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Macrocyclic Double Ferrocenes, Their Stereostructure, and an IR and NMR
Spectroscopic, X-ray Crystallographic, and Conformational and Dynamic
Investigation!*!
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Condensation reactions of 1,1'-diacetylferrocenes with hy-
drazine afford a series of novel ferrocenophanes with two in-
corporated ferrocene units. NMR spectroscopy is used to es-
tablish the free rotation of the —-CH=N-N=C(R)- bridging
chains (R = H, Me, Ph) and the rigidity of the -C(Me)=N-
N=C(Me)- chain(s) in these macrocycles. The results of theo-
retical studies on molecular dynamics of these molecules car-

ried out by density functional calculations are consistent with
the spectroscopic observations. The stereostructures of the
new compounds were confirmed by IR, 'H and '3C NMR
spectroscopy, including 2D-COSY, 2D-HMQC and 2D-
HMBC measurements, and by mass spectrometry.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

In the last decades the chemistry of bidentate nitrogen
ligands has received considerable attention due to the fasci-
nating structure and promising catalytic activity of their
palladium complexes in alkyne oligomerisation and in se-
veral kinds of cross-coupling reactions.l*! A series of further
rigid 1,4-bidentate ligands, diferrocenyl-substituted 1,5-bi-
dentate ligands® and non-rigid 1,4-nitrogen ligands with
ferrocenyl Schiff-base units,[® as well as a few interesting
mononuclear zinc, copper,® nickel,[”! platinum® and binu-
clear palladium and platinum™ complexes have also been
described. The number of known examples of nitrogen-con-
taining macrocycles with two bridged ferrocene units is,
however, limited.['” These facts prompted us to prepare and
characterise such tetradentate ligands in which two azine
groups (2,3-diaza-1,3-butadienes) and two ferrocene units
are incorporated in a macrocycle potentially capable of co-
ordinating one or two metal atoms to furnish a novel group
of complexes expected to have catalytic activity and even
some interest in biological applications.!'!]

Results and Discussion

1,1'-Diformyl-, 1,1'-diacetyl-, 1-acetyl-1’-formyl- and
1,1’-dibenzoylferrocene (1a-d, respectively) were condensed
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with hydrazine hydrate in ethanol (Method A: Scheme 1).
Depending on the steric demand of the acyl group and the
applied reaction time, la—c were converted into three types
of products (4b, 5¢ and 6a-d). In shorter reaction times
(0.5-3 h) 1,1’-diformylferrocene (1a) directly afforded the
poorly soluble dimer 6a, whereas 1,1'-diacetylferrocene (1b)
and l-acetyl-1'-formylferrocene (1¢) underwent partial con-
densation to afford bis-hydrazone 4b and bis-azine 5c,
respectively. Acid-catalysed condensation of 4b with 1la
(method B) gave macrocycle 6e in reasonable yield (57 %).

Probably due to unfavourable steric conditions 1d could
not be transformed into the tetraphenyl-substituted macro-
cyclic dimer, but its acid-catalysed condensation with hydra-
zine hydrate (method C) led to 4d, treatment of which with
1a (method B) in situ gave macrocycle 6f. So far we have
not been able to isolate 4d as the assumed bis-hydrazone
intermediate is contaminated by many unidentified impuri-
ties. As this mixture was used directly for the condensation
with 1a by method B, the overall yield of 6f was very low
(8%).

Both the prolonged treatment (30 h) of 1b with an etha-
nolic solution of hydrazine hydrate (method A) and acid-
catalysed self-condensation of bis-hydrazone 4b in the ab-
sence of hydrazine (method D) gave 6b.

As for the effect of hydrazine hydrate (method A), both
1c and 5S¢ were converted into the same mixture (approx.
45-55%) of constitutional isomers 6¢ and 6d. It seems rea-
sonable that condensation of the acetyl groups in 5¢ yields
macrocycle 6¢ directly, whereas the competitive cleavage of
the azine moiety regenerates hydrazone 2¢, “head to tail”
dimerisation of which gives macrocycle 6d. Hydrazones 2a
and 2b can also be considered as intermediates in the reac-
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Scheme 1. A: N>H4-H,O, reflux, EtOH, 0.5-30 h; B: 1a, reflux in EtOH/AcOH (100:1), 3 h; C: N,H4-H-O, reflux in EtOH/AcOH (100:1),

5h; D: reflux in EtOH/AcOH (100:1), 3 h.

tions leading to 6a and 6b, respectively. The dimer structure
for 6a and 6b was confirmed by mass spectrometry.

