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Abstract

Reaction of dodecacarbonyl-triiron with the 12-membered bis(butatriene) results in phenyl ring metallation and an intramolec-
ular crosslinking of the macrocycle with the formation of a system of three condensed rings. The central core of the complex is
formed by Fe2(CO)6 unit bridged by an organic ligand which is h3:h1-bonded by the p-allylic system and h2-bonded by the olefinic
group. The molecular structure of the complex was determined by X-ray diffraction. Differences in fragmentation patterns in MS
(EI and LSIMS) were examined. Comparative studies of the geometry of the complex obtained and a series of compounds with
isostructural core have been carried out. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

In reaction of dodecacarbonyl-triiron with the single
butatriene system, complexes containing binuclear
[Fe(CO)3]2 core attached to the ligand with two identi-
cal asymmetric allylic p bonds [1–6] are formed
(Scheme 1). In arene-substituted derivatives of buta-
triene, the aromatic rings are not involved in the
complexation.

During the investigations of the complexation reac-

tions of bis-cumulene 12-membered macrocyclic system
with iron carbonyls, several organocarbonyliron com-
pounds have been obtained [7]. In the reaction with
Fe3(CO)12, a product of the composition [L·Fe2(CO)6]
was isolated in two isomeric forms. This composition
could suggest the engagement in the complexation of
only one of the cumulene chains but this was contra-
dicted by the analysis of the UV spectra — the strong

Scheme 1. Schematic structure of complexes obtained from a buta-
triene system in reaction with Fe3(CO)12.

Abbre6iations: L, organic ligand of the complex I; MS, mass
spectrometry; EI, electron impact; LSIMS, liquid secondary ion mass
spectrometry; NBA, m-nitrobenzyl alcohol; MIKE, mass-analyzed
ion kinetic energy; PFK, perfluorokerosene; PFTBA, hepta-
cosafluorotributylamine.
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maximum at l=366 nm typical for this butatriene
system was absent. Therefore, the structure of the new
complex was completely different from the known
symmetric double p-allyl system.

Scheme 2. Complexation reaction of tetraphenyl-bis(butatriene) with
Fe3(CO)12.

Fig. 1. ORTEP diagram of I on 30% probability level showing the
atom labeling scheme. Hydrogen atoms are omitted for clarity.

position C(22) in the phenyl ring to the carbon C(3) of
the former cumulene chain occurred, followed by
metallation of this ring by the iron atom. The molecu-
lar structure of the complex is shown in Fig. 1. Se-
lected bond lengths and bond angles are presented in
Table 1.

The central core of the complex, as shown in Fig. 2,
is formed by two s-bonded Fe(CO)3 units, linked to the
organic ligand so that Fe(1) is h3-bonded to the allylic
system including the carbon atoms C(1)C(21)C(22),
whereas Fe(2) is h2-bonded to olefinic carbons
C(2):C(3) and s-bonded to C(22). The carbon atom

Table 1
Selected bond lengths (A, ), valence and torsion angles (°) for I

Bond lengths (A, )
Fe(1)�C(1A) Fe(2)�C(2A)1.768(3) 1.761(3)

1.778(3)Fe(2)�C(2B)Fe(1)�C(1B) 1.787(3)
Fe(1)�C(1C) Fe(2)�C(2C)1.812(3) 1.836(3)

2.081(2)Fe(1)�C(1) Fe(2)�C(22) 2.005(2)
2.202(2)Fe(2)�C(3)Fe(1)�C(21) 2.122(2)

2.126(2)Fe(1)�C(22) Fe(2)�C(2) 2.335(2)
C(1)�C(21)Fe(1)�Fe(2) 1.438(3)2.6305(8)

1.455(3)C(1)�C(2) C(1)�C(12) 1.501(3)
1.397(3)C(2)�C(3) (2)�C(9) 1.491(3)
1.531(3)C(3)�C(4) C(9)�C(10) 1.351(3)

C(21)�C(22) C(21)�C(26)1.426(3) 1.430(3)
C(22)�C(23) 1.429(4) C(23)�C(24) 1.357(4)
C(24)�C(25) 1.354(4)C(25)�C(26)1.401(5)

