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Abstract: Planar-chiral tricarbonyliron-diene complexes are ob-
tained quantitatively in up to 73% ee by asymmetric catalytic com-
plexation of prochiral cyclohexa-1,3-dienes. A series of novel chiral
1-azabuta-1,3-diene catalysts is investigated. The mechanism is
shown to involve at least in some cases dinuclear iron cluster com-
pounds which lead to a lower asymmetric induction.
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Tricarbonyl(h4-cyclohexa-1,3-diene)iron complexes rep-
resent versatile starting materials for stereoselective or-
ganic synthesis.2 For applications to enantioselective
synthesis an easy access to enantiopure tricarbonyliron
complexes is required. The synthesis of optically active
tricarbonyliron complexes was usually achieved by dias-
tereoselective complexation of enantiopure dienes,3 the
separation of racemic complexes by enzymatic reactions4

or via diastereomeric intermediates,5 and the enantiose-
lective complexation of prochiral dienes by chiral tricar-
bonyliron transfer reagents.6 Using tricarbonyliron
transfer reagents mild reaction conditions can be em-
ployed for the complexation of dienes by the metal frag-
ment.7 Recently, we reported that (h4-1-azabuta-1,3-
diene)tricarbonyliron complexes represent a novel class
of highly efficient tricarbonyliron transfer reagents.8,9

They offer the special advantage that the free 1-azabuta-
1,3-dienes can be used as catalysts for the complexation of
dienes with either pentacarbonyliron or nonacarbonyldi-
iron.8,10 Using chiral azabutadienes the first asymmetric
catalytic complexation of prochiral dienes became feasi-
ble.11 In the present paper we describe the development of
novel catalysts and an optimization of the asymmetric ca-
talysis based on mechanistic considerations.

Three different types of chiral azadienes 1-5 were synthe-
sized and used as catalysts for the asymmetric complex-
ation (Scheme 1). The first type was obtained by reaction
of chiral amines with cinnamaldehyde. Condensation of
(S)-2-amino-2’-methoxy-1,1’-binaphthyl12 and of the cor-
responding 2’-isopropoxy derivative with cinnamalde-
hyde at room temperature in the presence of 4 Å
molecular sieves afforded the axially chiral azadienes (S)-

1a (90% yield) and (S)-1b (46% yield), respectively. The
1-pyranosylazadiene D-2 was prepared by acetic acid cat-
alyzed reaction of 2,3,4,6-tetra-O-pivaloyl-b-D-
galactopyranosylamine13 with cinnamaldehyde in dry iso-
propanol at room temperature (53% yield). Combination
of the chiral a,b-unsaturated aldehyde (1R)-(-)-myrtenal
with o-anisidine provided the second type of chiral azabu-
tadiene catalyst, (R)-3 (75% yield). The third type of
chiral azabutadiene was synthesized starting from a chiral
bicyclic ketone by a three-component-coupling consisting
of aldol condensation with p-methoxybenzaldehyde fol-
lowed by condensation with p-anisidine to the unsaturated
imine. Thus, (1R)-(+)-nopinone provided (R)-4 (76%
overall yield) and (1R)-(+)- and (1S)-(-)camphor gave
(R)-5 and (S)-5, respectively (69% overall yield). 

The asymmetric catalytic complexation of 1-methoxycy-
clohexa-1,3-diene (6a) as the prochiral substrate using the
chiral azadiene catalysts (S)-1a to (S)-5 was performed
under a standard set of reactions conditions (4 eq penta-
carbonyliron, 0.25 eq of catalyst, benzene, 80°C) (Table
1). The pure enantiomers of complex 7a are stable under
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the reactions conditions.11 Thus, using a certain amount of
catalyst, quantitative yields are obtained in most of the
cases by simple extension of the reaction time while the
asymmetric induction remains constant. In order to come
to reasonable reaction times we applied 25 mol-% of the
catalyst, which can be recycled during workup. The enan-
tiomeric excess of the planar chiral tricarbonyliron com-
plex 7a was determined by separation of the two
enantiomers (S)-7a and (R)-7a at a permethylated b-cy-
clodextrin column.14 