The formation of diazabutadiene-bridged ferroceno-
phanes of type 3 was not detected even in traces. In order
to get comparable energetic data we carried out density
functional calculations at the RB3LYP level of theory using
the LANL2DZ basis set and the Gaussian program pack-
agel'?] for 3a—c and the eclipsed and staggered forms of the
corresponding dimers 6a—c. On the basis of the heats of
formation obtained after geometry optimisation it is obvi-
ous that the monomeric ferrocenophanes have a consider-
ably more-strained structure and, consequently, the dimeris-
ation 2 — 6 generally seems to be a much more favoured
process than the cyclisation 2 — 3 (see Table 1). The stag-
gered conformation of 6b determined by X-ray diffraction
(Figure 1) is also in agreement with the results of theoretical
calculations [AE(6b/ecl — 6b/st) = 5.6 kJmol!]. On the basis
of this result, a staggered conformation in the solid state
can also be predicted for the dimethyl-substituted isomers
6¢c—e (Table 1).

The symmetry properties of macrocycles 6a—f depend on
the mutual orientation of the Cp rings and the binding
chains, and their flexibility. In rigid structures with coplanar
Cp rings and binding chains (C=N double bond) the atomic
pairs C/H-2 and C/H-5, and C/H-3 and C/H-4, respectively,
are diastereotopic and, consequently, chemically non-equiv-
alent (Table 2 and Table 3). In such conformations one of

1660 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 1. Relative energy [kJmol '] of the hypothetical H- and Me-
substituted monomers 3a—c and the eclipsed and staggered forms
of dimers 6a—el®"!

6a/ecl — 2X3a -198.2
6a/stag — 2%X3a -197.2
6b/ecl — 2% 3b -168.1
6b/stag — 2%x3b -173.7
6¢c/ecl — 2% 3¢ -182.7
6¢/stag — 2 X3¢ —185.8
6d/ecl — 2% 3¢ -181.3
6d/stag — 2% 3¢ —-186.1
2 X 6alecl — 6a/stag -1.1
6b/ecl — 6b/stag 5.6
6¢c/ecl — 6¢/stag 3.1
6d/ecl — 6d/stag 4.7

[a] Compound 6e is not an alternative dimer product of any mono-
mer ferrocenophane. [b] E(6e/ecl.) — E(6e/stag.) = 2.1 kJmol .

the H-2 and H-5 signals must be shifted downfield due to
anisotropy of the closer lying lone pair on the N atom. In
the flexible structures with two freely rotating binding
chains the above-mentioned atomic pairs must become iso-
chronous and have identical NMR signals. In fact, in the
'"H and '*C NMR spectra of 6b and 6¢ the C/H-2,5 and
C/H-3,4 atomic pairs have separate signals, while in the
spectra of our other macrocycles (6a,d,e,f) these pairs have
identical signals.

In an attempt to clarify the conformational features of
the new compounds we carried out NMR measurements at
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Figure 1. Ortep diagram of 6b. Only non-hydrogen atoms are
labelled. The molecule has three, twofold axes perpendicular to
each other (point group D,). The ellipsoid probability is 30%.

different temperatures. [Dg]DMSO solutions of compounds
having separated signals was heated to about 430K,
whereas the others with identical signals for atomic pairs
C/H-2,5 and C/H-3,4 were cooled (in CDClj; solution) to
about 210 K. All these VT NMR experiments proved nega-
tive as no changes, even broadening of the signals, were
observed in the spectra recorded at different temperatures.
Consequently, 6b and 6c must contain Cp rings that are
coplanar with the plane of the C=N double bonds. These
results are reasonable because the internal rotation of one
or both —C(Me)=N-N=C(Me)- binding chain(s) in 6b and
6¢c must be hindered as one of the bulky methyl groups
would transitionally have to occupy the sterically unfavour-
able endo position inside the macrocycle.

