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An alternative model for the asymmetric addition of cyanide
to aldehydes catalysed by titanium–salen complexes based on

a structurally related iron–salen complex
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Abstract—X-ray crystallographic analysis of [(Fe(3,5-But-salen))2O] 4 allied with comparison of structurally related analogues is used to
support an alternative transition state in the titanium–salen catalysed addition of cyanide to aldehydes. Experimental conditions for the
preparation and isolation of [(Fe(3,5But-salen))2O] are also reported.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Enantiomerically enriched cyanohydrins are versatile inter-
mediates in organic synthesis1–4 and many synthetic ap-
proaches towards their synthesis are being pursued.5–7

Recently, Belokon et al. reported that bimetallic titanium
catalyst 1 catalyses the asymmetric addition of potassium
cyanide to aldehydes in the presence of acetic anhydride,
leading to nonracemic cyanohydrin acetates as shown in
Scheme 1.8 This methodology uses only inexpensive re-
agents and leads to cyanohydrin esters in good yields and
with good to excellent enantioselectivity.
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Scheme 1. The asymmetric addition of cyanide to aldehydes catalysed by tita
2. Results and discussion

The initial results were shortly followed by a more detailed
investigation into the mechanism of this asymmetric trans-
formation.9 North et al. provided a hypothesis, which was
consistent with all of the observed data in which complex 1
acted as a pre-catalyst to the catalytically active species.
The reaction was proposed to proceed via a transition state
in which both of the salen ligands in a l-oxo-bridged dimer
adopt a b-cis-conformation, thereby creating a gap through
which an aldehyde, but not a ketone, and the nucleophile
may enter (Fig. 1). The initial bonding of the substrates
ail: m.watkinson@qmul.ac.uk
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Figure 1. North’s proposed transition state 2 for the catalytic reaction
with both nucleophile and electrophile being bound to the catalytically
active species.
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to the catalyst was then proposed to be followed by
intramolecular transfer of cyanide. Subsequent reaction
with acetic anhydride gives the product and regenerates
pre-catalyst 1.

Although this transition state appears entirely reasonable,
close inspection of related structures suggests that this con-
formation of tetradentate Schiff base ligands is in fact very
rare. In 1999 a single crystal X-ray structure of the struc-
turally related complex 3 was reported.10

Here the ligand adapts a b-cis-arrangement which is similar
to that proposed by North. However, the same report notes
Figure 2. ORTEP14 plot of the single crystal X-ray structure of the binuclear ir
ligands).
that ‘substantial steric effects within the ligand are required
to achieve a folding of the ligand such that it takes up a cis-
geometry’.10 Moreover, there are only a further two exam-
ples of single crystal X-ray structures of complexes of salen
based ligands in which the ligand adopts this b-cis-confor-
mation that have been reported, [Co(salen)(acac)]Æ0.7-
H2O11 and [W(salen)(ButN)2]12 In both cases the salen
ligand is forced into the b-cis-conformation by ligands that
were already coordinated to the metal centre. These cases
exemplify the fact that b-cis coordination is not favourable
for salen ligands and we wondered whether there was an
alternative to North’s hypothesis. Indeed close inspection
of the tetradentate Schiff base ligand in the titanium com-
plex that formed the basis of North’s mechanistic revealed
that the ligands did not adopt a b-cis-arrangement.7 As
part of our long-term interest in metallo–salen complexes,
we prepared and crystallised complex 413 and were able
to obtain its single crystal X-ray structure. By analogy with
the related titanium system an alternative transition state
model is proposed, which, while broadly similar to North’s
original proposal, does not involve b-cis coordination of
the Schiff base ligand.
on complex 4, (the 3,5-But groups have been omitted for clarity from both
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Figure 3. The molecular structure of [Fe(salen)]2O dimer 5 reported by
Gerloch et al. side-on view.17
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Figure 4. Schematic representations of iron(salen) complexes 4–7; the
bottom Fe–salen units in the dimers are indicated in red.

Table 3. Selected examples of structurally related l-oxo bridged iron(III)
complexes and the Fe–O–Fe bond angles

Iron complex Fe–O–Fe angle (�)
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Crystals of 4 suitable for X-ray crystallography were ob-
tained from a dichloromethane solution of 4 layered with
n-heptane which revealed the presence of two iron(III)salen
units linked via a l-oxo bridge forming a dimer (Fig. 2).
Selected bond lengths and angles are listed in Tables 1
and 2.

The molecular symmetry of the free ligand normally ap-
proaches C2, however, in the metal complexes this symme-
try is lost.15,16 In the present case, a further complication is
added due to the formation of the dimer between the two
square-based pyramidal units via the l-oxo bridge. Where
the substituents on the ligand are small, and thus less steri-
cally demanding, the two salen units can become more or
less eclipsed (Figs. 3 and 4).17,18

In the present case, however, the bulky substituents on the
ligand do not allow for such an eclipsed conformation
(Fig. 4) and a propeller conformation is adopted instead.

