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Recent research on the magnetic characterization of
aromaticity[1] has, over the last few years, promoted the
reexamination of the aromatic character of pericyclic reac-
tions.[2] This idea stems from the pioneering work of Evans,[3a]

Dewar,[3b] and Zimmerman[3c] and has been refined by Herges,
Jiao, and Schleyer.[2] Recently, we reported[4] that the concept
of in-plane (s) aromaticity can be extended to several thermal
pericyclic reactions. Within this context, we herein report
several ring closures involving (2Z)-hexa-2,4,5-trienals and
their corresponding imines (Scheme 1). These compounds are

engineered restriction sites were inserted into the cloning plasmid
pJF119EH1[20] both separately or in tandem. Cloning sites were BamHI
and PstI for entB, and SacI and BamHI for entC, respectively. The E. coli
strains W3110, DH5a, AN193, and H1882 were transformed with each of
the resulting three plasmids.

Fermentations for product formation analysis were performed in a mineral
salts medium (100 mL; pH 7 maintained by addition of 1n NaOH)[10] in 1 L
shake flasks. Cells from a 100 mL preculture in Luria ± Bertani medium[21]

(containing 100 mg Lÿ1 ampicillin, 100 mm isopropyl b-d-thiogalactopyra-
noside (IPTG) at an optical density (l� 600 nm) of 2) were harvested in
the mid-logarithmic phase and were resuspended in mineral salts medium
(containing 100 mgLÿ1 ampicillin, 100 mm IPTG) and were incubated at
37 8C and 150 rpm. Product formation was monitored during a period of
10 h by HPLC analysis (maximal excretion was after ca. 4 h).

Mineral salts medium for optimized production and growth (derived from
Pan et al.[16]) contained per liter: KH2PO4 (13 g), K2HPO4 (10 g), NaH2-
PO4 ´ 2H2O (6 g), (NH4)2SO4 (2 g), MgSO4 ´ 7 H2O (3 g), NH4Cl (5 g),
FeSO4 ´ 7 H2O (40 mg), CaCl2 ´ 2 H2O (40 mg), MnSO4 ´ 2H2O (10 mg),
ZnSO4 ´ 7 H2O (2 mg), AlCl3 ´ 6H2O (10 mg), CoCl2 ´ 6H2O (4 mg), Na2-
MoO4 ´ 2H2O (2 mg), CuCl2 ´ 2H2O (1 mg), H3BO3 (0.5 mg), leucine
(200 mg), proline (200 mg), adenine (200 mg), thiamine (20 mg), trypto-
phan (200 mg), 2,3-dihydroxybenzoic acid (20 mg), and ampicillin
(100 mg).

The cultivation in a 30 L stirred tank bioreactor (Chemap, Switzerland,
20 L working volume) was performed at pH 6.8 (controlled) and 37 8C with
optimized medium. 1 L preculture from complex medium served as
inoculum. The initial concentration of glucose was 30 gLÿ1. The carbon
source was added in portions so that the concentration was maintained in
the range of 5 ± 10 gLÿ1. Induction by addition of 100 mm (final concen-
tration) IPTG was at a cell concentration of 5 g Lÿ1 (dry cell mass). The
aeration rate was regulated to 25 Lminÿ1(air).

The crude product was purified by column chromatography on silica gel 60
using ethyl acetate/MeOH (5/1) as eluent. Physical data of 3 (yellow solid):
[a]20

D � 3.8 (c� 0.6 in ethanol); 1H NMR (300 MHz, [D4]MeOH, 23 8C): d�
4.10 (d, 3J(H,H)� 2.5 Hz, 1H; CHOH), 4.50 (d, 3J(H,H)� 2.5 Hz, 1H;
CHOH), 6.20 (m, 2 H; C�CH), 7.06 (dd, 3J(H,H)� 3.3 Hz, 4J(H,H)�
3.2 Hz, 1 H; C�CH); 13C NMR (75 MHz, [D4]MeOH, 23 8C): d� 68.8
(CH), 70.4 (CH), 125.1 (CH), 130.8 (Cquart), 134.3 (CH), 134.4 (CH), 170.2
(COOH); IR(KBr): nÄ � 1699 cmÿ1 (C�O), 1644 (C�C), 1586 (C�C), 1258,
1075, 1008; UV/Vis (H2O): lmax(e)� 279 nm (4900); EI-MS (70 eV): m/z
(%): 156 (6) [M�], 138 (100) [M�ÿH2O], 110 (63) [M�ÿ 2 H2O], 93 (10),
82 (29), 65 (13) [C5H5

