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A Rational Approach Towards a New Ferrocenyl Pyrrolidine for
Stereoselective Enamine Catalysis

Diego Petruzziello,[a] Marco Stenta,[b] Andrea Mazzanti,[c] and Pier Giorgio Cozzi*[a]

Research in the field of organocatalysis has grown expo-
nentially in the last decade,[1] and organocatalytic modes of
activation are currently employed in the synthesis of com-
plex natural products[2] and drugs.[3] Most of the stereoselec-
tive organocatalytic reactions are based on the two basic ac-
tivation modes[4] of enamino[5] and iminum catalysis,[6] as dis-
played by selected secondary amines bearing a pyrrolidine
core.[7]

The nickname “work-horses”[8] of enantioselective orga-
nocatalysis was assigned to proline, proline derivatives, or
other five-membered heterocycles (structures I–V, Figure 1)
due to their extensive use in this field. In particular the
most commonly used diaryl-pyrrolidine derivatives, the Hay-
ashi and Jørgensen organocatalysts,[9] are silylated at the

oxygen atom (catalyst II), which allows for additional struc-
tural diversification by varying the groups on the silicon
atom. In this case, the presence of the aryl groups is re-
quired for stereo direction. On the other hand, Palomo and
co-workers[10] have demonstrated the use of a pyrrolidine
bearing a long alkyl chain for reactions carried out in the
presence of water. Maruoka has shown that a 2-tritylpyrroli-
dine is also a quite effective organocatalyst,[11] and more re-
cently, Bolm, Christmann, and Strohmann, and Franz have
independently synthetized new organocatalysts based on si-
lylated pyrrolidines.[12] In most of the examples cited, the
presence of a diaryl or triaryl moiety is required to fix the
conformation of the enamine, and to effectively shield one
face from the attack of electrophiles.

The “geminal-diaryl effect” (stereodirection through con-
formational fixation) is a well-known result of bulky sub-
stituents and it has been exploited throughout the field of
stereoselective organic synthesis.[13] Not only are two aryl
groups, like phenyl, capable of fixing the conformation
around a neighboring single bond, but they also become
powerful stereodirectors in chiral molecules, in which the
two aryl groups become diastereotopic, as in BINAP (2,2’-
bis(diphenylphosphino)-1,1’-binaphthyl)[14] or in TADDOL
(a,a,a,a-tetraaryl-1,3-dioxolane-4,5-dimethanols).[15] Even in
the modified Evans auxiliary DIOZ (3-(1-methylethyl)-5,5-
diphenyloxazolidin-2-one) the diastereotopic aryl groups im-
prove functional-group stereoselectivity.[16]

In this communication, we present the synthesis of new,
effective ferrocenyl pyrrolidine catalysts bearing alkyl
chains. In this catalyst the preferred conformation of the
pyrrolidine ring is imposed by the interaction between a fer-
rocene moiety and the two alkyl groups. In addition, we
proved that the enamine formed by these new organocata-
lysts is effective in benchmark organocatalytic reactions.

Ferrocene can be considered a “privileged framework”
for the construction of effective chiral ligands.[17] Surprising-
ly, pyrrolidine bearing a ferrocene moiety has not been con-
sidered as a viable tool to control catalysts conformation in
enamine/iminium catalysis.[18] However, with the introduc-
tion of metal fragments in the molecule, the catalysts descri-
bed here cannot be considered, strictly speaking, an organo-
catalyst. Nevertheless it should be noted that the ferrocene
moiety can act exclusively as a bulky group, in which the
iron center is not involved in the reaction and does not pro-
vide attractive charge-dipole effects. These phenomena, par-
ticularly in C�F bonds were recently used by Gilmour for
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Figure 1. The catalysts extensively used as “work horses” in organocataly-
sis.
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an effective pre-organisation strategies for enantio- and dia-
steroselective reaction design in iminum catalysis.[19]

To start designing some possible structures, we considered
the frame of the Hayashi–Jørgensen catalyst, and replaced
the OSiMe3 group with a ferrocenyl group. In order to avoid
the preparation of many derivatives, and the attempts to
separate the enantiomers by chemical resolution, we started
with a careful theoretical investigation, on this initial de-
signed catalyst. This molecule possess two major conforma-
tional degrees of freedom (CDF) associated to the dihedral
angles w, defined as C5-(C1-C6)-C7, and f, defined as C1-
(C6-C7)-N8 (Figure 2). To discover the conformation equili-

