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Abstract

New ferrocenyl-nitrile conjugated ligands have been obtained by several routes in which we combined Wittig and Horner—Em-
mons—Wadsworth (HEW) reactions, being the latter the one that shows better results both in yield and selectivity for the E
isomers. The coordination capabilities of these new ligands have been proved using different metal carbonyls and the electronic
spectra of the compounds have been studied, showing a clear dependence on the length of the conjugated chain and in the nature
of the coordinated metal carbonyl fragment. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The synthesis and characterization of new ferrocenyl-
based compounds has become an intriguing area of
research [1], specially because of their potential applica-
tions in fields such as organic synthesis, catalysis and
material science. The preparation of ferrocenyl-conju-
gated systems offers the possibility of electronic com-
munication between terminal subunits, this being of
particular interest in either nonlinear optics, mag-
netism, molecular sensors or liquid crystals. Molecular
wires, that is, mixed-valence bimetallic compounds with
a conjugating bridging ligand that allow electronic
communication between the two termini, have also
been the subject of extensive research during the last
decade [2]. These systems can be formed by oligoene
bridging ligands between ruthenium pentamine com-
plexes or between simple ferrocenes, where the elec-
tronic coupling has been experimentally verified for up
to 40 A [3.4].

The introduction of a metallocene unit into one-di-
mensional oligomers promotes a large range of proper-
ties that differ from those shown by conventional
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organic polymers. Although a large number of works
have been reported in which metallocene-based
oligomers are obtained [5], there is still a lack of
systematic descriptions of synthesis leading to useful
starting materials. All the reported metal-containing
polymers have in common that they are only conduct-
ing if charge carriers can be delocalized over both the
metal and the organic fragments.

We and others have used ferrocenyl-based conju-
gated ligands in order to obtain bimetallic and het-
erometallic push—pull complexes [6—8]. In fact, some
heterobimetallic complexes, not all of them ferrocenyl-
based, have shown high non linear optical responses,
although the list of such compounds used in NLO is
still scarce [9]. We have recently reported the syntheses,
characterization and NLO behavior of new ferrocenyl
heterobimetallic neutral compounds with a series of
electron-accepting moieties derived from M(CO), (M =
Cr, Mo or W) [6]. These compounds exhibited static
hyperpolarizabilities up to 164 x 10 =3 esu, which are
among the largest measured up to date for ferrocenyl-
based derivatives.

We now report, based on our previous findings,
several efficient routes to the preparation of ferrocenyl
conjugated compounds with an end-capped nitrile
group. These compounds are obtained by combined
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Wittig and/or Horner—Emmons—Wadsworth (HEW)
reactions, for which the corresponding ferrocenyl-alde-
hydes have also been obtained. The electrochemistry of
the compounds and the electronic spectra has also been
investigated.

2. Results and discussion
2.1. Synthesis and characterization of the compounds

Most of the ferrocenyl-based oligomers reported to
date, have been obtained by conventional Wittig reac-
tions but these reactions usually lead to the formation
of E and Z isomer mixtures [4b,9a,10]. Several authors
have reported the advantages of the E-type isomers
over the Z-type for effective electronic coupling
[10c,11]. The lack of coplanarity between donor and
acceptor groups in the Z isomers leads to a decrease in
their coupling. In addition, the reduction of the
through space distance (in the Z-type) between donor
and acceptor results in the change in dipole per unit
charge separation being less. Since most of the times
the aim of the synthetic procedures is to obtain linear
oligomers with effective electronic coupling, the E iso-
mers are the ones that are mainly pursued, but the
separation of the mixtures of the £ and Z isomers is not
always easy. However, in some cases, effective Z to E
isomerizations have been reported for some conjugated
ferrocenyl compounds [10].

We have obtained several ferrocenyl-nitrile deriva-
tives, following different synthetic procedures, as shown
in Schemes 1 and 2. We have used Wittig—Horner
(WH) reaction in previous works, this being the most
appropriate method for the short-length chained com-
plexes 2 and 4 [6,10d]. Usually this procedure led to

PhgP-CH,CgH,CN I” + 1-BUOK

reasonable yields of both Z- and E-isomers which
could be separated by column chromatography, as de-
scribed in Section 4.

When we used the same reaction (WH) in order to
obtain the longer chained compounds 5 and 6, we
unexpectedly observed that the only characterizable
spectroscopically and isolable compound were the
(E,Z) and (E,E,Z) isomers. (The first lyric always cor-
responds to the double bond nearest to the ferrocenyl
group). For reasons that we still unknow, the stereolin-
ear isomers (E,E) and (E,E,E) were not obtained by
this procedure. In order to obtain these isomers we
performed the corresponding HEW reaction that
stereoselectively lead to the formation of double bonds
in the E-configuration [13]. As it is shown in Scheme 2
compounds 5-(E,E) and 6-(E,E,E) were obtained by
double olefination of p-xylenebis(diethylphosphonate)
with the ferrocenyl-aldehyde compound 1 or 2-(E) and
4-cyanobenzaldehyde. This procedure leads to reason-
ably good yields for compound 5-(E,E), but compound
6-(E,E,E) was only obtained in very low yield and it
could only be characterized spectroscopically. We tried
to obtain the E-isomers by isomerization of the Z
isomers using N-Bromosuccinimide and I, or with basic
alumina, but no conversion was observed.