�]; HR-MS: calcd for C7H8O4: 156.0423; found:
156.0424.
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interesting model systems for the study of the chemistry of
cumulenes and retinoids.[5] A common feature of these
systems is the presence of a cumulene bond and a heteroatom
at one end of the interacting system. This electronic array
allows for either one or two orbital disconnections, that is,
regions where orthogonal sets of orbitals meet but do not
overlap at the transition state associated with their cyclization
(see Scheme 2). This situation constitutes a common feature
of a subset of pericyclic reactions termed pseudopericyclic.[6]

We have observed the facile electrocyclic ring closure of
(2Z)-hexa-2,4,5-trienal 2 to alkylidene-2H-pyran 3, which
proceeds at room temperature upon oxidation of precursor
(2Z)-hexa-2,4,5-trienol 1 (Scheme 1).[7] Detailed kinetic anal-
ysis[8] of the depicted transformation revealed that the
divinylallenal 2, obtained by oxidation of 1 with TPAP and
NMO, experienced fast equilibration with the kinetically
favored cyclized product, alkylidene-2H-pyran (E)-3, by a
process which was interpreted as a sequence of electrocyclic
ring-closure and electrocyclic ring-opening reactions. In
contrast, the alternative cyclization of 2 leading to the
thermodynamically most stable alkylidene-2H-pyran (Z)-3
was irreversible. This isomer accumulated in the reaction
mixture, becoming the only component after about 48 hours.
We also carried out a similar study with the imine derivative.
In order to minimize the competing O!C cyclization, the
residue obtained upon oxidation was immediately treated
with n-butylamine (2.0 equiv) in C6D6 in the presence of 4 �
molecular sieves. The reaction progress was followed by
1H NMR spectroscopy.[8] Upon standing in solution, the
1H NMR spectra revealed the presence of only two compo-
nents in a 93:7 ratio after 6 h (no change was detected upon
doubling the reaction time). The minor component was
identified as the previously characterized[8] alkylidene-2H-
pyran (Z)-3. The major component was shown to be its

nitrogen analogue, the N-butylalkyl-
idenepyridine (Z)-5, which originates
from the intermediate Schiff base 4.
Despite the fact that diagnostic signals
(the imine hydrogen signal) for the
putative Schiff base 4 were not detect-
ed in the 1H NMR spectra throughout
the entire experiment, it was consid-
ered likely to be an intermediate en
route to (Z)-5. Moreover, close exami-
nation of the 1H NMR spectra at low
conversions indicates the presence of
signals similar to those of (Z)-5, which
decreased in intensity with time. By
analogy to the O!C cyclization, those
signals were interpreted as due to the
kinetically favored (E)-alkylidenepyr-
idine (E)-5 in equilibrium with the
putative Schiff base 4. The cyclization
of the imine 4 to (Z)-5 must be
irreversible under the reaction condi-
tions, in keeping with the irreversibil-
ity of the competing cyclization of 2 to
(Z)-3, but the former is more favor-
able. The rate constants for the N!C

cyclization were shown to be higher than those of the O!C
cyclization regardless of the solvent used (see below). The
1H NMR spectroscopic monitoring and the kinetic analysis
did not reveal the intervention of alternative mechanism(s)
for the direct conversion of (Z)-3 into (Z)-5, since heating a
solution of isolated (Z)-3 in C6D6 to 50 8C with excess nBuNH2

led to the recovery of unaltered (Z)-3.
In order to understand the mechanistic nature of the above

transformations, we have selected the model reactions A ± C,
the cyclizations of 6 a ± c into 7 a ± c (Scheme 2). These