The sterically demanding nature of the tert-butyl groups
also has a profound effect on the angle of the l-oxo bridge
between the two iron centres. Whilst the Fe–O–Fe bond
angle in other closely related structures ranges from 139�
to 160�, in this case the angle is as high as 175.59�, which
is comparable to that observed in the similarly bulky
complex 815 (Table 3). However, the other bond lengths
and angles are very similar to the previously reported
examples.15–23

By combining the experimental evidence provided by
North and the structural data obtained from the analysis
of the crystal structure of 4, a subtly different transition
state model can be postulated (Fig. 5) that does not involve
the disfavoured b-cis conformation.
Table 1. Selected bond lengths (Å) for 4 with esds

Bond length (Å) Bond length (Å)

Fe(1A)–O(1A) 1.777(3) Fe(1B)–O(1B) 1.779(3)
Fe(1A)–O(2A) 1.930(3) Fe(1B)–O(2B) 1.909(3)
Fe(1A)–O(3A) 1.941(3) Fe(1B)–O(3B) 1.946(3)
Fe(1A)–N(1A) 2.109(3) Fe(1B)–N(1B) 2.112(3)
Fe(1A)–N(2A) 2.102(3) Fe(1B)–N(2B) 2.111(3)
Fe(2A)–O(1A) 1.774(3) Fe(2B)–O(1B) 1.767(3)
Fe(2A)–O(5A) 1.921(3) Fe(2B)–O(5B) 1.913(3)
Fe(2A)–O(4A) 1.929(3) Fe(2B)–O(4B) 1.937(3)
Fe(2A)–N(3A) 2.106(3) Fe(2B)–N(3B) 2.117(3)
Fe(2A)–N(4A) 2.092(3) Fe(2B)–N(4B) 2.099(3)

Table 2. Selected angles (�) for 4 with esds

Angle (�)

Fe(2A)–O(1A)–Fe(1A) 169.61(18)
O(2A)–Fe(1A)–N(1A) 132.28(12)
O(2A)–Fe(1A)–O(3A) 95.67(13)
O(3A)–Fe(1A)–N(2A) 157.92(12)
N(2A)–Fe(1A)–N(1A) 76.93(12)
O(4A)–Fe(2A)–N(3A) 86.30(13)
N(4A)–Fe(2A)–N(3A) 76.99(13)
O(5A)–Fe(2A)–N(4A) 84.99(13)
O(5A)–Fe(2A)–O(4A) 94.65(14)

4 169.61(18) and 175.59(18)
[Fe(salen)]2OÆ2py, 5 139.117

[Fe(salen)]2O�CH2Cl2, 6 142.419

[Fe(salen)]2O, 7 144.621

[Fe(5Butsaltmen)]2O, 8 173.415

[Fe(tsalen)]2O, 9 15922

[Fe(acen)]2O, 10 150.723
A parallel between both structures 4 and 11 can be drawn.
In both cases the ligands are arranged to accommodate the
substrate and the electrophile in the gap between their
planes. Furthermore, the slight difference in the Fe–O–Fe
Angle (�)

Fe(2B)–O(1B)–Fe(1B) 175.59(18)
O(2B)–Fe(1B)–N(1B) 148.37(13)
O(2B)–Fe(1B)–O(3B) 93.22(14)
O(3B)–Fe(1B)–N(2B) 143.99(12)
N(2B)–Fe(1B)–N(1B) 76.73(14)
O(4B)–Fe(2B)–N(3B) 84.10(12)
N(4B)–Fe(2B)–N(3B) 76.30(12)
O(5B)–Fe(2B)–N(4B) 86.67(13)
O(5B)–Fe(2B)–O(4B) 95.55(13)
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Figure 5. A possible alternative transition state model, 11, for the catalytic addition of cyanide to aldehydes in which both the nucleophile and the
electrophile are bound to the catalyst which does not require b-cis coordination of the Schiff base ligand by comparison with the structure of iron complex
4 (PLUTON).24
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angle (ca. 6�) between the two units of the crystal structure
of complex 4 is indicative that there is a degree of flexibility
in the l-oxo bridge. It means that upon binding of the
nucleophile and electrophile the gap between the ligands
widens making the Fe–O–Fe angle smaller, which is steri-
cally demanding. Once the reaction is complete, the prod-
uct is expelled from the catalyst and the complex can
return to the original ‘closed’ conformation. We believe
that this new alternative transition state based on the crys-
tal structure of 4 provides a credible explanation for the
reactivity and selectivity of the catalytic reaction, assuming
that the ground state conformation plays a major role on
the outcome of this process.
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