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1. Introduction

During the sixty-year history, the chemistry of ferrocene and its
derivatives developed extensively and in a broad-spectrum manner
[1]. Complexes based on 1,1’-bis(diphenylphosphino)ferrocene are
known to exhibit high activity in homogeneous catalysis and their
chiral analogs have been used with success in enantioselective
catalysis [1a]. For medical applications, of most interest are ferro-
cene derivatives which showed anticancer effect [2]. Materials with
practically valuable properties have been synthesized based on
ferrocene, among which are redox switchable molecular systems
[3], molecular recognition and sensing materials [4], metallocene
molecular gears [5], molecular machines [6] and other nanovehicles
[7], and rod-like ferrocenylmesogenes [8]. Ferrocene chemistry is
well-established and routes for binding heteroatoms (O, N, P, S etc.)
either directly to the ring carbon atom or to the side-chain C, atom
have been developed. However certain derivatives remain difficult
to access due to specific features of the ferrocene core. For instance,
ferrocenyl-based amines [9] are not easily available because the
standard route to aromatic amines (nitration followed by reduction)
cannot be applied due to oxidation of the ferrocene core under
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nitration conditions [10]. Nucleophilic addition to imines or their
reduction is an alternative general strategy for amine preparation.
This route seems particularly attractive in the ferrocene chemistry
because acetyl (and other alkanoyl/arenoyl) derivatives are readily
accessible. However, we were surprised to find that ferrocenyl-
based ketimines are very difficult to obtain via classical condensa-
tion of ketone and amine [11]. Even with the simplest anilines the
reactions require tedious multiday procedures and give only mod-
erate yields (Scheme 1, a) [11c]. Significant improvement is achieved
by the use of TiCl4 as a homogeneous catalyst (Scheme 1, b) [12]. It
should be also noted that ferrocenylketone hydrazones can be ob-
tained via trialkylaluminum-assisted condensation [13].

We have recently elaborated an alternative X = N bond forming
strategy based on the catalytic oxo/imido heterometathesis reactions
[14]. In particular, we have previously shown that oxo and imido
complexes of early transition metals catalyze imidation of carbonyl
compounds with N-sulfinylamines according to the catalytic cycle
shown in Scheme 2. This reaction represents a novel water-free
method for preparation of imines and proved useful in preparation
of ketimines that are difficult to access via classical acid-catalyzed
condensation (e.g. employing poorly nucleophilic amines or acid-
sensitive substrates). Herein we report that this approach is also
very efficient in the case of acetyl derivatives of ferrocene (Scheme 1,
c) and show that oxo/imido heterometathesis catalyzed by a well-
defined silica-supported Ti imido complex (=SiO)Ti(NtBu)(Me;.
Pyr)(py)2 (Ti/SiO2, Me,Pyr = 2,5-dimethylpyrrolyl, py = pyridine)
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Scheme 1. Comparison of different methods for the preparation of 1,1’-diacetylferrocene imines.
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Scheme 2. Catalytic cycle of oxo/imido heterometathesis between N-sulfinylamines
and ketones.

provides a straightforward access to a wide range of imines of 1,1’-
diacetylferrocene.

2. Results and discussion

Ti/SiO, heterogeneous catalyst was designed using the Surface
Organometallic Chemistry approach [15]. Its preparation was
described previously and includes grafting of the imido complex
Ti(NtBu)(Me,Pyr)(py)2 onto a surface of silica partially dehy-
droxylated at 700 °C (SiO2.709) to give a well-defined silica-sup-
ported Ti imido complex (=SiO)Ti(NtBu)(Me,Pyr)(py)2 (Scheme 3),

that was fully characterized by IR and solid-state NMR spectros-
copy, as well as by elemental and mass balance analyses [14a]. This
catalyst was found to be significantly more active towards imida-
tion of carbonyl compounds with N-sulfinylamines as compared to
the other previously reported systems based on V, Mo, and Ta. This
observation is in agreement with the general reactivity trend
recognized in transition metal imido chemistry, where the most
reactive imides are found when going to the left across the d-block
of the Periodic table [16]. Immobilization of the catalyst on the
surface of the support plays an essential role, since it prevents the
deactivation of the active species via the formation of catalytically
inert p-oxo bridged oligomers at the step of the formation of Ti=0
intermediate (Scheme 2).