The axially chiral 1-binaphthyl azadienes (S)-1a and (S)-
1b provided complex 7a in excellent yields and led pref-
erentially to the formation of the R enantiomer in 25% ee
and 32% ee, respectively. From these results we conclud-
ed that an increase of the sterical demand of the 2-alkoxy
substituent in the binaphthyl moiety leads to a slightly im-
proved asymmetric induction, however at the expense of
catalyst activity. A similar degree of asymmetric induc-
tion (28% ee of the R enantiomer) was observed using the
1-pyranosylazadiene D-2. In this case the catalyst activity
is significantly lower. After the same reaction time of 2
days, the yield of complex 7a was only 38% and the cor-
responding (h4-1-azabuta-1,3-diene)tricarbonyliron com-
plex of D-2 was isolated in 31% yield as by-product.

In compound (R)-3, representing the second class of chiral
azadiene catalysts investigated for asymmetric induction,
the chiral auxiliary is annulated at the 3,4-position of the
azadiene. Reaction of 6a with pentacarbonyliron and cat-
alyst (R)-3 provided complex 7a after 3 d in 95% yield
with 33% ee of the R enantiomer. As a by-product of this
asymmetric catalytic complexation we isolated the dinu-

clear iron cluster (R)-8 in up to 31% yield dependent on
the reaction time and the scale. The chiral hexacarbonyl-
diiron complex (R)-8 was obtained more easily by direct
reaction of (R)-3 with pentacarbonyliron using conditions
identical to those of the catalytic complexation (Scheme
2). The structural assignment for (R)-8 is based on spectral
data,15 an elemental analysis,15 and has been confirmed by
an X-ray crystal structure determination.16 

In the course of our studies of the catalytic complexation
of cyclohexa-1,3-diene we recently described the first
synthesis of the hexacarbonyldiiron complex of a cinnam-
aldehyde imine.10 Hexacarbonyldiiron complexes of aryl
and heteroaryl aldehyde imines were previously report-
ed.17 We could demonstrate that the dinuclear iron cluster
resulting from the reaction of pentacarbonyliron and 1-p-
anisyl-4-phenyl-1-azabuta-1,3-diene transfers one tricar-
bonyliron fragment to cyclohexa-1,3-diene in a stoichio-
metric process, but does not show a catalytic activity in
the complexation of cyclohexa-1,3-diene with pentacar-
bonyliron.10 In the present case however, the
hexacarbonyldiiron complex (R)-8 is a catalyst for the
complexation of 1-methoxycyclohexa-1,3-diene (6a) with
pentacarbonyliron (Table 1). This difference in behavior
of the cluster (R)-8 is believed to arise from the ortho-
methoxy group of the aryl ring which may be capable of
stabilizing reactive intermediates of the catalytic cycle by
chelation. It was clearly shown that the catalytic activity
and the asymmetric induction of the cluster (R)-8 is lower
than obtained with the azadiene (R)-3. Using the cluster
(R)-8 as catalyst under the standard reaction conditions for
2 d, complex 7a was obtained in 47% yield with 11% ee
of the R enantiomer and 70% of (R)-8 was reisolated.

The characteristic structural feature of the third type of
chiral azadiene catalysts is a fixed s-cis conformation of
the azadiene because the bicyclic terpenoid framework is
annulated at the 2,3-position. Complexation of 6a with
pentacarbonyliron in the presence of catalytic amounts of
(R)-4 led quantitatively to complex 7a with 38% ee of the
S enantiomer. The camphor-derived chiral azadienes pro-
vided the highest asymmetric inductions for the complex-
ation of 6a. Reaction of 6a with pentacarbonyliron for 12
days using the (R)-camphor derived chiral azadiene (R)-5
afforded quantitatively complex (S)-7a with 73% ee. Cat-
alyst (S)-5 provided complex (R)-7a in the same ee as de-
termined by chiral HPLC.
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The azadiene (S)-5 was used for the asymmetric catalytic
complexation of a series of prochiral cyclohexa-1,3-
dienes 6 with pentacarbonyliron to the tricarbonyliron
complexes 7 (Table 2). The asymmetric inductions as de-
termined by chiral HPLC were significant, although no
optimization for each single case was executed. 

