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Abstract

Various unsymmetrically substituted ferrocene 1,1’-diamides have been synthesized via homogeneous catalytic carbonylation starting
from 1,1’-diiodoferrocene. The unique features observed in the 'H NMR and IR spectra of the compounds bearing a secondary and a
tertiary amido group are explained by the formation of an internal hydrogen bond between the substituents. Addition of chloride ions (as
a tetrabutylammonium salt) into the solutions of these compounds results in spectroscopic changes due to the formation of intermolec-
ular hydrogen bonds between the ferrocene diamide and the anion. The solid state structure of 1’-(N’-butyl-carbamoyl)-morpholino fer-
rocenecarboxamide (1a) has also been determined by X-ray crystallography. A strong intramolecular H-bond between the NH group of

the N'-butyl-carbamoyl moiety and the CO of the tertiary amido group was observed.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Ferrocene; Diamides; Carbonylation; Palladium; Intramolecular hydrogen bond

1. Introduction

In the past few decades numerous new ferrocene deriva-
tives have been synthesized and characterized due to their
favorable electrochemical properties which make them
excellent candidates for the preparation of chemical sensors
and molecular receptors [1-5].

In these applications formation of hydrogen bonds
between the host ferrocene derivative and the guest mole-
cule or between two appropriate substituents on the ferro-
cene itself often plays a crucial role. Various ferrocene
amides can be used as anion receptors due to the formation
of a hydrogen bond between the amide NH and the anion
(e.g. chloride) [6,7]. Strong intramolecular hydrogen bonds
between ester CO and amide NH of disubstituted ferrocene
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amino acid conjugates have been detected [8]. This interac-
tion leads to an ordered conformation even in solution and
makes these derivatives good organometallic mimics of
peptide B-turn structures [9].

Due to these applications, the formation of hydrogen
bonds in ferrocene amide derivatives has been extensively
studied. The existence of different types of hydrogen bonds
has been observed for a ferrocene 1,1’-bis(phenylalanine)
derivative [9]. While in solution the existence of NH...
CO(ester) bond was detected in accordance with other
amino acid conjugates, in the solid state the formation of an
NH. ..CO(amide) bond has been proved. An unsymmetrical
diferrocene diamide derived from 1-aminoferrocene-1'-
carboxylic acid was found to possess a dynamic intramolec-
ular hydrogen bond in solution [10]. At the same time, no
indication for an intramolecular hydrogen bond in the
solution of the 1,1’-diamide produced from (S)-1-phenyl-
ethylamine was observed according to the infrared and 'H
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NMR data, although a large negative value for temperature
dependence seemed to suggest a hydrogen bond [9].

Recently, we have reported on the homogeneous cata-
Iytic synthesis of various ferrocene amides and diamides
starting from iodoferrocene and 1,1’-diiodoferrocene,
respectively [11-13]. Some of the unsymmetrically substi-
tuted 1,1’-ferrocene diamides showed unique spectroscopic
properties compared to others.

In this paper, the structure of ferrocene diamides with a
secondary and tertiary amido group is discussed and the
formation of an intramolecular hydrogen bond between
the I-amide CO and 1’-amide NH group of these com-
pounds (both in the solid state and in solution) is reported.

2. Results and discussion

As a part of our series of investigations concerning pal-
ladium-catalyzed carbonylation of iodoferrocene and 1,1'-
iodoferrocene, two methods for the synthesis of new
unsymmetrically substituted 1,1’-ferrocene diamides have
been reported. These compounds can be formed either in
two separate carbonylation steps (Eq. (1)) [13] or in one
pot, using two different amines as nucleophiles simulta-
neously (Eq. (2)) [12]. In the present work the second
method was found to be superior and several heterodisub-
stituted ferrocene diamides (e.g. 1a—e, Fig. 1) have been
prepared in fair yields (36-85%).
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In these aminocarbonylation reactions the symmetrical
ferrocene diamides (2a—d, Fig. 1), some of them synthesized
before starting from bis(chlorocarbonyl)-ferrocene [14],
were also formed as side products.