This assumption was clearly confirmed by theoretical
modelling at the RB3LYP/LANL2DZ level of theory. The
relative energies of the species involved are listed in Table 4.
The computations on the flexible compounds 6a.d,e re-
sulted in two, low-energy conformations (eclipsed and stag-
gered, see 6a in Figure 2) and a high-energy conformation
(local minimum 6/lm) separated by two transition states
(saddle points 6/tsl and 6/ts2). The interconversion between
the eclipsed and staggered conformations, which results in
the chemical equivalence of C/H-2 and C/H-5, and C/H-3
and C/H-4, respectively, can take place by a pathway that
avoids the unfavourable inside position of the bulky methyl
group. In the first phase of the pseudorotation the half seg-
ment of one of the bridging chains (CR=N, R = H or Me)
turns out of the plane of the adjacent Cp ring with H or
Me in the outside position and, through one of the transi-
tion states (6/tsl), arrives at the local minimum (6/lm). In
the second phase the rotation of the other half segment
(CH=N) takes place through the other transition state (6/
ts2), where the H atom gets inside the macrocycle.

The above mode of pseudorotation involves the assump-
tion that the Me group can only exchange its positions by
sweeping outside the macrocycle while the azomethine hy-
drogen can get inside the macrocycle. This was experimen-
tally supported by DIFFNOE measurements detecting the
following time-average interactions in 6d: when irradiating
the methyl H’s a response of the H-2,5 signal of the Cp
rings bonded to C(Me)=N group was observed, while the
saturation of the azomethine H signal resulted in responses

Table 2. Characteristic IR frequencies™ and '"H NMR spectroscopic datal of compounds 4b and 6a—f.[]

vC=N  v,Cp-Fe-Cp and tilt of CH;(s,3H) =CH (s, | H H-2,5(2H) H-34(2H) H-2,5(2H) H-3,4 (2 H)
band Cp bands!!3
Cp ring vicinal to CH=N  Cp ring vicinal to C(CH3)=N

4b 1643 525, 512, 488 1.87 - - - 4.42 4.18
6a 1624 503, 490 - 8.55 5.15 4.50 - -
6b 1599 536, 473 2.42 - - - 5.04,14 4,15 4.48, 4.63
6¢ 1609 549, 510, 481, 459 2.45 8.40 497141486 4471432 5324484 4.41,c14.22
6d 1611 547, 513, 493, 480, 458 2.46 8.32 4.90 4.36 5.04 4.34
6e 1615 547, 506, 478, 460 2.40 8.16 4.94 4.29 4.88 4.30
6fl11 1607 539, 503, 473 - 8.53 4741 ~4 2lel 4,741 ~4.2lel

[a] As KBr discs [cm™']. Further IR bands: vNH, (4b): 3437, 3354, 3207 cm'. [b] In CDCl; solution at 500 MHz. Chemical shifts in
ppm (6rms = 0 ppm), coupling constants in Hertz. Further '"H NMR signals: 6(NH,) (4b) = 5.84 ppm (s, 22 H); phenyl groups (6f): &
=17.70 (d, (2 H, H-2,6), 7.45 (t, 2 H, H-3,5), 7.40 (t, 1 H, H-4). [c] Assignments were supported by HMQC (6b-e) and 2D-COSY (6¢c—
e), and for 6¢ also by DIFFNOE measurements. [d] H-2: near (s-cis) to the coplanar nitrogen atom. [e] H-3. [f,g] Overlapping signals.

Table 3.13C NMR chemical shifts®! of compounds 4b and 6b—f.["]

CH; =CH =CRI C-1 C-2,5 C-34 C-1 C-2,5 C-34
Bridging chain Cp ring vicinal to CH=N Cp ring vicinal to C(R)=NI!