brium of the investigated catalyst, we employed accurate
quantum mechanical calculations (RIJCOSX-B3LYP/def2-
TZVPP optimization). Since the full exploration of the con-
formational space of the enamine adduct would have re-
quired an overwhelming effort, a different strategy was put
in place. The enamine was constructed stepwise by adding
molecular fragments to an initial ferrocene; at each step the
relevant degrees of freedom were explored and the lowest
conformer underwent the following step. Besides a noticea-
ble saving in computing time, this approach provided useful
insights on the effects of each molecular fragment to the
overall conformational equilibrium. Both metal–carbon
(2.09 �) and cyclopentadienyl carbon–carbon distances, ob-
tained by optimization of eclipsed and staggered conforma-
tions of the unsubstituted ferrocene (model Fe 1 and Fe 2
in the Supporting Information), were in close agreement
with those reported previously.[20] The optimized staggered
conformation (Fe�C=2.081 �, C�C= 1.422 �) was used to
build a tert-butyl derivative (model M1, see the Supporting
Information) in order to study the energy difference be-
tween two possible rotamers M1 1 and 2 (Supporting Infor-
mation). Geometry optimizations revealed M1 1 to be a
stable minimum on the potential energy surface (PES); no
other stable conformers were individuated. The substitution
of a methyl with the pyrrolidine ring increases the number
of possible conformers. Three stable rotamers were identi-
fied by relaxed scan along the f dihedral angle, with the
three minima lying in an energy range as narrow as 1.44 kcal
mol�1. Alkyl and aryl groups were then introduced to assess
the influence exerted on this conformational equilibrium by
C6-substituents of different size and shape. We expected to
find a direct and linear correlation between the size of the
substituents and their capability in controlling the conforma-

tional equilibrium. Quite remarkably we noticed that the
energy spread of conformers is significantly reduced by aryl
groups, while much smaller and simpler alkyl chains were
able to favor only one conformer (M3-S, see the Supporting
Information) over the possible ones. In particular ethyl moi-
eties showed the best compromise between effectiveness
and size (Figure 3).

The rotational equilibrium around the C6�C7 bond was
investigated for both methyl- (M4-S, Supporting Informa-
tion) and ethyl- (M5-S, Supporting Information) substituted
enamine adducts. In the presence of methyl substituents the
energy spread between rotamers is as small as in the pyrroli-
dine-substituted system (M2-S). The presence of an ethyl
group strongly reduces the conformational freedom around
this bond, as only one rotamer was predicted to be populat-
ed. In this rotamer, one of the ethyl groups is hindering the
bottom face of the enamine 5.

Based on the theoretical analysis, we selected the diethyl
ferrocenyl pyrrolidine 3 as a candidate for the synthetic
evaluation. The synthesis of the enantiomerically pure 3 was
devised as reported in Scheme 1.

The ferrocenyl ethyl ketone 6[21] was transformed in a
straightforward manner in the tertiary alcohol. The resulting
product was then treated with pyrrole in the presence of a
catalytic amount of InBr3 (10 mol %) to give 7 in high
yield.[22] No traces of the b-pyrrole isomer was detected.
Due to the reactivity of pyrrole, the reaction was conducted
using an excess of this reagent at low temperature. The com-
pound 7, after chromatographic purification, was hydrogen-
ated with 1 atmosphere of hydrogen by using a rhodium on
graphite[23] catalyst to give the racemic pyrrolidine 3 in high
yield. The racemic mixture was then separated by the syn-
thesis of the corresponding O-acetyl-mandelic amide 8.[24]

The chromatographic separation by preparative TLC was
quite straightforward. The hydrolysis of the isolated diaster-
oisomers of 8 proved to be quite difficult. In standard reac-
tion conditions and in the presence of excess of KOH or
NaOH no reaction was observed. However, by the treat-
ment of the amide with an excess of tBuOK in THF under
refluxing conditions[25] for 36 h, we were able to cleave the
amide bond. The desired enantioenriched 2-(diethylferroce-
nyl)pyrrolidine 3 was isolate in satisfactory yields.

Figure 2. Geometrical parameters defining the conformational space of
the ferrocenyl pyrrolidine catalyst.

Figure 3. Preferred conformations of the enamine 5, calculated at the
RIJCOSX-B3LYP/def2-TZVPP level. Energies in kcal mol�1 (relative to
the lowest energy structure).
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The absolute (S,S) configuration of the more retained dia-
stereoisomer was established by X-ray analysis (see the Sup-
porting Information for further details). The X-ray structure

of the mandelate was almost identical to the structure of the
lowest energy conformer (Figure 4). The enamine 5 can be
obtained in situ (in [D6]DMSO) by the direct reaction of
propanal with the catalyst 3.[26] A careful 1 D NOESY study,
performed on the stable enamine, confirmed both the E ge-
ometry of the enamine, and the conformation of the enam-
ine calculated by DFT, thus ratifying the reliability of the
theoretical studies. (See the Supporting Information for de-
tails). Next, (S)-2-(diethylferrocenyl)pyrrolidine 3 (96–99 %
ee as proven by its HPLC analysis after derivatization to the
corresponding 3,5-dinitrophenylamide; see the Supporting
Information for details and for HPLC traces), was applied
in catalytic asymmetric nitro-Michael addition reactions of
aldehydes 9 a and c to nitro alkene 10 a and c (Table 1).

Solvent screening experiments showed that hexane was
the optimal solvent as it gives the best results in terms of
stereoselectivity and yield. To our delight the excellent re-
sults, obtained under selected reaction conditions (see
Table 1), confirmed our hypothesis about the ability of the
catalyst in discriminating one face of the enamine.