Another problem that we found in the preparation of
the ferrocenyl-nitrile complexes, came from the syn-
thetic routes to the carboxaldehyde intermediates 2-(E)
and 3-(E,E). The synthetic routes for such complexes in
most cases lead to moderate to poor yields [4b], and the
separation workups make the overall process compli-
cated. In order to simplify the preparation of these
intermediates, we modified their synthesis as it is shown
in Scheme 2. The use of terephtalaldehydemono-(di-
ethylacetal) [p-OHC-C¢H,—~CH(OEt),] instead of the
more widely used terephtaldehyde (p-OHC-C(H,—
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CHO), avoids the obtaintion of 1,4-bis(ferrocenyl)-
ethenylbenzene as one of the major side-products of
these types of reactions. The ferrocenyl—acetal complex
so synthesized, can be transformed into the carboxalde-
hyde compound 2, by simply reacting the acetal deriva-
tive in a solution of hydrochloric acid as has already
been reported [10d].

Compound 3-(E,E) can be obtained in a one pot
reaction from a HEW reaction using p-xylenebis(di-
ethylphosphonate) [12] ferrocenecarboxaldehyde and
terephtaldehyde. In this reaction we avoid the forma-
tion of any Z isomer, since the HEW process unam-
biguously leads to the E isomers. Compound 3 can also
be obtained in a one-pot reaction, by using (E)-1,2-
bis(p-phenylcarboxaldehyde)ethene and [I-(triphenyl-
phosphinomethyl)ferrocenyljiodide in a WH reaction,
giving rise to moderate yields of 3 although a mixture
of the (E,E) and (Z,E) isomers were obtained. The
bisaldehyde compound (E)-1,2-bis(p-phenylcarboxalde-

hyde)ethene, was obtained according to the method
that we describe in Section 4.

In order to obtain push—pull heterobimetallic com-
plexes from the ferrocenyl compounds obtained, we
have coordinated compounds 4 and 5 to metal carbonyl
fragments M(CO); (M = Cr, W). The synthesis of these
compounds is summarized in Scheme 3 (the coordina-
tion of 4 has already been reported and the resulting
compounds characterized) [6]. These compounds de-
compose after several days in solution, but not decom-
position was observed in the solid state.

In all cases, the vinyl protons of the E isomers appear
as doublets with coupling constants of 16 Hz, in accord
with the expected trans stereochemistry. The Z isomers
show lower coupling constants for the vinyl protons
(ca. 12 Hz), this being a good method of determining
the stereochemistry of the compounds obtained. Be-
sides, the effect of the electronwithdrawing acceptor
group is also witnessed in the 'H chemical shifts of the
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substituted C;Hs ring. These signals appear at higher
frequencies in those compounds with E conformation,
where the electronic communication between the ferro-
cenyl and the electronaccepting group is more effective.

The IR spectra of the heterobimetallic compounds
are virtually identical, indicating the presence of a metal
pentacarbonyl moiety, the bands being readily assigned
to the two 4,, B, and E modes for the pseudo C,, metal
center, by comparison with other monosubstituted
metal carbonyl derivatives [14]. The '*C-NMR clearly
shows the two carbonyl inequivalent sites of the penta-
carbonyl fragments, so confirming the proposed geome-
try of the compounds. Comparison of the IR spectra of
the heterobimetallic compounds shows that the com-
pounds containing W have lower values of v(CO),
meaning that W is more capable than Cr of reducing its
electron density by n back-donation to CO.

Electrospray mass spectra were recorded using a
Micromass Quattro LC instrument, using CH;CN and/
or CH;OH as the mobile phase solvent. Cone voltage
were typically varied from 15 to 90 V in order to
investigate the effect of higher voltages on fragmenta-
tion pathways of parent ions. The peaks in the ESMS
are identified by the most intense m/z value within the
isotopic mass distribution. Isotope patterns were com-
pared with theoretical patterns obtained using the
MassLynx NT software package. In all cases there was
good agreement between the experimental and calcu-
lated isotopic mass distribution.

2.2. Electronic spectra

The electronic absorption spectra of the new ferro-
cenyl nitrile compounds were taken in different solvents
and the results are shown in Table 1. Electronic absorp-
tion spectra of these compounds show a maximum of
two strong bands between 250 and 320 nm and between
370 and 470 nm. The higher energy band was assigned
to the n—m* band according to the reported data in the
literature for similar ferrocenyl compounds [7d,16]. The
lower energy band is assigned to a MLCT band, this
being strongly influenced by the nature of the ligand
(chainlength, electron acceptor moiety) and metal coor-
dinated fragment ((M(CO),). This assignment is in

accordance to the theoretical results reported by Bar-
low et al. and to other experimental results [7,16],
although we are aware that some controversy about
this assignation has been reported. For most ferrocene
derivatives the charge transfer bands usually gains sig-
nificantly in oscillator strength as the acceptor strength
increases [7d,11¢,15]. This band was found to increas-
ingly red-shifted with increasing chain length, as ex-
pected for a lowering of the energy of the n* orbital of
the ligand. Red shift is also achieved for the cases in
which an electron-accepting moiety is coordinated to
the ligand, as in complexes 9-(E,E), 9-(E,Z), 10-(E,E),
10-(E,Z), these changes being much more appreciable
for the (E,E) isomers, according to their greater charge
transfer capabilities. Thus, while compound 4-(E) ex-
hibits a 4,,,, at 329 nm, this value progressively shifts to
longer wavelengths in going to 5-(E,Z) 340 nm, to
5-(E,E) 369 nm and finally to 6-(E,E,Z) 380 nm. Simi-
lar trends are observed for other families of ferrocenyl
phenylethynyl compounds [16]. The lower hyp-
sochromic shifts for the Z configured isomers may be
justified for their trend to disturb from coplanarity due
to enhanced allylic strain [17]. The much weaker d—d
transitions substantially overlap the MLCT bands and
are not assigned.

