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Cyclopalladated complexes derived from organic molecules
bearing N-donor groups were first described by Cope et al.
almost forty years ago.[1] Since then, the study of these
complexes has become a fundamental area of research in
organometallic chemistry.[2] Cyclopalladated ferrocene deriv-
atives are particularly interesting,[3] as they are planar chiral
compounds with increasing applications in materials chemis-
try, asymmetric synthesis, and catalysis.[4–6] Up until now, the
cyclopalladation of ferrocene compounds with nitrogen-
containing substituents, such as amines, imines, and oximes,
has invariably led to the formation of ortho-palladated
derivatives,[7] although very few of these chiral complexes
have been obtained in the optically active form.[8] On the
other hand, the direct cyclopalladation of 2-ferrocenyl-1,3-
oxazolines, which are compounds of special relevance in
asymmetric synthesis,[3,9, 10] is not successful because of con-
current oxidation of the ferrocene ligand by PdII salts, and for
this reason the corresponding ortho-palladated derivatives
either have been obtained by indirect methods or have been
replaced in some applications by cobaltocene complexes.[11] 4-
Ferrocenyl-1,3-oxazoline derivatives form a new class of
chiral ferrocene compounds that are easily available in both
enantiomeric forms and with excellent optical purities. We
report herein the cyclopalladation of several 4-ferrocenyl-1,3-
oxazoline derivatives that takes place in good yield to furnish
a hitherto unknown type of metalated ferrocenes in which the
carbon–palladium bond is formed by using a carbon atom in
the unsubstituted cyclopentadiene ring (we have coined the
term “interannular cyclometalation” for this reaction).[12]
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The initial impetus for this research came from the
reasoning that in 4-ferrocenyl-1,3-oxazoline compounds, in
contrast to what happens in the regioisomeric 2-ferrocenyl-
1,3-oxazolines, the conformation in which the carbon–nitro-
gen heterocyclic bond would be coplanar with the cyclo-
pentadiene ring is strongly destabilized by steric hindrance
between the C5 oxazoline carbon atom and the ferrocenyl
moiety. Therefore, the most stable conformer would be that in
which the C4�H bond is coplanar with the upper cyclo-
pentadiene ring, thus directing the nitrogen atom towards the
lower one. Simple quantum-mechanical calculations[13] sup-
port this hypothesis by showing that 2-(tert-butyl)-4-ferro-
cenyl-1,3-oxazoline had only one stable conformer (Figure 1).

This observation prompted us to synthesize a series of 4-
ferrocenyl-1,3-oxazolines with different C2 substituents and
study their cyclopalladation. Highly enantiopure (98% ee)
(S)-2-amino-2-ferrocenylethanol (1)[14] was readily converted
into the target oxazolines 3a–e by standard procedures
(Table 1).

We were pleased to find that after the oxazoline 3 a and
1.5 equivalents of Pd(OAc)2 had been stirred together over-
night at room temperature in benzene a palladated derivative
4a was obtained in 78 % yield after recrystallisation. Both the
1H and 13C NMR spectra indicated that the unsubstituted
cyclopentadiene ring of 3a had been palladated, which was in
agreement with our hypothesis. Moreover, both the NMR
spectroscopic and the mass-spectrometric analysis clearly

showed the presence of two ferrocenyloxazoline units, three
palladium atoms, and four acetate bridges in this compound.
Finally, the unprecedented structure of 4a was unequivocally
established by X-ray diffraction analysis (Figure 2).

Several structural features of 4 a deserve some comment:
The three palladium atoms show a very small departure (less
than 1.18) from linearity. Although the formation of linear
trinuclear cyclopalladated complexes has been reported in a
few cases starting from C(sp3) donors,[15] 4 a represents the
first example of this type of complex with C(sp2)�Pd bonds
and also the only one whose geometry has been determined
by X-ray diffraction analysis. The Pd�Pd bond of 3.0457(5) �
is somewhat shorter than that observed in the palladium
diacetate trimer (ca. 3.15 �),[16] but clearly beyond the upper
value (ca. 2.87 �) reported for neutral bimetallic complexes

with weak bonding interactions between the
two palladium atoms.[17] The Pd�C distance
at 1.961(7) � is appreciably longer than that
reported for dimeric cyclopalladated ferro-
cenylimines with acetate bridges, but the Pd�
N bond length at 2.021(6) � falls in the range
observed in these compounds.[8f]

We submitted the other 4-ferrocenyl-1,3-
oxazolines 3b–e to the same reaction con-
ditions used for 3a (Scheme 1) to study the
scope of this new cyclopalladation reaction.
Both the spectral and analytical data of the
cyclopalladated complexes 4b and 4c
revealed that they were structurally analo-
gous to 4a. It is worth noting that cyclo-
palladation did not take place at the phenyl
ring in the case of 3 c, which is in accordance

with the preferences observed in the ortho palladation of
imine derivatives of benzoyl ferrocene.[7d] On the other hand,
the cyclopalladation of both 3d and 3e led to complex
mixtures of unidentified products. Clearly, the presence of C�
H bonds in the a position of the oxazoline substituent at C2
has a deleterious effect in this reaction.