Scheme 2. The model reactions A ± C.

reactions can proceed through two possible mechanisms. The
first, denoted as (a) in Scheme 3, consists of a disrotatory
thermal electrocyclization via the transition state TS. The
second mechanism, denoted as (b) in Scheme 3 involves a
nucleophilic addition of the heteroatom lone pair onto the sp-
hybridized carbon atoms of 6 a and 6 b. According to this latter
mechanism an appreciable negative charge at the exocyclic
carbon atom of TS' should be expected. This latter mechanism
consists of a pseudopericyclic process since orbital symmetry
is not involved and the corresponding transition structure
must be planar or nearly planar.[6b±f]
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Scheme 1. Synthesis and cyclization of the (2Z)-hexa-2,4,5-trienal 2 and its N-butyl Schiff base 4.
TPAP� tetrapropylammonium perruthenate, NMO� 4-methylmorpholine N-oxide, MS�molecular
sieves.
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Scheme 3. Mechanisms of the disrotatory thermal electrocyclization (a)
and the pseudopericyclic reaction (b).

We have computed the reaction profile associated with
the 6 a ± c!7 a ± c transformations at the B3LYP/
6ÿ 31�G*�DZPVE level.[9] In all cases, we have found only
one transition structure connecting both stationary points.
The chief features of TSa ± c are depicted in Figure 1. The

Figure 1. Main geometric features of TSa ± c computed at the B3LYP/6ÿ
31�G* (numbers printed in normal text) and B3LYP(SCIPCM)/6ÿ
31�G* (in toluene; bold numbers) levels. Lengths and angles are given
in � and degrees, respectively. Rp stands for the (3,�1) ring point of
electron density. The small spheres correspond to the points used in the
evaluation of the NICS values (see text).

harmonic analysis of TSa reveals that the nuclear motion
corresponding to the imaginary frequency of its diagonalized
Hessian matrix has no component associated with rotation of
the N1ÿH group with respect to the N1ÿC2 bond being
formed. Instead, aside from indicators for a N1 ´´ ´ C2 stretch-
ing interaction, there is a component associated with rotation
of the exocyclic HÿC7 groups with respect to the C2ÿC7
bond. This rotation corresponds to the rehybridization of the
C2 atom and therefore is not associated with disrotatory

motion. In addition, the natural bond orbital (NBO) analysis
reveals a charge of ÿ0.22 e at the C7 atom, a value in
agreement with the electron distribution expected for the
structure of TS'. All these data indicate that the mechanism of
this reaction is the nucleophilic addition depicted in path-
way (b) of Scheme 3. TSb exhibits similar geometric and
electronic features, except that in this case the oxygen atom
does not have any substituents so the absence of rotation
around the O1ÿC2 bond cannot be observed in the corre-
sponding imaginary frequency. In contrast, TSc exhibits
disrotatory motion in its imaginary frequency, as well as no
significant charge redistribution.

We have also tested the dependence of the activation
barriers of reactions A ± C with the polarity of the solvent.
The results are reported in Table 1. All three model trans-

formations exhibit low solvent effects. In reactions B and C
the activation energies increase when the polarity of the
solvent increases. In the case of reaction A, the polarity of
TS'a, as well as the ability of the nitrogen atom to accom-
modate the partial positive charge, accounts for the lowering
of the activation energy with the polarity of the solvent. These
predictions were corroborated experimentally: Solutions of
aldehyde 2, prepared as described above, in different deu-
terated solvents were treated with nBuNH2 (1.1 mol equiv) in
the presence of 4 � molecular sieves, and 1H NMR spectra
were measured at room temperature to determine rate
constants. Figure 2 depicts the dependence of the experimen-
tally determined reaction rates on the polarity of the solvent
according to the ET

N (normalized empirical solvent polarity)
parameter.[10] Similar linear plots were obtained when lnk was
represented against the Onsager function (eÿ 1)/(2e�1), with
slopes of opposite sign obtained for the 2!3 and 4!5
cyclizations.