4b 13.5 - 143.8 - - - 88.0 67.0 69.8
6b 16.1 - 164.8 - - - 86.4 69.0,14 69.9 72.6,€171.3
6¢ 16.5 161.6 163.3 80.5 69.5,¢1 71,210 72.01¢170.8 87.4 67.0,141 71 211 71.8.1¢1 69.8
6d 16.6 159.3 166.1 82.0 70.4 71.3 86.1 69.2 71.1
6e 16.7 159.7 166.5 82.1 69.8 71.1 85.4 70.1 71.2
6f - 161.7 168.8 82.0 70.811 71.7%e 85.4 70.811 71.8el

[a] In ppm (dtms = 0 ppm) at 125.7 MHz. Solvent: CDCl;. Further lines: phenyl groups (6f): 0 = 137.3 (C-1), 129.6 (C-2,6), 127.6 (C-
3,5), 128.4 (C-4) ppm. [b] Assignments were supported by HMQC (except for 6f), HMBC (except for 6b) and for 6b also by DEPT
measurements. [c] R = Me (6b-e) or Ph (6f). [d] C-2: near (s-cis) to the coplanar N. [e] C-3. [f] Overlapping signals. [g] Interchangeable

assignments.
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Table 4. Calculated energies [kJ mol ] for the rotamers of 6a,c—e.

Rot- 6/tsl — 6/ecl  6/lm — 6/tsl  6/ts2 — 6/Im  6/stag — 6/ts2
amer

a 50.9 -14.1 14.3 -50.1

clal 37.0 -1.6 518.2M1 —556.711
d 38.2 -6.5 11.4 -47.8

e 41.1 -8.8 13.0 -47.3

[a] For the rotation of the -C(Me)=N-N=C(Me)- chain. [b] Taking
the single-point energy of the ts2-like structure into account.

of both pairs of Cp rings vicinal to C(Me)=N and also to
the CH=N groups.

Applying the same calculation for the rotation of the
—C(Me)=N-N=C(Me)- binding chain in 6c¢ it turned out
that a saddle-point which would represent a 6/ts2-like tran-
sition state with an endocyclic Me group was not found.
The energy obtained for such a highly crowded structure is
556.7 kJmol™! higher than the energy of 6c/st (Table 4).
This means that, in agreement with our preliminary expec-
tations, the rotation of the —C(Me)=N-N=C(Me)- chain
cannot take place in our macrocycles. Due to the presence
of the non-rotating dimethyl-substituted chain the rotation
of the -CH=N-N=CH- binding chain does not result in
chemical equivalence of the C/H-2,5 and C/H-3,4 atomic
pairs in 6c¢, so they exhibit separate NMR signals. From
these studies and the NMR experiments we suppose that
this chemical equivalence can only be achieved by the in-

ba/ts]

ternal rotation of both bridging chains each carrying at le-
ast one H atom. This means that this mechanism is appli-
cable even to the molecular dynamics of the diphenyl-sub-
stituted macrocycle 6f, which also exhibits coalesced C/H-
2,5 and C/H-3,4 signals. When comparing the theoretical
and VT NMR results the following comment is necessary.
The calculated energy barriers listed in Table4 (40—
50 kJmol ') seem to be high enough to cause separation of
the aforementioned signals of 6a,d,e,f at 210 K. This appar-
ent discrepancy can be resolved as follows. The use of a
more extended basis set and solvent model, which unfortu-
nately is prevented by our limited computation capacity,
would probably give calculated energy values that are in
better agreement with the experiments. However, the results
of our calculations carried out for a vacuum model give
a definite substituent dependence for the dynamics of the
bridging chains, whose tendency is certainly consistent with
the experiments.

Finally, we performed a geometry optimisation at the
RB3LYP/LANL2DZ level for an input geometry of 6a in
which both chains were set in an s-cis arrangement. The
calculation converged to a conformer (6a/gauche, Figure 3)
containing bridging chains twisted to a gauche-like position
(dihedral angle found for C=N-N=C sequence: 62.9°), but
its energy is higher by 34.9 kJmol! than that of 6a/Im.
(This energy is higher than even those of 6a/tsl and 6a/ts2
by 20.8 kJmol ! and 20.5 kJmol ™!, respectively.) This result

Ga/ts2

AE =507 AE=499
kJ/mol k)/maol
= & AE (6a/ecl - 6a/stag) » i
=-1.0 kl'mol !
ba'ecl 6a/stag
Figure 2.