According to the tabulated UV-vis data (Table 2)
the solvachromicities of the ferrocenyl(styryl)nitrile
compounds are fairly small. This result is not surpris-
ing, since the CN group is not a powerful acceptor. For

Table 1
Electronic spectra data of ferrocenyl-nitriles

Compound Zmax (0m, MLCT)
CHCl;  Acetone CH,Cl, THF MeOH

4-(E) 329 - 329 327 327
5-(E,Z) 340 339 340 341 345
5-(E,E) 369 364 368 364 364
6-(E,E,Z) 380 373 375 376 380
6-(E,E,E) - - - - -
9-(E,Z) 345 349 340 343 341
9-(E,E) 380 378 382 383 364
10-(E,Z) 344 341 344 344 341
10-(E,E) 394 382 389 386 362
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Table 2
Cyclic voltammetric data for compounds 1-10

Compound E,, (mV) (AE, (mV)) E,, (mV) (AE, (mV))
Ferrocene-based M c©-based

Ferrocene 445 (105) -

1 460 (70) -

2-(E) 500 (105) -

3-(E,E) 450 (95) -

3-(Z,E) 460 (100) -

4-(E)* 480 (80) -

5-(E,E) 440 (70) -

5-(E,Z) 445 (70) -

6-(E,E,E)¢ - —

6-(E,E,Z) 420 (85) -

7-(E)* 500 (70) 980 (66)

8-(E)* 495 (70) 1150 ®

9-(E,E) 435 (80) 965 (70)

9-(E,Z) 450 (85) 965 (75)

10-(E,E) 435 (85) 965 °®

10-(E,Z) 450 (70) 1160 ®

# Data from Ref. [6].

® Irreversible peak, measured at 100 mV s
‘M=Cr, W

4 Not measured.

—1

the heterobimetallic complexes 9-(E,E), 9-(E,Z), 10-
(E,E) and 10-(E,Z), the solvatochromic behavior is
more important, so confirming the stronger electron-ac-
cepting capabilities of the metal-carbonyl units. This
result gives us an idea of the dipole moments in the
ground and in the excited states, which have a direct
relation to hyperpolarizability. The charge transfer
band A4,,, shifts upon changing the solvent from
CH,Cl, to MeOH. These hypsochromic shifts mean
that the dipole moment in the excited state is lower
than in the ground state. In addition this effect is
greater in the cases were all the double bonds are E
[18].

2.3. Cyclic voltammetry

The electrochemical data obtained for the com-
pounds studied are summarized in Table 2. All the
complexes display the chemically reversible ferrocene/
ferricinium couple in CH,Cl,. The peak to peak separa-
tion are, however, significantly greater than the ideal
value of 60 mV s~ ! for a fully reversible one-electron
process. This may be due to a combination of uncom-
pensated solution resistance and slightly slow electron-
transfer kinetics. The half-wave potential of the
ferrocenyl moieties for the aldehydes derivatives 2 and
3-(E,E) are more anodic than that measured for fer-
rocene, meaning some degree of electron transfer be-
tween the iron center and the electron accepting
aldehyde fragment. Similar anodic shift has also been
reported for the nitrile derivative 4-(E) [6]. However,
the halfwave potential of the nitrile derivatives with

longer conjugated chains are similar to that shown for
ferrocene, compounds 5-(E,Z) and 5-(E,E) or even
more lower, compound 6-(E,E,Z) indicating that the
oxidation is favored by the delocalization of the charge
along the longer conjugated system of the ligand. This
cathodic shift is larger for the waves in which the
increase of the chain is achieved in a linear form
(E-isomers).

Coordination of the neutral unit M(CO)s, to the
ferroceny nitrile ligands, does not have any significant
effect on the redox potential of the ferrocene center.
However, the coordination of this unit to the shorter
chain ferrocenyl nitrile derivative 4-(E) comes an in-
crease of the redox potential for both Cr and W in
agreement with an electron transfer in the direction
Fc— M(CO);. These results are in accordance to those
reviewed by Heck et al. in which the redox shift de-
pends in opposite directions of both the strength of the
electron-accepting moiety and the length of the conju-
gated chain. [8]. The wave associated to the M(CO)/
[M(CO)s]* couple is reversible for the Cr case and
irreversible for W, as seen in some other examples
[6,7f]. The oxidation potential of the second step as-
cribed to the metal-carbonyl fragment depends on the
metal present, this being higher for the W complexes
compared to the Cr complexes.

3. Conclusions

In summary, a series of ferrocenyl-based oligomers
have been obtained using Wittig and HEM reactions.
These compounds proved to be good electronic messen-
gers along the (up to 25 A) conjugated chain, as seen
from the data obtained from the cyclic voltammetry
and electronic spectra. This gives an easy way that
allows one to design suitable molecules for electron
transfer studies and nonlinear optical studies. Through
electronic spectroscopy and electrochemical studies we
have shown that chain-lengthening and coordination of
the compounds clearly influence the values of the re-
duction potential and the energies of the charge transfer
bands in the electronic spectra.