The catalyst was tested in the imidation of 1,1’-diacetylferrocene
with different N-sulfinylamines (Table 1). The reactions were car-
ried out in boiling toluene and monitored by IR spectroscopy to
ensure the disappearance of the carbonyl C=0 band at 1676 cm™!
and the appearance of the C=N band in 1640—1620 cm ™' region.
Evolution of SO, serves as a driving force for shifting the equilib-
rium, quantitative conversions being reached in most reactions. In
certain cases, separation of the heterogeneous catalyst and crys-
tallization from toluene/heptane straightforwardly gave the
analytically pure product; however, in some cases additional
recrystallization was required, which lowered the final yield. It
should be noted that N-sulfinylamines, used as a source of the
imido group, are readily available compounds that can be prepared
from the corresponding anilines in nearly quantitative yields by
treatment with SOCI; [17].

While the influence of electronic effects in N-sulfinylaniline is
not obvious from this data, steric factor clearly plays a key role in
the reaction. While ortho-non-substituted N-sulfinylanilines
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Scheme 3. Preparation of Ti/SiO, catalyst.

Table 1
Preparation of 1,1’-diacetylferrocene imines by oxo/imido heterometathesis.

o NAr
! |
‘ TilSiO, :
Fe + ArN=S=0 Fe
@\( toluene, A Cb
\ \
o) NAr
# ArNSO Ti, mol%? Time Yield”
30 min 90%

1 /©/NSO 1

2 /©/NSO 1 1h 93%
MeO

3 /©/NSO 1 1.5h 77%
Br

4 NSO 1 3h 72%
L

5 NSO 1 4h 43%°
el

NSO 1 3h 76%
30 min 71%

8 @NSO 2 25h 81%
F

10

11 3 15h 46%°

12 5 4h 55%¢

2 Per carbonyl group (based on the total Ti content in the catalyst as determined
by elemental analysis, 0.23 mmol/g).

b Isolated yield.

¢ Additional recrystallization was required.

reacted smoothly at 1 mol% catalyst loading, ortho-substituted N-
sulfinylanilines typically required higher catalyst loadings to reach
quantitative conversions, up to 5mol% in the case of very bulky
tribromophenylaniline derivative (entry 12). It should be noted that
the imines of extremely poorly nucleophilic polyhalogenated ani-
lines (entries 10—12) are often challenging to obtain even in the
case of ordinary ketones. Thus, the isolation of the corresponding
acetylferrocene derivatives demonstrates the remarkable potential

of oxo/imido heterometathesis reactions in preparation of difficult
imines, even though lower yields were observed in these cases
(possibly due to higher propensity of these compounds to hydro-
lysis which complicated their crystallization).

We have shown that oxo/imido heterometathesis catalyzed by
silica-supported Ti imido complex and employing N-sulfinylamines
as imidating agents serves as a powerful imidation methodology
and allows for the efficient and high-yielding preparation of keti-
mines of 1,1’-diacetylferrocene that are difficult to access via clas-
sical methods.

3. Experimental section

The catalyst Ti/SiO» was prepared as described before [14a].
Catalytic runs were performed under argon atmosphere using
standard Schlenk techniques. Toluene was distilled from Na/
benzophenone and stored over activated 3 AMS. Importantly,
CDCl3 should be distilled from CaH, in order to remove the acidic
impurities that facilitate decomposition of ferrocene derivatives in
chloroform (poor quality NMR spectra were sometimes obtained if
CDCl3 was only distilled from usually recommended P20s). 1,1’-
diacetylferrocene was synthesized according to a standard pro-
cedure. N-sulfinylanilines were prepared according to standard
procedures using Merck SOCI, (“for synthesis” grade) and freshly
distilled or recrystallized anilines [17]. TH, 13C, °F NMR spectra were
recorded using Bruker Avance 400 and Agilent 400-MR spectrom-
eters. Chemical shifts (6) are given in ppm and coupling constants
(J) in Hz. 'H chemical shifts were referenced relative to the residual
solvent peak: 7.26 (CHCls in CDCl3). 3C chemical shifts were
referenced relative to the solvent peak: 77.00 (CDCls). '°F spectra
were referenced externally to CFCls. Monitoring of the reactions by
IR spectroscopy was performed using Specord M82 spectrometer.
IR spectra of isolated products were recorded in KBr pellets on a
Bruker Tensor 37 FTIR spectrometer. Wavenumbers are given in
cm~!. Elemental analysis was performed at the Laboratory of
Microanalysis of the INEOS RAS.

3.1. General procedure for the preparation of imines

A double-neck Schlenk flask was charged under argon with Ti/
Si0,, dry toluene, 1,1’-diacetylferrocene and N-sulfinylamine, and
the mixture was stirred under reflux. The reaction was monitored
by IR spectroscopy by taking aliquots of the reaction mixture until
complete disappearance of the carbonyl C=0 band at 1676 cm™ ..
The catalyst was filtered off in air using a glass filter and the product
was isolated by crystallization from the appropriate solvent and
dried in vacuum. Crystallization was typically performed under
argon, however most of the products do not show evidence of
decomposition upon short exposure to air.
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