Electrochemical studies of 3a and 4a were performed[18]

to elucidate the effect of interannular palladation upon the

Figure 1. Energy-minimized geometry of (R)-2-(tert-butyl)-4-ferrocenyl-
1,3-oxazoline, as determined by PM3 calculations.

Table 1: Preparation of (S)-4-ferrocenyl-1,3-oxazolines.[a]

Entry R Yield of 2 [%][b] Yield of 3 [%][b]

1 tert-butyl 71 (2a) 77 (3a)
2 1-adamantyl 77 (2b) 68 (3b)
3 phenyl 78 (2c) 80 (3c)
4 isopropyl 78 (2d) 60 (3d)
5 ethyl 81 (2e) 64 (3e)

[a] Ts = para-toluenesulfonyl, DMAP=4-dimethylaminopyridine. [b] Yield of product isolated after
purification by chromatography.

Figure 2. ORTEP representation of the crystal structure of 4a. Hydro-
gen atoms have been omitted for clarity.
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proclivity of the iron(ii) center towards oxidation. The cyclic
voltammogram (CV) of 3a exhibits an anodic signal with a
directly associated cathodic signal in the reverse scan
(Figure 3). The value of the half-wave potential (E1/2) for 3a

is smaller than those reported for [(h5-C5H5)Fe{(h5-C5H4)-
C(R1)=N-R2}] (in the range of 85–200 mV) but greater than
those of the ferrocenylamines [(h5-C5H5)Fe{(h5-C5H4)-
(CH2)n-NH2}] (n = 1 or 2) and the Schiff bases [(h5-C5H5)Fe-
{(h5-C5H4)-CH2-N=CH(R3)}] with E1/2 values varying from
�30 to �5 mV.[19] These findings suggest that the electron-
withdrawing character of the 4’-oxazoline moiety is between
those of the �“-CH2-N=CH(R3)” and the �“-C(R1)H=N-R2”
substituents.[20] Only one wave was observed for 4a and the
intensity of the signal was double than that of 3a, thus
indicating that the two ferrocene moieties in 4a do not
interact electronically with each other. Moreover, the wave

was shifted to a more cathodic potential (Figure 3). This
finding agrees with the results reported for the ferrocenyl-
imines [(h5-C5H5)Fe{(h5-C5H4)-C(R1)=N-R2}] and their cyclo-
palladated derivatives where a s(Pd�C(sp2)) bond is held in
the adjacent position to the functional >C=N group.[19]

However, the magnitude of the shift was greater
(ca. 130 mV) for 4a than for the previously reported systems
(in the range of 40–80 mV).

The chemical behavior of these novel complexes appears
to be similar to that of previously known ortho-palladated
ferrocene derivatives (Scheme 2). Thus, the treatment of 4a

with lithium chloride produces a di-m-chloro complex 5a. The
same compound is obtained when 3a is treated with Na2-
[PdCl4] in the presence of NaOAc. In turn, 5a is readily
converted into the mononuclear complex 6a by cleavage with
triphenylphosphine. Finally, iodination of 5 a affords (S)-2-
(tert-butyl)-4-(1’-iodoferrocenyl)-1,3-oxazoline (7a) in high
yield and provides conclusive evidence of the high reactivity
of the s(Pd�C(sp2)) bond in 5a. This reaction paves the way
for the preparation of 1,1’-disubstituted ferrocenes.

These new chiral cyclopalladated complexes hold signifi-
cant promise as catalysts for asymmetric transformations and
are far from being a mere chemical curiosity. In particular,
preliminary results show that the trinuclear complexes 4a–c
and the di-m-chloro complex 5 a are able to catalyze the
enantioselective rearrangement of allylic imidates to allylic
amides. This PdII-catalyzed aza-Claisen reaction offers con-
venient access to various allylic amides from the correspond-
ing allylic alcohols. Some ortho-palladated complexes derived
from ferrocene and which combine both central and planar
chirality have also been shown to give high yields and
enantioselectivities in the rearrangement of imidates derived
from alkyl-substituted allylic alcohols.[6,21] The reaction of
imidates derived from aryl-substituted allylic alcohols is,
however, much less stereoselective. In the light of these
precedents, we investigated the performance of our 1’-
palladated complexes in the [3,3]-sigmatropic rearrange-
ment of (E)-3-phenylallyl (N-phenyl)benzimidate (8)
(Scheme 3).[22]