During the characterization of the diamides evident dif-
ferences in the "H NMR spectra of compounds bearing one
secondary and one tertiary amido group (la—c) have been
observed compared to the other disubstituted derivatives
(1d,e or 2a—d). The signal corresponding to the NH in
the secondary amido group of la-c appeared at 8.32,
8.42 and 8.53 ppm, respectively, while a chemical shift of
6.68 ppm for the two identical NH of 2a was observed.

This large amide ‘downfield” NH shift strongly suggested
the formation of an intramolecular hydrogen bond in prod-
ucts 1a—c. There were also some remarkable changes in the
region of the Cp protons. In the spectra of 1d,e, as it was
expected, four broad singlets could be assigned to the 2,5;
3,4; 2’5" and 3',4’ protons, respectively. Besides, the chem-
ical shifts of these singlets corresponded well to the chem-
ical shifts of the two pairs of singlets that were observed in
the two symmetrically substituted diamides with the same
amido groups. As an example, the Cp protons of 1d had
four chemical shifts of 4.62, 4.58, 4.38 and 4.36 ppm, while
Cp protons of 2¢ and 2d were observed at 4.63, 4.36 ppm
and 4.58, 4.38 ppm, respectively. At the same time in the
spectra of la—c, some of the signals of this region merged,
which later was also proved to be a sign for the intramolec-
ular hydrogen bond.

Because of the above observations, a more detailed
investigation of the structure of la has been carried out
both in the solid state and in solution.

2.1. Solid state structure of la

ORTEP plot of the structure 1a is shown at Fig. 2. The
strong intramolecular H-bond can be characterized by
H42...01 distance of 2.18(5) A, N42...01 2.933(6) A and
N42-H42...01 174(4)° angle data. Coordination of iron
center is the expected one and the Fe-C bond lengths are
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0

in the range of 2.01-2.05 A which is shorter than 2.080 A
given by earlier database studies [15,16].

However, in our case because of the strong intramolec-
ular hydrogen bond between N42-H and Ol rotation of
the Cp ring is prevented. Atoms C41-N42-O1-C1-Fel
are in a plane with rms deviation of 0.055 A. For further
stabilization of the structure there are weak C-H...O
hydrogen bonds between appropriate Cp as well as morfo-
line ring hydrogen atoms and acceptors Ol or O41. The
packing diagram shows orientation of the molecules in that
way that there are apolar aliphatic side chain and morfo-
line ring layers between the polar ferrocenyl layers. This
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Fig. 1. 1,1’-Ferrocene diamides synthesized by palladium-catalyzed carbonylation.

layered structure is stabilized by van der Waals interaction
between the paraffin side chains of neighboring molecules.

The IR spectrum of 1a (in KBr) showed a v(NH) band
at 3252cm™', two carbonyl stretching frequencies (or
amide; bands) of equal intensity at 1642 and 1593 cm ™! cor-
responding to non-hydrogen bonded and hydrogen bonded

CO, respectively, and an amide;; band at 1552 cm ™.

2.2. Solution structure
Although the solid state structure provided a reliable

proof for the formation of an intramolecular hydrogen
bond between the two substituents of 1a, molecular confor-

Fig. 2. Thermal ellipsoid plot of 1a at 50% probability level with partial
numbering scheme. Selected bond length (A) and angles (°): Fe-C 2.013—
2.052; C1-0O1 1.237(5); C1-C11 1.494(5); C1-N21 1.339(5); C31-C41
1.469(5); C41-041 1.235(5); C41-N42 1.318(6); N42-C43 1.463(7) Ol-
N42 2.938(5); N42-H42-01 174(6).

mation in solution remained still to be proved. Two spec-
troscopic methods, infrared and '"H NMR, were used to
clarify this question.

According to the literature, amide NH atoms that are
not hydrogen bonded show vNH stretching vibrations in
the infrared spectra at wavenumbers higher than
3400 cm~! and have chemical shifts between 5.5 and
7.0 ppm in the "H NMR spectra. At the same time hydro-
gen bonded amide NH display stretching vibrations in the
infrared spectra below 3400 cm ™' and give proton signals
above 7.5 ppm in the 'H NMR spectra. Besides, small val-
ues (—2 to —4 ppb K ') of temperature dependence of AGH
of amide NH in the "H NMR are characteristic for protons
that are not hydrogen bonded or fixed in a very strong
hydrogen bond [9]. All these criteria were taken into
account in our investigation concerning the structure of 1a.