Bond angles (°)
C(1)�Fe(1)�C(21) 40.01(9) C(22)�Fe(2)�C(3) 87.24(9)
C(1)�Fe(1)�C(22) C(22)�Fe(2)�C(2)69.60(10) 80.02(9)

39.24(10)C(21)�Fe(1)�C(22) C(3)�Fe(2)�C(2) 35.72(8)
177.8(2)O(1A)�C(1A)�Fe(1) O(2A)�C(2A)�Fe(2) 175.1(2)
178.2(2)O(1B)�C(1B)�Fe(1) O(2B)�C(2B)�Fe(2) 176.9(2)

O(1C)�C(1C)�Fe(1) 171.9(2)O(2C)�C(2C)�Fe(2)176.1(3)
C(3)�C(2)�C(1)115.3(2)C(21)�C(1)�C(2) 126.8(2)

119.8(2)C(1)�C(2)�C(9)C(3)�C(2)�C(9) 110.4(2)
121.4(2)C(10)�C(9)�C(2) 113.9(2)C(22)�C(21)�C(1)

C(1A)�Fe(1)�Fe(2)C(1C)�Fe(1)�Fe(2) −4.72(12) 5.52(11)
�C(2C)�C(2A)

23.9(3) 157.3(2)C(21)�C(1)�C(2)�C(3) C(1)�C(2)�C(3)�C(4)
−12.5(3)C(2)�C(1)�C(21)�C(22) C(1)�C(21)�C(22)42.2(3)

�Fe(2)

Fig. 2. General view of the central core structure in complexes
investigated.

2. Results and discussion

Of the two isomeric complexes obtained in the reac-
tion of cyclic (bis)butatriene system with dodecacar-
bonyl-triiron (Scheme 2), only one isomer (I) formed
well-shaped crystals suitable for X-ray analysis. The
other isomer was isolated with a very low yield (ca.
1%).

2.1. Molecular structure

As found by X-ray crystallographic studies, reaction
with dodecacarbonyl-triiron causes a dramatic struc-
tural rearrangement in the molecule of the macrocyclic
bis(butatriene), resulting in intramolecular crosslinking
of the cumulene chains and in forming three con-
densed rings: two five- and one six-membered. Fur-
thermore, migration of the hydrogen atom from
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Fig. 3. Scatter plot of Fe(2)�C(2) vs. Fe(2)�C(3) bond lengths in (A, )
observed in complexes 1–11 and I.

Fe(1)�C(1)C(21)C(22) is almost symmetric, the bond
lengths being: Fe(1)�C(1) 2.081(2), Fe(1)�C(21) 2.122(2)
and Fe(1)�C(22) 2.126(2) A, . The important feature of
this structure is that Fe(2) is asymmetrically bonded to
the olefinic part of the molecule, C(2):C(3). The respec-
tive distances are: Fe(2)�C(2) 2.335(2), Fe(2)�C(3)
2.202(2) A, .

The bond system observed in the central core of the
complex I is found in a series of structurally character-
ized compounds taken from the Cambridge Structural
Database (CSD) [8] (11 entries [9–19]). The general
folding of the central core in these complexes is in
agreement with that observed in I. Selected structural
data for I and for compounds chosen from the CSD are
collected in Table 2. Thus, the Fe(1)�Fe(2) bond length
in I is 2.6305(8) A, and corresponds well with the mean
value of 2.629 A, calculated for above-mentioned 11
structures (maximum and minimum values are 2.667
and 2.602 A, ). For comparison, the bond length be-
tween iron atoms in Fe2(CO)9 is 2.523 A, [20], and in the
symmetric bis(p-allylic) complex with a binuclear
[Fe(CO)3]2 central core obtained from butatriene, it is
2.591 A, [3].