It should be noted that, in contrast to the Hayashi–Jør-
gensen catalyst, the ferrocenyl compound 3 is a remarkably
robust and recoverable catalyst and is not easily decom-
posed by acids or bases. In order to prove that the catalyst
was of general use, we tested the performance of 3 in orga-
nocatalytic SN1-type alkylations[27] of enamines with the
bis[4-(dimethylamino)phenyl] methanol 12 and the propar-
gylic alcohol 14 (Scheme 2). Pleasantly, we found the cata-
lyst gave satisfactory results in line with the recently devel-
oped silyl modified analogues of 2-tritylpyrrolidine,[12b]

showing that the catalyst 3 was also able to promote differ-
ent organocatalytic reactions. It worth mentioning that the

Scheme 1. Synthesis of racemic and enantioenriched ferrocenylpyrroli-
dine.

Figure 4. Determination of the configuration of the slow eluted amide
obtained by reaction of 3 with (S)-OAc-mandelic chloride.

Table 1. Organocatalytic addition of aldehydes to nitroalkenes promoted
by 3.[a]

Product t [h] Yield [%][b] d.r.[c] ee [%][d]

syn

1 11 aa 14 73 8:1 88
2[e] 11 aa 14 75 8:1 95
3 11 ba 16 70 10:1 88
4 11 ca 60 74 24:1 89
5 11 ab 20 98 30:1 87
6 11 ac 40 98 12:1 91

[a] The reactions were performed at 0 8C with 1 equivalent of nitroalkene
10, 10 equivalents of aldehyde 9, in the presence of 10 mol % of catalyst
(S)-3 (96 % ee) and the reactions were run until completion checked by
TLC (16–60 h). [b] Yield after chromatographic purification. [c] For all
the reactions the d.r. (syn vs. anti) was measured by 1H NMR and HPLC
analysis. [d] Determined by chiral HPLC analysis. See Supporting Infor-
mation for details. [e] (S)-3 of 99% ee was used for the reaction.
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Hayashi–Jørgensen catalyst is not compatible with the pres-
ence of InIII salts in the reaction mixture.[28]

We have performed DFT calculations in order to clarify
the selectivity of the nitro Michael reaction (See the Sup-
porting Information for full details).[29] The conformational
constraints imposed by ferrocene also drive the conforma-
tion of the ethyl groups, thus resulting in the effective
screening of one face of the enamine intermediate. The less
hindered enamine face reacts with the nitro derivative
giving a zwiterrionic intermediate.

In conclusion, we have developed a new 2-(diethylferro-
cenyl) pyrrolidine catalyst, active in benchmark organocata-
lytic reactions. The ferrocenyl moiety, in combination with
simple ethyl chains, is capable of fixing the enamine confor-
mation addressing the approach trajectory of the nucleo-
phile reaction partner. The results presented here represent
an interesting proof-of-concept, showing for the first time
the remarkable effectiveness of the ferrocenyl moiety in
providing enantioselectivity through conformational selec-
tion.[30] This approach could be viably employed in the ra-
tional design of ligands for organometallic or organocatalyt-
ic reactions.

Experimental Section

General procedure for the synthesis of compounds 12 : In a vial the enan-
tioenriched catalyst (S)-3 (3.3 mg, 0.01 mmol, 0.05 equiv.) was dissolved
in hexane, then the nitro alkene (0.2 mmol, 1 equiv.) and benzoic acid
(1.2 mg, 0.01 mmol, 0.05 equiv.) were added. The mixture was cooled to
0 8C and then the aldehyde (2 mmol, 10 equiv.) was added at 0 8C. The re-
action mixture was stirred at 0C8 temperature for 10–24 h. The reaction
was quenched at 0 8C by the addition of HCl (1 mL, 1 n), then the mix-
ture was extracted with diethyl ether (2 � 3 mL). The organic phases were
collected, dried over Na2SO4 and evaporated under reduced pressure.
The crude product was analyzed with chiral HPLC: IA column; n-

hexane/isopropanol 95:5; flux=

1.0 mL min�1; T=30 8C. The crude
product was then purified by flash
chromatography on silica (cyclohex-
ane/ethyl acetate) gives the pure prod-
ucts in 90 to 99 % yield.
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Organocatalysis
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A Rational Approach Towards a New
Ferrocenyl Pyrrolidine for Stereoselec-
tive Enamine Catalysis

Ironing out the details : Proline and
pyrrolidine derivatives (Hayashi–Jør-
gensen catalysts) are considered “work
horses” in organocatalysis. This report
describes a new effective ferrocenyl
pyrrolidine catalyst able to perform
well in benchmark organocatalytic
reactions (see figure). The ferrocene
moiety controls the conformational
space and a simple alkyl group effec-
tively covers a face of the derived
enamine. This new framework can find
applications in organocatalysis, and in
general, in new ligand design.
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