The chemical shift of NH of 1a is 8.32 and 8.47 ppm at
30 °C in CDCl; and in toluene-ds, respectively. The change
of the latter value is within 0.02 ppm on 15-fold dilution
with toluene that supports the presence of an intramolecu-
lar interaction. On heating, a —14.3 ppb K ' AGH (temper-
ature range: 303-353 K) was observed in toluene that
shows a moderately strong dynamic hydrogen bond.

The IR spectrum of 1a in CH,Cl, shows two bands that
can be assigned as NH stretching: one at 3448 cm ™' and a
stronger one at 3272 cm~ . This can be explained by the
presence of both hydrogen bonded (Structure A in Eq.
(3)) and non-hydrogen bonded NH (Structure B in Eq.
(3)) under these conditions, with the prevail of the hydro-
gen bonded conformation.

The effect of hydrogen bonding can also be seen on the
characteristic stretching frequency of the carbonyl group
(amide; band) that is substantially lowered. Accordingly,
there are two v(C=O0) (or amide;) frequencies in the spec-
trum: a more intense and somewhat broader band at
1646 cm ™!, corresponding to non-hydrogen bonded carbonyls
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of structures A and B (Eq. (3)) and another one at 1614 cm ™!

corresponding to hydrogen bonded CO in conformation A.
There are also two amidey; bands at 1548 and 1523 cm™! cor-
responding to structures A and B, respectively.

)
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amide, 1646, 1614 cm”™’ 1646 cm™
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As ferrocene amides and diamides have been reported to
be good anion receptors [17], the behavior of 1a in the pres-
ence of chloride ions has also been investigated. As anions
as hydrogen acceptors bind to amide groups, the presence
of chloride ions can presumably affect the internal hydro-
gen bond. The addition of chloride ion as its tetra-n-butyl
ammonium salt indeed led to a change both in the infrared
and '"H NMR data of 1a (Table 1). The disappearance of
the stretching of free NH groups at 3448 cm ™' and a split-
ting of the amide; band around 1650 cm ™' was observed in
the infrared spectra. However, the latter signal cannot be
used as a precise indication of the change in the molecular
structure because of the broadening of the signal and mer-
gence of the peaks. The stretching of free NH groups
around 3440 cm ™! disappeared upon adding 4 equivalents
of CI™ per 1a into the solution. (At higher concentrations
of tetra-n-butyl ammonium chloride, the NH stretching of
the hydrogen bonded derivative was merged into the CH
stretching of the salt, but there was no indication of the
presence of any free NH group.) The initial downfield shift

of the NH signal in the '"H NMR spectrum also showed
that all of the NH protons became hydrogen bonded in
the presence of the chloride ions (structures A and/or C,

Eq. (3)).
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At high chloride concentrations, a change in the Cp
region of the '"H NMR spectrum was also evident, the four
singlets characteristic for heterodisubstituted ferrocene
derivatives appeared. This may be explained by the
break-off of the internal hydrogen bond and the prevail
of structure C (Eq. (3)) that resembles to the other hetero-
disubstituted ferrocene derivatives (e.g. 1d, le) with no
internal hydrogen bonds.

3. Conclusions

It is proved that an internal hydrogen bond connect-
ing the NH and CO groups of secondary and tertiary
amido substituents of unsymmetrically substituted ferro-
cene diamides is formed both in the solid state and in
solution. Solution phase 'H NMR and IR measurements
supports the existence of an equilibrium between the
hydrogen bonded and non hydrogen bonded forms.
The addition of chloride ions results in the disappearance
of the non hydrogen bonded form, presumably through

Table 1
Characteristic "H NMR and infrared data of 1a in the presence of chloride ions
Cl /1a yNH?* Amide[® Amidey* ONH® oCp©
- 3252° 1640, 1593 1552 - -
- 3448, 3272 1646, 1614 1523, 1548 8.32 4.58; 4.34; 4.31
2 3444, 3280 1654, 1646, 1642, 1617 1525, 1556 8.35 4.55; 4.32; 4.29
4 -, 3285 8.37 4.47;4.23; 4.19
8 8.34 4.38; 4.12; 4.01
18 8.13 4.09; 3.80; 3.76; 3.71

2 In CH,Cl, concentration of 1a: 3 x 1072 M, at 25 °C.
® In the solid state in KBr.

¢ In CDCl; (the chemical shifts are referred to CHCls, 7.26 ppm), concentration of 1a: 5x 1072 M, at 30 °C.
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the formation of intermolecular hydrogen bond between
the NH group of the ferrocene diamide and the chloride.