We propose the following mechanism to rationalize the
asymmetric catalytic complexation of prochiral cyclo-
hexadienes, e.g. 6a, by using chiral azadienes 9 (Scheme
3). Nucleophilic attack of the imine 9 at a carbonyl ligand
of pentacarbonyliron generates the (carbamoyl)tetra-
carbonyliron complex 10 which is converted to the (h3-
allyl)(carbamoyl)tricarbonyliron complex 11 by intramo-
lecular ligand displacement. Complex 11 isomerizes by a
sequence of two haptotropic migrations via the intermedi-
ate (h2-olefin)tetracarbonyliron complex 12 to the (h1-
imine)tetracarbonyliron complex 13. A thermally induced
loss of a second carbon monoxide provides the (h1-im-
ine)tricarbonyliron complex 14. The 16-electron complex
14 represents the reactive intermediate of the catalytic cy-
cle. The vacant coordination site can be filled in an in-
tramolecular process by haptotropic migration (h1 to h4)
of the metal fragment generating the (h4-azadiene)tricar-
bonyliron complex 15. Alternatively, one of the double
bonds of cyclohexadiene 6a could bind to the iron atom.
This coordination presumably takes place at the more
electron-rich double bond and leads to the 18-electron in-
termediate 16. We assume for complex 16 a trigonal-bipy-
ramidal structure with the (1-2-h)-1-methoxycyclohexa-
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1,3-diene ligand in equatorial and the (1-h)-1-azabuta-
1,3-diene ligand in axial position. At this stage of the cat-
alytic cycle the enantioselection is achieved. The coordi-
nation of the metal center to one of the two enantiotopic
faces of the methoxy-substituted double bond leads to di-
astereoisomeric complexes which are differentiated. Loss
of the azadiene from this intermediate regenerates the cat-
alyst 9. A haptotropic migration (h2 to h4) of the tricarbo-
nyliron fragment provides complex 7a. This final
isomerization occurs with retention of configuration,
since the metal remains bound to the same enantiotopic
face of the prochiral ligand. The course of this first cata-
lytic cycle is supported by previous work on (h4-1-aza-
buta-1,3-diene)tricarbonyliron complexes18 and our own
mechanistic studies.8c,10,19 

Reaction of the chiral (h4-azadiene)tricarbonyliron com-
plex 15 with additional pentacarbonyliron affords the
chiral diiron cluster 17, which also represents a catalyst
for the asymmetric complexation of 6a with pentacarbon-
yliron. However, our initial results indicate that the asym-
metric induction via this second catalytic cycle is lower.
This observation is of high importance for the future de-
sign of novel more efficient chiral catalysts and for opti-
mizing the reaction conditions of the asymmetric catalytic
complexation.

Experimental Procedure

A solution of 6a (220 mg, 2.00 mmol), pentacarbonyliron
(1.05 mL, 1.57 g, 8.01 mmol), and (R)-5 or (S)-5 (188 mg,
0.5 mmol) in anhydrous and degassed benzene (30 mL) was heated
at reflux for 12 d under an argon atmosphere. The cold reaction
mixture was filtered through a short path of Celite, which was sub-
sequently washed several times with diethyl ether. Evaporation of
the solvent and flash chromatography (pentane) of the residue on
silica gel afforded the complexes (S)-7a ([a]20

D  = +108.0, c = 1.00,
CHCl3) or (R)-7a (([a]20

D  = -106.2, c = 1.07, CHCl3), respectively
(498 mg, 99%) as yellow oils. 1H NMR (500 MHz, CDCl3): d =
1.66-1.72 (m, 2 H), 1.75-1.84 (m, 1 H), 2.24 (m, 1 H), 2.95 (m, 1 H),
3.46 (s, 3 H), 5.04 (dd, J = 6.3, 4.5 Hz, 1 H), 5.32 (d, J = 4.5 Hz, 1
H).
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