4. Experimental

4.1. General details

All reactions were carried out under a nitrogen atmo-
sphere using standard Schlenck techniques. Solvents for
synthesis and electrochemical measurements were dried
and degassed by standard methods before use. Chro-
matographic work was performed on silica gel 60 A or
neutral alumina columns.
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Compound 2 was obtained according to literature
methods [19]. Compounds 1, Cr(CO), and W(CO),
were purchased from Aldrich Chemicals and used with-
out further purification.

NMR spectra were recorded on a Varian Innova 300
MHz and 500 MHz, using CDCIl; as solvent unless
otherwise stated. IR spectra were recorded on a
Perkin—Elmer System 2000 FT-IR using NaCl pellets.
Electronic absorption spectra were obtained on a UV-
1603 Shimazdzu spectrophotometer. Elemental analyses
were performed on a EA 1108 CHNS-O Carlo Erba
Instruments. Cyclic voltammetry experiments were per-
formed with a Echochemie pgstat 20 electrochemical
analyzer. All measurements were carried out at room
temperature (r.t.) with a conventional three-electrode
configuration consisting of platinum working and auxil-
iary electrodes and a Ag/AgCl reference electrode con-
taining aqueous 3 M KCI. The solvent in all
experiments was CH,Cl,, which was obtained in HPLC
grade. The supporting electrolyte was 0.1 M tetrabuty-
lammonium hexafluorophosphate, synthesized by
metathesis of tetrabutylammonium bromide and HPFq,
recrystallized from ethanol and dried under vacuum.
E,,, values were determined as 1/2(E,, + E,.), where
E,, and E,_ are the anodic and cathodic peak poten-
tials, respectively. All potential reported are not cor-
rected for the junction potential. Electrospray mass
spectra were recorded using a Micromass Quattro LC
instrument, using CH;CN and/or CH;OH as the mo-
bile phase solvent. The samples were added to give a
mobile phase of approximate concentration 0.1 mM.
This solution was injected into the spectrometer via a
Rheodyne injector fitted a 10 pl sample loop, and
nitrogen was employed as a drying and nebulising gas.

4.2. Synthesis of (E)-1,2-bis(p-phenylaldehyde)ethene

To a solution of sodium hydride 60% dispersion in
mineral oil (650 mg, 21 mmol) in THF (25 ml) it was
added at r.t. 4-bromobenzyltriphenylphosphonium bro-
mide (10 g, 20 mmol) in THF (100 ml). After stirring
the reaction mixture for 1 h at r.t. was added p-
bromebenzaldehyde (3.7 mg, 20 mmol) in THF (70 ml)
and the resulting solution was stirred for 4 h. After
removing the solvent under reduced pressure, the
product was extracted with CH,Cl,-H,O0-NH,CI and
dried over Na,SO,. Purification by column chromatog-
raphy on silica gel using hexane—AcOEt (9:1) as eluent
afforded pure compound (F)-1,2-bis(p-phenylbro-
mide)ethene. Yield: 70%. Then, to a solution of (£)-1,2-
bis(p-phenylbromide)ethene (2.5 g, 7.4 mmol) in THF
(75 ml) at — 78°C BuLi (8.1 ml, 22.2 mmol) was added
and the reaction mixture stirred at — 78°C for 1 h and
at 0°C for 2 h. After cooling again to — 78°C N-
formylmorpholine (3.2 ml, 41 mmol) was added and
stirred at r.t. overnight. After removing the solvent

under reduced pressure, the product was extracted with
CH,C1,—HCI (5%) and dried over Na,SO,. Purification
by column chromatography on silica gel using hexane—
AcOEt (9:1) as eluent afforded pure compound (E)-1,2-
bis(p-phenylaldehyde)ethene. Yield: 75%.

TH-NMR (300 MHz, CDCL,): § 9.99 (s, 2H, CHO);
7.87 (d, 4H, 3J; 4=7.8 Hz, CH,); 7.66 (d, 4H,
3uu=7.8 Hz, CH,); 7.24 (s, 2H, CH=CH). "3C-
NMR (300 MHz, CDCl,): ¢ 127.9, 130.8, 131.2 (10C,
CH=CH and CiH,); 136.4, 142.9 (4Cq, C¢H,); 192.0
(2C, CHO).

4.3. Synthesis of 3-(Z,E) and 3-(E,E)

4.3.1. Using (E)-1,2-bis(p-phenylaldehyde)ethene

To an ice-cold solution of (1-(triphenylphosphi-
nomethyl)ferrocenyl]iodide (3 g, 5.1 mmol) in THF (50
ml) potassium zert-butoxide (850 mg, 7.6 mmol) was
added and the resulting solution stirred for 30 min to
form the ylide. The aldehyde (E)-1,2-bis(p-phenylalde-
hyde)ethene (2.5 ml, 20.4 mmol) was added and the
resulting mixture stirred for ca. 24 h. After removing
the solvent under reduced pressure, the product was
extracted with CH,Cl,—H,0-NaHCO; and purified by
column chromatography on silica gel with hexane—
CH,CI, (4:1). Recrystallization from CH,Cl,—hexane
mixtures afforded pure compounds. Yields: 10% (for
3-(Z,E)), 35% (3-(E,E)).