The above group of complexes can be divided into
two sets that differ in the length of the p-bond, ex-

C(1) is located near the mean plane of the metallated
ring C(21)�C(26) (deviation 0.083(4) A, ) while the devia-
tion of Fe(2) atom is 0.279(4) A, . The p-allylic bond

Scheme 3. Proposed EI and LSIMS mass spectral fragmentation pattern for I, where L means the organic ligand C36H28. Under formulas of ions
the m/z values are presented (relative intensities of signals in brackets). Composition of fragments marked by asterisks was not confirmed by
accurate mass measurements because of low intensity of their signals.
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C(1)C(2)C(3), containing both p and p-allylic donor
systems. Thus, significant correlations between the ab-
solute value of the torsion angle C(22)�C(21)�
C(1)�C(2) and the length of the Fe(2)�C(3) bond (cor-
relation coefficient R=0.821), as well as the C(21)�
C(1)�C(2)�C(3) angle and the Fe(2)�C(2) distance
(correlation coefficient R= −0.812) have been ob-
served.

For the complexes under study, the conformation of
terminal carbonyl groups in the central [Fe(CO)3]2 core
is close to syn-periplanar (the values of torsion angles
C(1c)�Fe(1)�Fe(2)�C(2a) and C(1a)�Fe(1)�Fe(2)�C(2c)
are given in Table 2). The lowest deviations from the
theoretical syn-periplanar conformation were noted for
the compound I.

2.2. Mass spectral in6estigations

As observed earlier [4], for complexes obtained from
a single butatriene system, having binuclear structure
[L·Fe(CO)3]2 with the core attached to the ligand (L)
with two identical asymmetric allylic p-bonds, the frag-
mentation pattern starts with successive loss of six CO
groups and both iron atoms. In contrast to that, in
complexes formed from phenyl-substituted aldazines
only the CO groups are split off prior to fragmentation
of the ligand, which begins in the [L·Fe2]+� moiety [21].
This is presumably due to the strong s-bonds between

pressed as a mean value of the interatomic distances
Fe(2)�C(2) and Fe(2)�C(3), for which high values of
standard deviation were observed. As expected, the
p-bond is significantly weaker in the case of aromatic
donor (mean length 2.425 A, ) as compared with the
olefinic one (2.232 A, ). The differences in p-bond are
outlined in Fig. 3 (complexes 8–11, 1–5, and I, respec-
tively; see also mean values of the p-bonds in Table 2).

In general, the p-bond is nearly symmetric except for
compounds in which the donor is unilaterally conju-
gated, e.g. in compounds 4 and 5 (Table 2). In these
complexes the carbon atom C(3) is bound to the alkoxy
group, and the distance Fe(2)�C(3) is longer by 0.163
and 0.150 A, , respectively, as compared with
Fe(2)�C(2). A similar asymmetry was observed in 11
with an ester moiety at C(3) carbon atom, in which the
Fe(2)�C(3) distance is longer by 0.077 A, than that
between Fe(2) and C(2) atoms.

In contrast to the increased Fe(2)�C(3) distance in
the compounds described above, in complex I the
Fe(2)�C(2) bond is weaker, i.e. longer by 0.133 A, . This
can be explained by the coupling with the olefinic
moiety C(9)�C(10), which is bound to the other side of
the p-donor (to the atom C(2), see Fig. 3).

The lability of p-bonding expressing itself in substan-
tial changes of bond lengths and deviations from sym-
metry within the group of compared compounds is
critical for conformation of the chain C(22)C(21)-

Fig. 4. EI mass spectrum of I.
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the iron and nitrogen atoms and also metallation of the
aromatic ring in complexes obtained from phenylaldazi-
nes [22]. The MS measurements described in Refs.
[4,21] were carried out using EI ionization.

In the present work two distinct fragmentations for
complex I have been noted (shown in Scheme 3), de-
pending on whether the EI or LSIMS method was
applied.

2.2.1. EI method
When the classic EI ionization method was applied,

no molecular ion has been observed and the first very
weak signal occurred at m/z 712 (intensity 3%) as a
consequence of loss of one CO molecule (Fig. 3). A
successive loss of the next five CO moieties and both Fe
atoms results in fragmentation ion at m/z 460 (100%,
ca. four times more abundant than the next most
intense signal at m/z 356), which represents the ligand
C36H28. EI and LSIMS fragmentation patterns are
shown in Scheme 3.