1662 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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6a in “gauche” conformation

Figure 3. This structure was optimised at the BALYP/LANL2DZ level of theory.

suggests that conformations of type 6/gauche can be ruled
out in the molecular dynamics of our macrocycles.

Conclusions

Ferrocenophanes 6a—f are the first representatives of a
novel heteromacrocyclic system whose molecular dynamics
are controlled by the steric demand of the substituents on
the bridging chains. In the light of this a series of further
diverse interesting ferrocenophanes with predictable dy-
namic properties can be prepared and evaluated as poten-
tial ligands in homogeneous catalysis.

Experimental Section

General: Melting points (uncorrected) were determined with a Boe-
tius microstage. IR spectra were recorded from KBr pellets with a
Bruker IFS 55 FT spectrometer. 'H and '3C NMR spectra were
recorded in CDClj solution in 5 mm tubes at room temp. on a
Bruker DRX 500 spectrometer at 500 (‘H) or 125 ('*C) MHz, using
TMS as internal reference with the deuterium signal of the solvent
as the lock. The standard Bruker microprogram NOEMULT.AU
to generate NOEs was used with a selective pre-irradiation time.
DEPT spectra were run in a standard manner, using only the ® =
135° pulse to separate CH/CH; and CH, lines phased “up” and
“down”, respectively. 2D-HMQC and 2D-HMBC spectra were ob-
tained by using the standard Bruker pulse programs INV4GS and
INV4GSLPLRND, respectively.

The X-ray measurements were made on a Kappa CCD dif-
fractometer with graphite-monochromated Mo-K,, radiation (1 =
0.71073 A). The crystals were mounted on a glass fibre and data
were collected at a temperature of 293 K.

The mass spectra were recorded with a VG ZAB-2SEQ spectrome-
ter (resolution: 10000) using the electron ionisation method.

1,1’-Diformylferrocene (l1a) and 1-acetyl-1'-formylferrocene (1c)
were prepared according to described procedures.['*15] 1,1’-Diace-
tylferrocene (1b) and 1,1'-dibenzoylferrocene (1d) were purchased
from Sigma—Aldrich.

Condensation Reactions of 1a—c, 4b and Sc by Method A: Hydrazine
hydrate (0.29 mL, 6 mmol) was added to a solution of the carbonyl
component la—c¢, 5¢ (2 mmol) and anhydrous ethanol (30 mL) and
the mixture was heated under reflux. Reaction times: 3 h (for 1a to

Eur. J. Org. Chem. 2005, 1659-1664 WWW.eurjoc.org

give 6a, for 1b to give 4b, for 1c and 5c¢ to give a 45:55 mixture of
6¢ and 6d); 0.5 h (for 1c to give 5¢); 30 h (for 1b to give 6b). The
reaction mixture was then concentrated to about half its volume
and cooled in ice-water. The products separated as a dark-red (Sc,
6a,c,d) precipitate and were filtered off and washed with cold, anhy-
drous ethanol (5 mL) to obtain analytically pure samples. Dihydra-
zone 4b was isolated as follows. After the evaporation of the reac-
tion mixture the oily orange residue was purified by flash column
chromatography over silica using CH,Cl,/MeOH (10:1) and crys-
tallised with cold ethanol (5 mL) to obtain 4b in analytically pure
form. Macrocycles 6¢ and 6d were obtained as a practically insepa-
rable mixture (45-55% as determined by '"H NMR spectroscopy)
from both the precursors (1¢ and 5¢) used.

4b: Orange powder. Yield 0.54g (91%). M.p. 153-155°C.
C4H gFeN, (298.16): caled. C 56.39, H 6.08, N 18.79; found C
56.43, H 6.11, N 18.55.

5¢: Red needles. Yield 042g (83%). M.p. 161-165°C.
C,6H24FeN,O, (508.17): caled. C 61.45, H 4.76, N 5.51; found C
61.53, H 4.82, N 5.47.

6a: Deep-red needles. Yield 0.31g (65%). M.p. 224-227°C.
Cy4HyoFe;Ny (476.13): caled. C 60.54, H 4.23, N 11.77; found C
60.57, H 4.28, N 11.81. MS (EI): caled. for C,yH,oFe,Ny 476.0387;
found 476.0359.