4.3.2. Using the Horner—Emmons— Wadsworth reaction
To an ice-cold solution of p-xylenebis(diethylphos-
phonate) (4.0 g, 10.6 mmol) in THF (75 ml) was added
sodium hydride 60% dispersion in mineral oil (500 mg,
12.5 mmol) and the resulting solution stirred for 45 min
at 0°C and 60 min at r.t. The aldehyde 1 (1.8 g, 8.4
mmol) was added at 0°C and the resulting solution
stirred 5 h at r.t. Then, sodium hydride 60% dispersion
in mineral oil (575 mg, 14.4 mmol) was added at 0°C
and the reaction mixture stirred for 45 min. Finally,
terephtaldehyde (1.5 g, 11.2 mmol) was added at 0°C
and the reaction mixture stirred for 5 h at r.t. After
removing the solvent under reduced pressure, the
product was extracted with CH,Cl,—H,O-NaHCO,
and dried over MgSQO,. Purification by column chro-
matography on silica gel using hexane—CH,Cl, (2:5) as
eluent. Recrystallization from CH,Cl,—hexane mixtures
afforded pure compound 3-(E,E). Yield: 40%.
"H-NMR for compound 3-(Z,E) (300 MHz, CDCl,):
6 779 (d, 2H, *Jy; y=8.4 Hz, C(H,); 7.26 (d, 2H,
3u-u=84 Hz, C,H,); 7.19 (d, 2H, 3*J; 4= 8.4 Hz,
C¢H,); 7.08 (d, 2H, 3J;; ;= 8.1 Hz, CcH,); 6.85 (d, 1H,
3Jq =122 Hz, CH=CH); 6.77 (d, 1H, 3J; 1=12.0
Hz, CH=CH); 6.50 (d, 1H, *J;; 1 = 16.0 Hz, CH=CH);
6.34 (d, 1H, *Jy; ;= 16.0 Hz, CH=CH); 4.34 (s, 2H,
CsH,); 4.25 (s, 2H, CsH,); 4.14 (s, 5H, CsHj). "3C-
NMR (300 MHz, CDCl,): ¢ 67.8, 69.8 (4C, CsH,); 69.9
(5C, CsHj); 83.4 (1Cq, CsHy); 1253, 125.7, 127.8,
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129.6, 130.5, 130.9, 131.7, 133.0 (12C, CH=CH and
CgH,); 132.4, 135.3, 138.8, 144.0 (4Cq, CcH,); 190.1
(IC, CHO). IR (cm~"): 1670 (vs), 1654 (s), 1405 (w),
1273(w). Anal. Calc. for compound 3-(Z,E),
C,,H,,FeN (M, =418.32): C, 77.50; H, 5.30. Found:
C, 77.33; H, 5.53%.

'"H-NMR for compound 3-(E,E) (300 MHz, CDCL,):
6 7.88 (d, 2H, 3Jy y=38.1 Hz, C{H,); 7.67 (d, 2H,
3y u=284 Hz, CiH,); 7.53 (d, 2H, *Jy y=8.4 Hz,
CgH,); 7.46 (d, 2H, *Jy_ i = 8.4 Hz, C(H,); 7.27 (d, 1H,
3Ju-u =162 Hz, CH=CH); 7.15 (d, 1H, *Jy 4 =162
Hz, CH=CH); 6.94 (d, 1H, 3J4_y = 16.2 Hz, CH=CH);
6.71 (d, 1H, 3Jy = 15.9 Hz, CH=CH); 4.49 (t, 2H,
3uu=18 Hz CH,); 432 (s, 2H, *Jy y=1.8 Hz
CsH,); 4.16 (s, 5SH, CH;). '*C-NMR (300 MHz,
CDCl,): ¢ 67.7, 69.6 (4C, CsHy); 69.6 (5C, CsHy); 83.8
(1Cq, CsH,); 125.9, 126.7, 127.2, 127.4, 127.9, 128.4,
130.9, 132.5 (12C, CH=CH and CgH,); 135.5, 135.7,
138.8, 144.1 (4Cq, C¢H,); 192.1 (1C, CO). IR (cm~1):
1678 (vs), 1660 (s), 1452 (w), 1243(w), 1028(w), 811 (w).
Anal. Calc. for compound 3-(E,E), C,,H,,FeN (M, =
418.32): C, 77.50; H, 5.30. Found: C, 77.10; H, 5.18%.