We have also investigated the aromatic character of TSa ± c
by computing the nucleus-independent chemical shifts
(NICS)[11] at the (3,�1) ring critical point of electron density
as defined by Bader.[12] In general, large negative NICS values
are associated with aromatic character.[1b, 11] We report in
Figure 3 the NICS values computed along the z-axis defined
by the points depicted in Figure 1. The NICS values along the

Table 1. Distance R0 [�] of the aromaticity with an average radius Rav [�],
maximum NICS values[a] [ppm molÿ1], maximum diamagnetic shieldings[b]

sd
max [ppm molÿ1], and activation energies[c] DEa [kcal molÿ1] for transition

structures TSa ± c, as well as the reaction energies[c] DErxn [kcal molÿ1] for
reactions A ± C.

Parameter TSa TSb TSc

R0 0.60 0.76 0.38
Rav 1.35 1.20 1.25
NICSmax ÿ 7.75 ÿ 6.80 ÿ 13.64
sd

max ÿ 10.44 ÿ 11.74 ÿ 11.57
DEa (e� 1.00) 6.4 8.6 17.4
DEa (e� 3.39) 6.3 9.0 17.4
DEa (e� 20.56 (acetone)) 6.2 9.4 17.6
DErxn (e� 1.00) ÿ 40.6 ÿ 22.1 ÿ 29.1

[a] Calculated at the B3LYP-GIAO/6ÿ 31�G* level. [b] Calculated ac-
cording to Equations (1) and (2). [c] Calculated at the B3LYP/
6ÿ 31�G*�DZPVE and B3LYP(SCIPCM)/6ÿ 31�G*//B3LYP(L1A1)/
6ÿ 31�G*�DZPVE levels.
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Figure 2. Plot of lnk versus the solvent parameter EN
T for the electro-

cyclizations 2!3 and 4!5. 1: Benzene (EN
T � 0.111), 2: chloroform (EN

T �
0.259), 3: dichloromethane (EN

T � 0.309), 4: acetone (EN
T � 0.355), 5:

acetonitrile (EN
T � 0.460). Rate constants [hÿ1] for the 2!3 and 4!5

reactions, respectively: in benzene: 0.13 (�0.02) and 0.31 (�0.02), in
chloroform: 0.08 (�0.01) and 0.90 (�0.10), in dichloromethane: 0.07
(�0.01) and 1.19 (�0.11), in acetone 0.05 (�0.01) and not determined,
acetonitrile 0.05 (�0.01) and 1.61 (�0.09).

Figure 3. Plot of the calculated NICS versus z for transition structures TSa
(&), TSb (*), and TSc (*). The NICS values have been obtained at the
GIAO-SCF/6ÿ 31G*//B3LYP/6ÿ 31G* level. The z axis has been defined
as depicted in Figure 1. The continuous line is the sd

zz versus z curve for TSc,
calculated with Equations (1) and (2) and the values reported in Table 1.

z-axis in pseudopericyclic reactions A and B are different to
those computed for the electrocyclic reaction C. In TSa, b the
NICSmax values are significantly less negative than for TSc
(Table 1). In addition, for reaction C the NICS values
decrease in negativity monotonously along the z-axis in the
region z>R0, whereas in TSa, b they do not. Indeed, in TSb a
second local negative maximum (in absolute value) is reached
at z� 0.8 � (See Figure 3).

We have previously demonstrated[4] that the aromatic
character of one given transition structure or stable molecule
can be described by means of the ring current model. In
general, for a ring current of Rav radius and circulating at a
certain distance R0 above the average molecular plane, the
variation of the diamagnetic shielding sd

zz along the axis
perpendicular to such a plane can be described by Equa-

tions (1) and (2). In these equations sd
max stands for the

maximum (absolute value) diamagnetic shielding.

sd
zz � sd

max

�
1� zÿ R0

Rav

� �2 �ÿ3=2

(1)

sd
max � ÿ e2 m0

8 p me

Rÿ1
av (2)