Figure 3. Cyclic voltammograms of 10�3
m solutions of 3a or 4a in

CH3CN at 20 8C and at a scan speed of u =100 mVs�1 (electrochemical
data: anodic (Epa), cathodic (Epc), and half-wave potentials (E1/2) poten-
tials (in mV) referred to ferrocene Epa = 54 (for 3a) and �52 (for 4a),
Epc =�33 (for 3a) and �184 (for 4a), and E1/2 = 10 and �123 for 3a
and 4a, respectively).

Scheme 2. Preparation and reactivity of the di-m-chloro complex 5a.
DMC = dimethylaminoethyl chloride hydrochloride.

Scheme 1. Interannular cyclopalladation of ferrocenyloxazoline deriva-
tives 3. Yields: 4a 78%, 4b 78%, 4c 64 %, 4d <2%, 4e 0%. R = tert-
butyl (4a), 1-adamantyl (4b), phenyl (4c), isopropyl (4d), ethyl (4e).
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The di-m-chloro complex 5a afforded the dextrorotatory
allylic amide (+)-9 in 45 % yield and with low, but significant,
optical purity (32 % ee according to HPLC analysis) whereas
the mononuclear complex 6a did not show any catalytic
activity in this reaction. We found that the opposite levor-
otatory enantiomer of 9 became the major rearranged
product (with a 72 % ee) when the trinuclear cyclopalladated
complex 4a was used. This unexpected change in enantiose-
lectivity is certainly surprising when it is considered that the
only chirality element present in 4a and in 5 a is the C4
oxazoline stereogenic carbon atom (which is of S absolute
configuration). Finally, the use of the (S)-2-phenyl-4-ferroce-
nyloxazoline-derived trinuclear complex 4c gave (�)-9 in
49% yield and with an unprecedented high optical purity
(90 % ee).[23] These reactions constitute the first examples of
an asymmetric transformation catalyzed by a cyclopalladated
ferrocene derivative that exhibites only central chirality.

In summary, the rational design of a ferrocenyloxazoline
ligand that allows a direct interannular cyclopalladation of
ferrocene derivatives[24] for the first time has led to a new
structural type of chiral palladium-bridged heteropolynuclear
complexes of potential interest in several fields of chemistry.

Experimental Section
3a : M.p. 50–518C; [a]20

D =�85 (c = 0.47, CH2Cl2). IR (KBr): ñ = 3080,
2980, 1650, 1489, 1120, 1020, 810 cm�1; 1H NMR (200 MHz, CDCl3):
d = 1.26 (s, 3H, 3 � CH3), 4.15 (m, 9H, Fc), 4.36 (m, 1H, CHOH), 4.50
(m, 1H, CHOH), 4.86 ppm (dd, 1J = 9.6 Hz, 2J = 7.4 Hz, 1H, CHN);
13C NMR (50.3 MHz, CDCl3): d = 27.9 (3 � CH3), 35.2 (tBu-Cq
(quaternary carbon center)), 64.7 (CH-N), 66.2 (CH-Fc), 67.2 (CH-
Fc), 67.8 (CH-Fc), 7.9 (CH-Fc), 68.3 (CH-Fc), 73.4 (CH2-O), 90.8
(Cq-Fc), 172.8 ppm (C=O); HRMS (CI, NH3): m/z calcd for
C17H21FeNO: 312.1006, found: 312.1001.

4a : A solution of 3a (0.15 g, 0.48 mmol) and Pd(OAc)2

(1.5 equiv) in dry benzene (7 mL) was stirred overnight at room
temperature. The resulting dark brown solution was filtered through a
small pad of celite with CHCl3 and evaporated. The resulting dark
residue was dissolved in a minimal amount of CH2Cl2 and hexane was
added. The solution was filtered to remove impurities that had
precipitated after heating. Recrystallization from dichloromethane/
hexane afforded the red–brown pentametallic complex 4a as a
crystalline solid (0.22 g, 78% yield). M.p. 160 8C (decomp); [a]20