4.4. Synthesis of 5-(E,Z)

To an ice-cold solution of p-[(triphenylphosphi-
nomethyl)-benzonitrile] iodine (2.5 g, 5.5 mmol) in
THF (75 ml) potassium tert-butoxide (539 mg, 4.8
mmol) was added and the resulting solution stirred for
30 min at 0°C and 45 min at r.t. The aldehyde 2-(E)
(1.6 g, 5.0 mmol) was added at 0°C and the resulting
solution stirred overnight at r.t. After removing the
solvent under reduced pressure, the product was ex-
tracted with CH,Cl,—H,0-NaHCO; and dried over
MgSO,. The title compound was purified by column
chromatography on silica gel using hexane—CH,CI,
(1:1) as eluent. Recrystallization from CH,Cl,—hexane
mixtures afforded pure compound 5-(E,Z). Yield: 45%.
'"H-NMR (500 MHz, CDCL;): 6 7.52 (d, 2H, *Jy =
8.5 Hz, C¢H,); 7.38 (d, 2H, *Jy;_y = 8.0 Hz, C,H,); 7.30
(d, 2H, 3Jy;_ = 7.5 Hz, C¢Hy); 7.15 (d, 2H, 3J;; 1 =8.5
Hz, C(H,); 6.87 (d, 1H, *Jy_x = 16.0, CH=CH); 6.65 (d,
1H, *Jy_ i = 16.0, CH=CH); 6.71 (d, 1H, 3J; 4 = 12.0,
CH=CH); 6.55 (d, 1H, 3J ;= 12.0, CH=CH); 4.45 (t,
2H, 3Jyy = 1.5 Hz, CsH,); 4.29 (t, 2H, *Jy;_ = 1.5 Hz,
C;H,); 4.14 (s, 5H, CsH;). "*C-NMR (500 MHz,
CDCl,): 0 67.4, 69.6 (4C, CsHy); 69.6 (5C, CsHs); 83.3
(1Cq, CsHy); 110.1 (1C, CN); 125.6, 126.1, 126.7, 128.5,
129.0, 129.3, 133.1, 135.0 (12C, CH=CH and CH,);
120.0, 135.1, 137.6, 140.1 (4Cq, CcH,). IR (cm ~1): 2207
(s), 1300 (w), 1117 (w). Anal. Calc. for compound
5-(E,Z), C,;H, ,FeN (M, =415.32): C, 78.10; H, 5.10;
N, 3.37. Found: C, 78.12; H, 5.07; N, 3.39%. Electro-
spray MS. Cone 64 V. m/z (fragment): 415, M.

4.5. Synthesis of 5-(E,E)

To an ice-cold solution of p-xylenebis(diethylphos-
phonate) (2.0 g, 5.3 mmol) in THF (75 ml) sodium
hydride 60% dispersion in mineral oil (212 mg, 5.3
mmol) was added and the resulting solution stirred for
45 min at 0°C and 60 min at r.t. The aldehyde 1 (1.1 g,
5.0 mmol) was added at 0°C and the resulting solution
stirred 5 h at r.t. Then, sodium hydride 60% dispersion
in mineral oil (212 mg, 5.3 mmol) was added at 0°C
and the mixture stirred for 45 min at r.t. Finally,
4-cyanobenzaldehyde (917.9 mg, 7.0 mmol) was added
and the reaction mixture was stirred overnight at r.t.
After removing the solvent under reduced pressure, the
product was extracted with CH,Cl,—H,O0-NaHCO,
and dried over MgSO,. The title compound was
purified by column chromatography on silica gel wash-
ing with hexane—CH,Cl, (4:1) first and using hexane—
CH,Cl, (1:2) as eluent. Recrystallization from
CH,Cl,—hexane mixtures afforded pure compound.
Yield: 47%. '"H-NMR (500 MHz, CDCl,): J§ 7.64 (d,
2H, 3Jy 1 =8.0 Hz, CcH,); 7.59 (d, 2H, 3J; 1 =38.0
Hz, C¢Hy); 7.50 (d, 2H, *Jy; 1 = 8.0 Hz, C{H,); 7.45 (d,
2H, 3Jy y =8.0 Hz, C;H,); 7.21 (d, 1H, 3Jy 4 = 16.5,
CH=CH); 7.10 (d, 1H, *Jy_i = 16.0, CH=CH); 6.94 (d,
1H, *Jy; = 16.0, CH=CH); 6.71 (d, 1H, 3Jy 4 = 16.0,
CH=CH); 4.49 (s, 2H, CsH,); 4.32 (s, 2H, C;H,); 4.16
(s, 5H, CsHs). *C-NMR (500 MHz, CDCl): § 67.4,
69.7 (4C, CsHy); 69.7 (5C, CsHs); 83.5 (1Cq, CsHy);
110.9 (1C, CN); 125.8, 126.4, 126.6, 127.2, 127.8, 128 .4,
132.6, 132.9 (12C, CH=CH and C¢H,); 119.5, 135.2,
138.9, 142.5 (4Cq, C¢H,). IR (cm—1): 2211 (s), 1590
(w), 967 (w). Anal. Calc. for compound 5-(E,E),
C,,H,,FeN (M,, =415.32): C, 78.10; H, 5.10; N, 3.37.
Found: C, 78.18; H, 5.00; N, 3.33%. Electrospray MS.
Cone 84 V. m/z (fragment): 415, M.

4.6. Synthesis of 6-(E,E,Z)

This compound was obtained following the general
procedure described for compound 5-(E,Z) and using
the aldehyde 3-(E,E) (2.1 g, 5.0 mmol) instead of 2-(E).
The purification was made by column chromatography
on silica gel using hexane—CH,Cl, (2:1) as eluent.
Yield: 25%. '"H-NMR (500 MHz, CDCl,): 6 7.53-7.37
(m, 10H); 7.14 (d, 2H, *J; = 8.5 Hz, CcH,); 7.10 (d,
1H, 3J; 4 =16.5, CH=CH); 7.06 (d, 1H, 3Jy = 16.5,
CH=CH); 6.90 (d, 1H, *J;;_ = 16.5, CH=CH); 6.70 (d,
1H, 3J;; ;= 16.0, CH=CH); 6.74 (d, 1H, *Jy_ = 12.0,
CH=CH); 6.58 (d, 1H, Jyy_ = 12.0, CH=CH); 4.48 (s,
2H, C,H,); 4.30 (s, 2H, CsH,); 4.15 (s, 5SH, C,H,).
I3C-NMR (500 MHz, CDCl,): 6 67.7, 69.9 (4C, CsH,);
69.9 (5C, CsHs); 84.0 (1Cq, CsHy); 111.2 (1C, CN);
126.3, 126.8, 127.1, 127.6, 128.0, 129.0, 129.7, 130.0,
130.2, 132.7, 133.6 (18C, CH=CH and C¢H,); 119.6,
136.0, 136.3, 137.8, 138.2, 1429 (6Cq, C¢H,). IR
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(cm~1): 2218 (s), 1248 (w). Anal. Calc. for compound
6-(E,E,Z), C;sH,,FFeN (M, =517.45): C, 81.20; H,
5.26; N, 2.71. Found: C, 81.84; H, 5.63; N, 2.73%.
Electrospray MS. Cone 77 V. m/z (fragment): 517, M*.