Further fragmentation proceeds along five main
pathways, all starting with the ion of the ligand. In
general, high mobility of hydrogen atoms could be
noted in both EI as well in LSIMS experiments.
Phenylethylene molecule is formed, presumably in the
rearrangement of the phenyl substituent. Alternatively,
an independent loss in one step of the phenyl group and
of the ethylene molecule could be considered. An
analogous loss of the C6H4 ring (phenyl initially dehy-
drogenated by metallation in complexation reaction)
with ethylene results in the ion at m/z 356. Without
rearrangement of the phenyl group the phenylpropylene
molecule PhC:CHCH3 can be split off, giving the frag-
mentation ion at m/z 343. In another pathway, the loss
of tolyl group C7H7 was observed. The EI spectrum is
shown in Fig. 4.

The described fragmentation of the ion at m/z 460
arising from the ligand was confirmed by the measure-
ments of the metastable ion spectra —B/E linked scan
spectrum in the first field-free region and mass-analyzed
ion kinetic energy spectrum (MIKE) (daughter ions at
m/z 383, 369, 356, 355 and 343; see Fig. 5).

2.2.2. LSIMS method
The atypically abundant fragmentation observed in

the LSIMS experiment (for spectrum see Fig. 6) corre-
lated with a relatively low intensity of the molecular ion
signal points to the lability of the molecule I. Moreover,
the fragmentation is significantly different from that
obtained by the EI method (Fig. 4). A weak signal (4%)
originating from unprotonated molecular ion at m/z
7401 was followed by loss of six terminal carbonyls
and one iron atom. The loss of CO, 3CO, 4CO, 5CO,
6CO and Fe(CO)5 was noticed, giving fragmentation
ions at 712*, 656, 628, 600, 572, and 544 m/z. The lastT
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CO group split off, resulting in the ion [L·Fe]+� at
m/z 516. In contrast to the EI spectrum, the fragmen-
tation of the organic ligand started in [L·Fe]+� so that
no ion at m/z 460 derived solely from the ligand could
be observed.

The spectrum reveals possible loss of toluene with
simultaneous removal of the iron atom (m/z 289).
Formation of the toluene molecule requires an initial
rearrangement of phenyl and hydrogen atoms. Re-
maining paths of the fragmentation are shown in
Scheme 3, one of them leading to the highly unsatu-
rated ion C30H16

+.
The composition of fragmentation ions discussed

above and shown in Scheme 3, investigated by both
EI and LSIMS methods, was confirmed by accurate
mass measurements (see legend to Scheme 3 for de-
tailed explanation). In the LSIMS experiments, the
metastable ions were not measured because of low
intensity of signals.

The results of mass spectral investigations of I indi-
cate a relatively strong bond between the iron atom
and the ligand in [L·Fe]+�, considering the low stabil-
ity of the whole molecule. One might assume that the
iron atom remains attached to the metallated phenyl
ring, since no loss of the C6H4 moiety was noted in
LSIMS measurements in contrast to the EI method.
Furthermore, the abundant signal of the ligand-
derived ion (m/z 460) in the EI spectrum testifies to
the stability of this group. The above results prove the
need to apply both EI and LSIMS techniques to gain
complementary results in the MS study of this class of
compounds.

2.3. Conclusions

The comparison of the structural features of the
complexes under study leads to the conclusion that the
geometry of the central core is closely correlated with
the character of the p-bond. As expected, the strength
of this bond is noticeably different for aromatic and
olefinic donors. Furthermore, its deviation from sym-
metry is due to the electronic properties of its sub-
stituents conjugated with the donor. The p-allylic and
s Fe�L bonds are more stable and their geometry is
subject to relatively limited changes.

In the mass spectral investigation of I, atypically
abundant fragmentation was observed in LSIMS ex-
periments, with fragmentation patters significantly dif-
ferent from those seen in EI. The lability of the entire
complex molecule but relative stability of the Fe�L
bond were observed.

3. Experimental

Complex I was obtained according to the method
described in Ref. [7]. Macrocyclic cumulene, 1,4,7,-
10-tetraphenyl-cyclododecahexa-1,2,3,7,8,9-ene (0.43
mmol) and tri-iron dodecacarbonyl (1.20 mmol) in 40
cm3 of oxygen-free isooctane were refluxed, chro-
matographed on Kieselgel 60 (Merck) and recrystal-
lized from n-hexane, giving air-stable diamagnetic red
crystals. From among two isomers a (42% yield) and b
(0.9%) only a formed well-shaped crystals suitable for
X-ray analysis.