D =

+ 463 (c = 0.26, CH2Cl2); IR (KBr): ñ = 3100, 2971, 1626, 1578, 1408,
1342, 1167, 1024, 1034, 804 cm�1; 1H NMR (200 MHz, CDCl3): d =
1.80 (s, 6H, 2 � CH3 bridge), 1.92 (s, 18 H, 6 � CH3), 2.01 (s, 6H, 2 �
CH3 bridge), 3.97 (m, 1H, CH-Fc), 3.99 (m, 1H, CH-Fc), 4.01 (m, 1H,
CH-Fc), 4.03 (m, 1H, CH-Fc), 4.10 (m, 1H, CH-Fc), 4.30 (m, 1H, CH-
Fc), 4.44 (m, 1H, CH-Fc), 4.47 (m, 2H, CH2-O), 4.80 (m, 1H, CH-Fc),
6.18 ppm (dd, 1J = 4.6 Hz, 2J = 2.2 Hz, 1H, CH-N); 13C NMR

(50.3 MHz, CDCl3): d = 23.7 (CH3 bridge), 23.8 (CH3 bridge), 28.7
(3 � CH3), 34.3 (tBu-Cq), 64.7 (CH-Fc), 65.8 (CH-N), 66.2 (CH-Fc),
66.7 (CH-Fc), 67.3 (CH-Fc), 69.0 (CH-Fc), 72.6 (CH-Fc), 72.7 (CH-
Fc), 73.4 (CH-Fc), 73.4 (CH2-O), 84.7 (Cq-Fc-Pd), 87.9 (Cq-Fc-ox),
175.3 (C=N), 181.7 (C=O), 184.4 ppm (C=O); MS (FAB + ): m/z
(%) 1176.0 (9.9) [M+], 475.1 (100). HRMS: m/z calcd for C19H23Fe-
NO3Pd: 474.0078; found: 474.0072.5a : 3a (85 mg, 0.27 mmol) was
added to a solution of Na2[PdCl4] (81 mg, 0.27 mmol) and NaOAc
(23 mg, 0.27 mmol) in dry methanol (2 mL) at room temperature and
stirring was maintained for 36 h. The resulting dark brown solution
was filtered through a sintered glass frit and washed with methanol.
The filtrate was concentrated and the crude product was purified by
dissolving in a minimal amount of CH2Cl2 followed by the addition of
hexane. The solution was filtered to remove impurities that had
precipitated after heating and the tetrametallic complex 5a was
obtained as an orange solid (118 mg, 96%). M.p. 156 8C (decomp);
[a]20

D = ++ 436 (c = 0.15, CH2Cl2); IR (KBr): ñ = 3100, 2927, 1624, 1578,
1458, 1400, 1362, 1169, 1032, 806, 733 cm�1; 1H NMR (200 MHz,
CDCl3): d = 1.72 (s, 18H, 6 � CH3), 3.85 (m, 1H, CH-Fc), 3.93 (m, 1H,
CH-Fc), 3.99 (m, 1H, CH-Fc), 4.02 (m, 1H, CH-Fc), 4.08 (m, 1H, CH-
Fc), 4.35 (m, 1H, CH-Fc), 4.39 (m, 1H, CH-Fc), 4.46 (m, 2H, CH2-O),
4.47 (m, 1H, CH-Fc), 5.04 ppm (m, 1H, CH-N); 13C NMR (50.3 MHz,
CDCl3): d = 28.8 (6 � CH3), 34.3 (tBu-Cq), 64.9 (CH-Fc), 66.0 (CH-
Fc), 66.3 (CH-Fc), 67.0 (CH-N) 67.8 (CH-Fc), 69.5 (CH-Fc), 71.7
(CH-Fc), 72.1 (CH-Fc), 73.2 (CH-Fc), 73.2 (CH2-O), 87.9 (Cq-Fc-Pd),
88.9 (Cq-Fc-ox), 175.3 ppm (C=N); MS (MALDI-TOF) m/z
(%): 903.5 (100) [M+1]+; HRMS: m/z calcd for C34H40Cl2Fe2-

N2O2Pd2: 901.9241; found: 901.9230.
General experimental procedure for the aza-Claisen rearrange-

ment of 8 : A solution of (E)-3-phenylallyl (N-phenyl)benzimidate (8)
(45 mg, 0.14 mmol) and the cyclopalladated complex (4a, 4c, or 5a ;
0.007 mmol) in anhydrous CH2Cl2 (1 mL) was stirred at room
temperature under nitrogen for 3 days. The solution was concentrated
and the residue was purified by column chromatography on silica gel
with ethyl acetate/hexanes (4:96) as the eluant to afforded the
optically active 9 (30–49% yield). Conditions for the HPLC
determination of the enantiomeric purity of 9 : chiralpak AS
column, hexane/isopropyl alcohol (96:4), F = 0.5 mLmin�1, l =
254 nm, tR(+) = 28.1 min, tR(�) = 34.1 min.
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