As shown in Table 1, the sd
max value obtained for TSc is

similar, although slightly smaller, than the corresponding
NICSmax value. Moreover, the variation of the NICS and the
sd

zz values along the z-axis is similar in both cases (Figure 3).
This indicates that the ring current model accounts for
approximately 85 % of the total diamagnetic shielding ob-
served in TSc, and that local effects do not vary significantly
along the z-axis. Thus we can conclude that TSc is aromatic. In
contrast, in both TSa, b neither the NICSmax values nor the
variation of the NICS and sd

zz values along the z-axis agree
with the behavior described by Equations (1) and (2). In
addition, the NICSmax values are lower than those predicted
by the ring current model for sd

zz. These results indicate that in
both TSa, b the diamagnetic effects reported in Figure 3 and
in Table 1 are due to local effects induced by the heteroatoms
and p bonds.

The ring current model and the magnetic criteria permit a
clear distinction between disrotatory electrocyclic reactions,
which are associated with aromatic structures, and pseudo-
pericyclic reactions, which are not. We can therefore confirm
the suggestion we made in previous papers[4] that the behavior
of the diamagnetic shielding along the axis perpendicular to
the average molecular plane is useful for distinguishing
between different types of aromaticity. Thus, in s aromaticity
there is a maximum diamagnetic shielding at the ring point of
electron density (Figure 4). This kind of aromaticity is found
in highly planar transition structures involving formation of s

bonds, for example in [3�2] and [2�2�2] cycloadditions. In
contrast, in the usual p aromaticity the maximum diamagnetic
shielding takes place at a certain distance above and below the

Figure 4. Schematic definition of different types of aromaticity according
to the behavior of the diamagnetic shielding along the axis perpendicular to
the molecular plane and containing the ring point of electron density.
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C2-symmetric ansa-metallocenes have been studied inten-
sively because of their potential use as catalysts for stereo-
selective olefin polymerization processes.[1] Edelmann et al.
and, later on, Shapiro et al. and Eisch et al. reported on a
method to synthesize interannular ethano-bridged ansa-
metallocenes by the reductive coupling of 6-substituted or
6,6'-disubstituted fulvenes with metallic calcium, lanthanide
metals, or the dihalides of titanium and zirconium.[2] The
reaction with 6-substituted fulvenes results in the formation of
mixtures of rac and meso isomers. The exclusive formation of
just one isomer by fulvene-type coupling has not yet been
observed.[2e] The synthesis of ansa-metallocenes from bridged
cyclopentadienyl dianions also produces only mixtures of
isomers of variable rac :meso ratios.[3] We now suggest that the
reductive coupling of a ligand in which the coupling exocyclic
carbon atom of the fulvene moiety is fixed by incorporation
into a condensed aromatic ring system such as in acenaph-
thylene (acene) would probably allow the isolation of an
isomerically pure ansa-metallocene. Acene combines one
five- and two six-membered rings and its resonance structures
reveal the fulvene pattern. The only reductive coupling
process of acene known so far is its reaction with [V(CO)6]
which produces the double half-sandwich vanadium complex
(m2-h5 :h5-C24H16)[V(CO)4]2.[4] Here we report the reductive
coupling of acene by activated metallic ytterbium and
samarium, which yields the respective C2-symmetric trans-
rac-ansa-lanthanocenes.

The high electron affinity of acene (E1/2�ÿ1.65 V)[5] allows
its reduction with activated metallic ytterbium or samarium,
affording the ansa-lanthanocenes [(h5-C12H8)2Ln(thf)2] as
dark red (Ln�Yb, 1) or dark brown crystals (Ln� Sm, 2) in
yields of about 90 % (Scheme 1). The ytterbium and sama-
rium are activated by addition of iodine to the respective

molecular plane (Figure 4). This effect can be described by
means of two ring currents circulating at a certain distance of
the molecular plane. In this paper, instead, we have observed
one highly aromatic disrotatory ring closure in which there is
only one maximum diamagnetic shielding above the molec-
ular plane. In a formal sense this transition structure
corresponds to p aromaticity involving only one ring current
circulating on the side where the disrotatory movement allows
a close proximity between the terminal p atomic orbitals
(pAO). We therefore propose the terms p1 aromaticity and p2

aromaticity to describe these two different kinds of aromatic
transition structures.
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