3.1. X-ray structure determination

A single crystal of I, suitable for X-ray diffraction
studies, was mounted on a goniometer head of a four-
circle P3 (Siemens AG) diffractometer. The crystal
class and the orientation matrix were obtained from
the least-squares refinement of 35 reflections using
graphite-monochromated Mo–Ka radiation (l=
0.71073 A, ). Intensities were collected in the v−2u

mode. A total of 6284 measured intensities were
corrected for Lorentz and polarization factors. An ana-
lytical absorption correction (Gaussian integration)

Fig. 5. MIKE spectrum of [L]+ ·.

1 Composition of ions marked by asterisks was not confirmed by
accurate mass measurements due to low intensity of signals.
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was applied on the basis of the well defined crystals
shape.

The structure was solved in P1( space group by direct
methods using the SHELXS-86 [23] program, which re-
vealed the positions of metal, oxygen and a majority of
the C atoms. Full-matrix least-squares refinement
method against F2 values was carried out by using the
SHELXL-97 program [24]. All non-hydrogen atoms were
refined with anisotropic displacement parameters. The
H atoms were refined with fixed geometry, riding on
their carrier atoms, with isotropic displacement
parameters. Difference Fourier maps, calculated at a
late stage of the refinement, showed no significant
features. The weighting scheme used was w−1=
s2(Fo

2)+ (0.0438P)2+0.444P, where P=1/3(Fo
2 +2F c

2).
The selected crystallographic data, the parameters of
data collections and refinement procedures are pre-
sented in Table 3. Crystallographic data for the struc-
tural analysis has been deposited with the Cambridge
Crystallographic Data Centre, CCDC no. 120643 for
compound I.

3.2. Mass spectral analysis

Mass spectra were recorded on an AMD-604 double-
focusing spectrometer with BE geometry (AMD Intectra,
Germany). A standard EI spectrum was obtained with
electron energy 70 eV, acceleration voltage 8 kV and ion
source temperature 220°C. Samples were introduced
using a direct insertion probe heated, when required, in
the range 30–120°C. LSIMS spectra were measured on
the same instrument using 10 keV Cs+ as a primary ion
beam and NBA as a matrix. Accurate mass measure-
ments were carried out at a resolution of 8000 (10% valley
definition) at a ionization energy of 70 eV and an
acceleration voltage of 8 kV by use of PFK or PFTBA
as the references.

During the measurements of the MIKE spectrum four
scans were recorded and averaged to improve the mass
accuracy and signal-to-noise ratio. The daughter-ion
spectrum (linked-scan at constant B/E) in the first
field-free region was measured under the conditions
described for the MIKE spectrum.

Fig. 6. LSIMS mass spectrum of I.
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Table 3
Crystal data and structure refinement for I

C42H28Fe2O6Empirical formula
Formula weight 740.34
Temperature (K) 293(2)

0.71073Wavelength (A, )
Crystal system Triclinic

P1(Space group
11.661(3)a (A, )
12.733(3)b (A, )

c (A, ) 13.732(3)
a (°) 67.046(17)

78.382(19)b (°)
g (°) 66.139(18)
V (A, 3) 1714.8(7)
Z 2
Dcalc. (Mg m−3) 1.434
Absorption coefficient (mm−1) 0.895
F(000) 760
Crystal size (mm3) 0.40×0.30×0.20
u range for data collection (°) 2.1–25.0
Index ranges 05h513, −135k515,

−165l516
Reflections collected 6284
Independent reflections 5966, Rint=0.0144
Completeness to theta=25.0° 98.2%
Absorption correction Gaussian, from crystal shape
Max. and min. transmission 0.855 and 0.771
Refinement method Full-matrix least-squares on F2

5966/0/482Data/restraints/parameters
Goodness-of-fit on F2 1.029
Final R indices [I\2s(I)] R1=0.0325, wR2=0.0792
R indices (all data) R1=0.0456, wR2=0.0841
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