6b: Deep-red powder. Yield 0.33g (62%). M.p. 198-200 °C.
C,gHogFe,Ny (532.24): caled. C 63.19, H 5.30, N 10.53; found C
63.23, H 5.34, N 10.58. MS (EI) calcd. for CysHpgFe,Ny 532.1014;
found 532.1020.

An X-ray crystal structure analysis of 6b revealed the structure de-
picted in Figure 1. Both the ferrocene units and the dimethyl-sub-
stituted chains have a staggered conformation. The point group of
the molecule is D, as the molecule has three, twofold axes (C,)
perpendicular to each other. The main crystal building force is the
interaction between the apolar ferrocene moieties.

CCDC-249559 (for 6b) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Preparation and Partial Separation of a Mixture of 6¢ and 6d: Deep-
red powder. Yield 0.35 g (70%; from the reaction of 1¢) and 0.39 g
(78 %; from the reaction of 5¢). The same composition of the prod-
ucts (45% for 6¢ and 55% for 6d) was obtained by 'H NMR spec-
troscopic analysis of both investigated reactions. Analytically pure
samples were obtained by chromatography of 0.20 g of this mixture
over silica using CH,Cl,/MeOH (70:1) as eluent. Due to partial
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separation, 0.02 g (10%) of 6¢c and 0.04 g (20%) of 6d were isolated
in pure form.

6¢: Red powder. M.p. 198-202 °C. Cy4H»4FesNy (504.19): caled. C
61.94, H 4.80, N 11.11; found C 61.97, H 4.82, N 11.16.

6d: Deep-red powder. M.p. 196-200 °C. C,sH,4Fe>N, (504.19):
caled. C 61.94, H 4.80, N 11.11; found C 61.90, H 4.87, N 11.02.

Preparation of 6e by Method B: Acetic acid (0.30 mL) was added
to a solution of 4b (0.21 g, 0.67 mmol) and 1a (0.16 g, 0.67 mmol)
in anhydrous ethanol (30 mL) and the resulting mixture was re-
fluxed for 3 h. On cooling with ice-water the product separated as
a dark-red powder from the reaction mixture. This was filtered off
and washed with cold anhydrous ethanol (3 mL) to obtain macro-
cycle 6e in a pure form as a deep-red powder. Yield: 0.19 g (57%).
M.p. 208-210 °C. Cy6Ho4FesNy (504.19): caled. C 61.94, H 4.80, N
11.11; found C 61.99, H 4.81, N 11.13.

Preparation of 6f by Method C Followed by Method B: Hydrazine
hydrate (0.48 mL, 10 mmol) and acetic acid (0.30 mL) were added
to a solution of 1d (0.39 g, 1 mmol) in anhydrous ethanol (30 mL)
and the mixture was heated under reflux. After S5h 1a (0.24 g,
1 mmol) was added to the solution which was then boiled for 3 h
and concentrated to dryness. The dark, oily residue was purified
by chromatography over silica using CHCl;/MeOH (20:1) as eluent.
The first, deep-red band was collected. After evaporation of the
eluent the oily residue was crystallised with cold ethanol (1.5 mL)
to obtain the analytically pure macrocycle 6f as a deep-red powder.
Yield: 0.05 g (8%). M.p. 189-191 °C. C3sHgFe,Ny (628.32): calcd.
C 68.82, H 4.49, N 8.92; found C 68.84, H 4.54, N 8.97.

Acid-Catalysed Dimerisation of 4b by Method D: Acetic acid
(0.30 mL) was added to a solution of 4b (0.30 g, 1 mmol) in anhy-
drous ethanol (30 mL) and the resulting mixture was heated under
reflux for 3 h. After evaporation of the solvent the residue was puri-
fied by silica gel flash chromatography using CHCIl;/MeOH (20:1)
as eluent. The first, deep-red band was collected. After evaporation
of the eluent the residue was crystallised from ethanol to obtain
macrocycle 6b in analytically pure form. Yield: 0.16 g (60%).
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