It should be mentioned that the lack of H-bonds in the
solutions of ferrocene diamides with two secondary amido
groups was observed by us and others [9].

4. Experimental

4.1. Synthesis of unsymmetrically substituted 1,1'-ferrocene
diamides

1,1’-Diiodoferrocene (0.5 mmol), Pd(OAc), (0.025 mmol),
PPh; (0.05 mmol), the amines (1.25mmol BuNH, and
3.75 mmol morpholine for 1a, 1.25mmol BuNH, and
3.75 mmol Et,NH for 1b, 1.67 mmol BuNH, and 3.33 mmol
Bu,NH for 1¢, 2.5 mmol morpholine and 2.5 mmol Et,NH
for 1d and 2.5 mmol Et,NH and 2.5 mmol Bu,NH for le),
Et;N (0.5 mL) and toluene (10 mL) were transferred under
an inert atmosphere into a stainless steel autoclave. It was
charged with carbon monoxide (40 bar at room tempera-
ture) and heated with stirring in an oil bath at 100 °C for
8 h. Then the mixture was diluted with 20 mL of toluene,
washed with 30 mL of 5% H3PO,4, 30 mL of saturated
aqueous NaHCO; and 30 mL of brine and dried over
Na,SO,. The evaporation of the solvent and chromatogra-
phy (aluminium oxide, toluene/EtOAc=1/1 to 1/10)
resulted in pure products in fair to good isolated yields
(1a: 62%, 1b: 44%, 1c: 36%, 1d: 85%, le: 77%). Crystals
suitable for X-ray analysis of 1a were grown by hexane dif-
fusion into a CH,Cl, solution at room temperature.

4.2. Physical measurements

The '"H NMR spectra were recorded on a VARIAN
INOVA 400 spectrometer at 400 MHz in CDCl;. IR spec-
tra were made using an Avatar 330 FT-IR instrument.
Samples were prepared as KBr pellets or as CH,Cl,
solution.

1d [12] and 1e [13] have been characterized before. Com-
pounds 2a-d were obtained as side products, so for these
compounds no yields are indicated here. However, they
can be obtained in good yields via aminocarbonylation of
1,1’-diiodoferrocene in the presence of the corresponding
amine as it has been shown before for 2¢ [18]. Spectro-
scopic data of 2¢ and 2d corresponded well to the literature
report [14].

4.2.1. I'-(N'-butyl-carbamoyl)-morpholino
ferrocenecarboxamide (1a)

'"H NMR (CDCls) é: 8.32 (brs, 1H); 4.57 (s, 2H); 4.33
(brs, 4H); 4.31 (s, 2H); 3.64 (m, 8H); 3.36 (q, 7.5Hz, 2H);
1.60 (qui, 7.5 Hz, 2H); 1.42 (m, 2H); 0.95 (t, 7.5 Hz, 3H).
MS (m/z/rel. int.): 398 (M™1)/34; 313/8; 285/14; 241/34;
213/14; 185/13; 149/20; 121/100; 56/71. IR (KBr,
cm*1)13252; 1642, 1593, 1552. Anal. Calc. for
C,oH»6FeN,03 (398.28): C, 60.31; H, 6.58; N, 7.03. Found:
C, 60.78; H, 6.79; N, 6.75%. Yield: 62%.