4.7. Syntheses of the compound 6-(E,E,E)

This compound was obtained following the general
procedure described for compound 5-(E,E) and using
the aldehyde 2-(E) (1.6 g, 5.0 mmol) instead of 1.
Purification was made by column chromatography on
silica gel using hexane—CH,Cl, (1:4) as eluent. 'H-
NMR (500 MHz, CDCly): § 7.64 (d, 2H, 3J;; 1=28.0
Hz, C(H,); 7.58 (d, 2H, *Jy_p = 8.0 Hz, CiH,); 7.43 (d,
2H, 3Jy 4 =8.0 Hz, C,H,); 7.34 (d, 2H, *Jy 5 =8.0
Hz, C¢H,); 7.32 (d, 2H, *Jy_ = 8.5 Hz, C{H,); 7.26 (d,
2H, 3Jy = 8.0 Hz, C(Hy); 7.19 (d, 1H, 3J 4 =16.0,
CH=CH); 7.08 (d, 1H, 3J;;_;; = 17.0, CH=CH); 6.88 (d,
1H, 3J; 4 = 16.0, CH=CH); 6.68 (d, 1H, *Jy_5 = 16.0,
CH=CH); 6.62 (d, 1H, *Jy_ i = 17.0, CH=CH); 6.59 (d,
1H, *Jy_ = 17.0, CH=CH); 4.47 (s, 2H, CsH,); 4.30 (s,
2H, CsH,); 4.15 (s, 5H, CsH;)."*C-NMR (500 MHz,
CDCl,): ¢ 67.6, 70.0 (4C, CsH,); 69.9 (5C, CsHs); 83.7
(1Cq, CsHy); 111.2 (1C, CN); 126.3, 127.2, 127.4, 127.6,
127.9, 130.0, 130.2, 131.4, 132.8, 133.0, 133.8 (18C,
CH=CH and C¢H,); 119.5, 135.8, 136.3, 137.7, 138.7,
142.6 (6Cq, C¢Hy). IR (cm—1Y): 2211 (s), 1308 (w).
Electrospray MS. Cone 76 V. m/z (fragment): 517, M+,

4.8. Syntheses of the compounds 9-(E,E) and 9-(E,Z)

Chromium hexacarbonyl (176 mg, 0.8 mmol) was
dissolved in THF (30 ml) and the resulting solution was
irradiated using a Hg lamp for 1 h. Compound 5-(E,Z)
(150 mg, 0.4 mmol) or compound 5-(E,E) (150 mg, 0.4
mmol) were added to the yellow solution formed upon
irradiation in order to obtain compounds 9-(E,Z) or
9-(E,E), respectively. The reaction mixture was stirred
for another 30 min, filtered to remove the solid, and the
solvent was removed under reduced pressure. Purifica-
tion by column chromatography on neutral alumina
with CH,Cl,—hexane (1:1) afforded pure compounds
9-(E,Z) yield 40% or 9-(E,E) yield 60%.

'H-NMR for compound 9-(E,Z) (300 MHz, CDCL,):
0 7.54 (d, 2H, *Jy y=8.4 Hz, CH,); 7.39 (d, 2H,
3u-u =284 Hz, CiH,); 7.32 (d, 2H, *J; ;=8.4 Hz,
C¢H,); 7.17 (d, 2H, 3Jy; ;3 = 8.1 Hz, CiH,); 6.72 (d, 1H,
3Ju =162 Hz, CH=CH); 6.49 (d, 1H, *J; = 16.2
Hz, CH=CH); 6.55 (d, 1H, *J4_y = 12.0 Hz, CH=CH);
6.38 (d, 1H, 3Jy 4 =12.0 Hz, CH=CH); 4.47 (t, 2H,
3u-u=18 Hz, C;H,); 431 (t, 2H, *J; y=1.8 Hz,
CsH,); 4.15 (s, 5H, CsHs). '*C-NMR (300 MHz,
CDCl,): 0 67.9, 69.9 (4C, CsH,); 69.9 (5C, CsHs); 83.7
(1Cq, CsHy); 109.5 (1C, CN); 125.8, 126.4, 128.5, 129.8,
130.1, 130.4, 132.7, 132.9 (12C, CH=CH and C¢H,);
129.1, 134.3, 138.3, 143.9 (4Cq, C4H,); 214.3 (4C, CO);

219.1 (1C, CO). IR (cm™"): 2209 (s), 2074 (s), 1934
(vs). Anal. Calc. for compound 9-(E,Z),
C;,H,, FeNOsCr (M, =607.37): C, 63.30; H, 3.45; N,
2.31. Found: C, 61.7; H, 3.83; N, 2.29%.

