C), 130.65 (CH—CH—CN), 149.69
(Cipso—N)  (CgHy), 11830 (CH=CH-CO), 14192 (CH=
CH-CO), 193.46 (CO), each s. MS (FAB); m/z: 533 [M]". —
Cy9H35FeNOs: caled. C 65.27, H 6.62, N 2.63; found C 64.95, H
6.41, N 2.64.

Complex 5a and 6a: A mixture of 1 equiv. of 4 (400 mg, 1.48 mmol)
and 2 equiv. of 2a (524 mg, 2.96 mmol) in 20 mL ethanol was ad-
ded dropwise to 20 mL of a basic solution (1:1 ethanol/10% aque-
ous NaOH). After stirring for 4 h at 20°C, the organic phase was
extracted with dichloromethane, the solution filtered and the sol-
vent evaporated to dryness. After column chromatography on alu-
mina (eluent: CH,Cl, then THF) a red fraction was collected and
protected from light. Compounds 5a and 6a were separated by thin
layer chromatography on silica gel (eluent: ethyl acetate/toluene:
1:2.5) in the dark. The products were rapidly extracted with ace-
tone. Compound 5a (red band) was purified by diethyl ether extrac-
tion and washing with pentane, and dried under vacuum to afford
a red powder (61 mg, 7% yield). Compound 6a (orange band) was
washed with pentane, dried under vacuum and obtained as an or-
ange powder (57mg, 9% yield). Complex 5a. — 'H NMR
(400 MHz, CDCl;, 293 K): 8 = 1.20 (t, Jyy = 7.1 Hz, 12 H, CH,),
341 (q, Jun = 7.1 Hz, 8 H, CH,N), 4.53, 491 (each t, Jyy =
1.9 Hz, 8 H, CsH,), 6.62 (CH—CN), 7.51 (CH—CH-CN) (each
d, Jun = 89 Hz, 8 H, C4Hy), 6.90 (CH=CH—-CO), 7.75 (CH=
CH—-CO) (each d, Jyy = 154Hz, 4 H). — BC{'H} NMR
(100.62 MHz, CDCl;, 293 K): § = 12.59 (CHs), 44.47 (CH,N),
70.99, 74.03, 82.47 (CsHy), 111.16 (CH—CN), 121.69 (Cipo—C=
C), 130.65 (CH—CH—-CN), 149.37 (Cipso—N) (CeHy), 116.87
(CH=CH-CO), 142.70 (CH=CH-CO), 192.38 (CO), each s. —
MS (DCI): 589 [M + H]*. — C36Hy4oN,OFe: caled. C 73.45, H
6.85, N 4.76; found C 73.07, H 6.97, N 4.64. Complex 6a. — NMR:
See text, close to 6b (vide infra). MS (DCI): 430 [M + H]*. —
C,5H,,FeNO,: caled. C 69.91, H 6.34, N 3.26; found C 69.72, H
6.20, N 3.11.

Selected data for 6b: 'H NMR (400 MHz, CDCls, 223 K): § = 2.41
(br d, Jyg = 12.0 Hz, 2 H, CH,CO), 2.87 (br t, Jyg = 12.5 Hz, 2
H, CH,CO), 3.66 (m, 20 H, CH, Crown), 4.25 (br t, Jygy =
11.5Hz, 1 H, CH), 4.63, 4.66, 4.87, 4.91 (cach br s, 8 H, CsHy),
6.61 (CH—CN), 7.21 (CH-CH—-CN) (each d, Jyy = 8.5Hz,4 H,
CgH,). — BC{'H} NMR, (100.62 MHz, CDCls, 223 K): § = 45.39
(CH), 46.61 (CH,»), 52.75, 67.84, 69.88, 71.57 (CH,, crown), 68.84,
72.47, 74.25, 75.05, 81.81 (CsHy), 110.70 (CH—CN), 127.74
(CH—CH—-CN), 131.64 (Cipso—CH), 145.58 (Cipso—N) (CeHa),
199.44 (CO), each s.

Selected data for 7a: '"H NMR (300 MHz, CDsCN, 293 K): § =
1.08 (t, Jug = 7.1 Hz, 6 H, CH3), 2.29 (m, 2 H, CH,CO), 3.09 (br
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t, Jyn = 12.4 Hz, 2 H, CH,CO), 3.65 (m, 4 H, CH,N), 4.15 (br t,
Juw = 114Hz, 1 H, CH), 4.65, 5.07 (m, 8 H, CsH,), 7.46
(CH—CN), 7.65 (CH—CH—CN) (each d, Juyy = 8.6 Hz, 4 H,
C¢H,), 8.60 (br s, 1 H, NH). — 3C{'H} NMR (75.47 MHz,
CDCly, 223K): 8 = 10.03 (CH3), 46.14 (CH»,CO, CH), 54.62
(CH,N), 68.79, 72.83, 74.44, 74.94, 82.61 (CsHy,), 122.87
(CH-CN), 129.60 (CH—CH—CN), 13547 (Cipso—N) 148.89
(Cipso—CH) (C¢Hy), 179.78 (CO), each s.
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