4.2.2. 1'-(N'-butyl-carbamoyl)-N, N-diethyl
ferrocenecarboxamide (1b)

'"H NMR (CDCls) 6: 8.42 (brs, 1H); 4.60 (s, 2H); 4.36
(brs, 4H); 4.32 (s, 2H); 3.47 (m, 2H); 3.38 (m, 4H); 1.29—
1.65 (m, 4H); 1.19 (m, 6H); 0.95 (t, 7.5 Hz, 3H). MS (m/z/
rel. int.): 384 (M)/38; 313/8; 285/17; 241/26; 229/12; 220/
22; 213/22; 190/20; 163/20; 149/18; 128/38; 121/86; 72/
100; 56/68. IR (KBr, cm™'): 3315; 1646, 1613, 1535. Anal.
Calc. for CyoH,gFeN,O, (384.30): C, 62.51; H, 7.34; N,
7.29. Found: C, 62.15; H, 7.61; N, 7.62%. Yield: 44%.

4.2.3. I'-(N'-butyl-carbamoyl)-N, N-dibutyl
ferrocenecarboxamide (1c¢)

'"H NMR (CDCls) &: 8.53 (brs, 1H); 4.59 (s, 2H); 4.28
(brs, 6H); 3.10-3.42 (m, 6H); 1.10-1.65 (m, 12H); 0.88-
1.00 (m, 9H). MS (m/z/rel. int.): 440 (M")/100; 312/18;
241/44; 128/56; 121/63; 56/19. IR (KBr, cm™'): 3297,
1650, 1610, 1535. Anal. Calc. for Cy3H;cFeN>O,
(440.41): C, 65.45; H, 8.24; N, 6.36. Found: C, 65.81; H,
8.56; N, 6.12%. Yield: 36%.

4.2.4. 1,1'-bis( N-butyl carboxamido) ferrocene (2a)

'"H NMR (CDCl5)d: 6.67 (brs, 2H); 4.46 (s, 4H); 4.3 (s,
4H); 3.36 (q, 6.8 Hz, 4H); 1.61 (m, 4H); 1.41 (m, 4H); 0.98
(t, 7.2 Hz, 6H). MS (m/z/rel. int.): 384(MT)/52; 312/14;
285/15; 241/28; 190/28:146/28; 121/100. IR (KBr, cm™'):
3321; 1630; 1552.

4.2.5. 1,1'-bis( N, N-dibutyl carboxamido) ferrocene (2b)

"H NMR (CDCl;) 8: 4.60 (brs, 4H); 4.35 (brs, 4H); 3.35
(t, 7.7 Hz, 8H); 1.58 (m, 8H); 1.15 (m, 8H); 0.89 (m, 12H).
MS (m/z/rel. int.): 496 (M1)/82; 241/55; 141/100; 95/75;
91/78; 67/79; 55/85; 43/99. IR (KBr, cm™'): 1617.

4.3. X-ray structure

Orange prism crystals (0.36 x 0.22 X 0.2 mm) of 1a was
fixed on a glass capillary using epoxy glue. Data were col-
lected at 293(1) K, Bruker—-Nonius MACH3 diffractometer,
Mo Ko radiation 2= 0.71073 A, » motion, Oay = 26.05°
[19]. The structure was solved using the sirR-92 software
[20] and refined on F* using SHELX-97 [21] program, publi-
cation material was prepared with the wiNGX-97 suite [22].
Hydrogen atoms were fixed into geometric position except
N-H which could be found at the difference electron den-
sity map and its coordinate were refined. A few bond length
constrains should be applied to regulate C43-C46 side
chain.

Acknowledgements

The authors thank the Hungarian National Science
Foundation for financial support (OTKA T048391,
TS044742, TS044800). R.S-F. thanks the Hungarian Acad-
emy of Sciences for the J. Bolyai Fellowship and A.B. for
the Hungarian Ministry of Education for Széchenyi Istvan
fellowship.



3042 A. Kuik et al. | Journal of Organometallic Chemistry 691 (2006) 3037-3042

Appendix A. Supplementary data

Crystallographic data for the structural analysis has
been deposited with the Cambridge Crystallographic Data
Centre, CCDC No. 293446 for compound 1a.

Copies of this information may be obtained free of
charge from: The Director, CCDC, 12 Union Road, Cam-
bridge, CB2 1EZ UK, fax: +44 1223 336033; e-mail: depos-
it@cedc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk.
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.jorganchem.
2006.03.013.
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