"H-NMR for compound 9-(E,E) (500 MHz, CDCl,):
o 7.64 (d, 2H, *J; y=8.0 Hz, C(H,); 7.57 (d, 2H,
3 n=28.0 Hz, CiH,); 7.51 (d, 2H, 3Jyy ;=7.5 Hz,
CeH,); 7.46 (4, 2H, *Jy; 1y = 7.5 Hz, C¢H,); 7.24 (d, 1H,
3Ju_u=16.0 Hz, CH=CH); 7.09 (d, 1H, *Jy_ = 16.5
Hz, CH=CH); 6.95 (d, 1H, *Jy_y = 16.0 Hz, CH=CH);
6.71 (d, 1H, *Jy_ = 15.5 Hz, CH=CH); 4.49 (s, 2H,
CsH,); 4.33 (s, 2H, CsH,); 4.16 (s, 5H, CsHs). 3C-
NMR (300 MHz, CDCl,): ¢ 67.7, 69.9 (4C, CsH,); 69.9
(5C, CsHy); 83.7 (1Cq, CsHy); 108.7 (1C, CN); 125.8,
126.1, 126.8, 127.3, 127.9, 132.7, 133.0, 133.3 (12C,
CH=CH and CgH,); 128.8, 135.2, 139.1, 143.4 (4Cq,
CeH,); 2144 (4C, CO); 219.7 (1C, CO). IR (cm 1)
2213 (s), 2074 (s), 1942 (vs). Anal. Calc. for compound
9-(E,E), C;,H,,FeNO,Cr (M, = 607.37): C, 63.30; H,
3.45; N, 2.31. Found: C, 62.6; H, 3.50; N, 2.32%.
Electrospray MS. Cone 27 V. m/z (fragment): 607, M.

4.9. Syntheses of 10-(E,E) and 10-(E,Z)

These compounds were obtained using the general
procedure described for 9 but using tungsten hexacar-
bonyl (281.5 mg, 0.8 mmol) instead of chromium hex-
acarbonyl. Yield for compound 10-(E,Z) 40% and for
compound 10-(E,E) 70%.

'H-NMR for compound 10-(E,Z) (300 MHz,
CDClL,): ¢ 7.57 (d, 2H, *Jy4_y = 8.7 Hz, C¢H,); 7.45 (d,
2H, 3Jy u=8.1 Hz, CcH,); 7.32 (d, 2H, 3Jy 4y =8.1
Hz, C¢Hy); 7.16 (d, 2H, *J;; 1 = 8.1 Hz, C¢H,); 6.90 (d,
1H, *Jy_u = 16.2 Hz, CH=CH); 6.66 (d, 1H, *Jy =
16.2 Hz, CH=CH); 6.78 (d, 1H, *Jy y=12.0 Hz,
CH=CH); 6.58 (d, 1H, *J; = 12.0 Hz, CH=CH); 4.47
(t, 2H, *Jyy = 1.8 Hz, CsH,); 4.32 (t, 2H, 3J;; ;= 1.8
Hz, CsH,); 4.15 (s, SH, CsHy). '*C-NMR (500 MHz,
CDCl,): 6 67.7, 69.9 (4C, CsH,); 69.9 (5C, CsHs); 83.7
(1Cq, CsHy); 108.7 (1C, CN); 125.9, 126.5, 128.2, 128.7,
129.9, 130.6, 133.3, 134.7 (12C, CH=CH and CH,);
125.4, 134.9, 138.5, 144.6 (4Cq, CzH,); 197.0 (4C, CO);
200.7 (1C, CO). IR (cm~1): 2073 (s), 1928 (vs). Anal.
Calc. for compound 10-(E,Z), C;,H,,FeNOsW (M, =
739.23): C, 52.00; H, 2.86; N, 1.89. Found: C, 52.03; H,
2.99; N, 1.91%.

'H-NMR for compound 10-(E,E) (500 MHz,
CDCl,y): 6 7.68 (d, 2H, 3Jy;_; = 8.5 Hz, C¢Hy); 7.65 (d,
2H, 3Jy 4y =38.0 Hz, CcH,); 7.52 (d, 2H, *Jy_ 5 =8.0
Hz, C(H,); 7.47 (d, 2H, *Jyy_ = 8.0 Hz, CsH,); 7.27 (d,
1H, *Jy = 16.5 Hz, CH=CH); 7.11 (d, 1H, *Jy y=
16.5 Hz, CH=CH); 6.95 (d, 1H, 3J; y=16.5 Hz,
CH=CH); 6.72 (d, 1H, 3J;; ;3= 16.0 Hz, CH=CH); 4.49
(s, 2H, CsH,); 4.33 (s, 2H, CsH,); 4.16 (s, 5H, CsHJ).
13C-NMR (300 MHz, CDCl,): § 67.7, 70.1 (4C, CsH,);
69.9 (5C, CsHy); 83.7 (1Cq, CsHy); 108.5 (1C, CN);
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125.8, 126.1, 126.8, 127.6, 128.1, 128.8, 133.7, 133.8
(12C, CH=CH and Cg4H,); 127.9, 134.9, 139.3, 143.9
(4Cq, CcHy); 196.8 (4C, CO); 200.5 (1C, CO). IR
(cm~1): 2075 (s), 1976 (sh), 1922 (vs). Anal. Calc. for
compound 10-(E,E), C;,H, FeNOW (M, =739.23):
C, 52.00; H, 2.86; N, 1.89. Found: C, 53.24; H, 2.74; N,
1.81%. Electrospray MS. Cone 30 V. m/z (fragment):
739, M.
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