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Abstract: A series of square-planar iron(II) complexes has been prepared with synthetic dianionic unsaturated tetraaza macro-
cyclic ligands that are devoid of functional substituents and vary in ring size from 14 to 16 members. The temperature depen-
dence of the magnetic susceptibility confirms the unusual intermediate spin (S = 1) ground state for these square-planar deriv-
atives. In addition, dicationic iron(II) complexes of these ligands have been prepared by protonation of the neutral square-pla-
nar complexes. Two types of protonation products have been obtained, including the complexes of tetradentate bis-S-diimine
macrocyclic ligands and two novel derivatives in which acetonitrile molecules have added to the apical y-carbon of the charged
six-membered chelate rings. Ring size effects appear most dramatically in the reactions of the planar complexes with acetoni-
trile, in which case ring size determines the nature of the product. However, it is also evident both in electronic and Méssbauer
spectral data that ring size exerts a great influence on ligand field strengths. The six-coordinate complexes Fe(macrocycle)-
(pyridine)»>>* containing 14- and 15-membered ring macrocyclic ligands have low-spin ground states, while a 16-membered

ring derivative exhibits a spin-state equilibrium.

We have recently reported? the synthesis and character-
ization of a series of 14-, 15-, and 16-membered tetraaza, te-
traene macrocyclic ligands (Ia-e) that are devoid of functional
substituents. The synthesis of dicationic iron(II) complexes
with these ligands was also reported and it was shown that, for
the 14-membered ligand (Ia), the bis-3-diimine complex (II)
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(structure II) is obtained when the neutral ligand is allowed
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to react with hexaacetonitrile iron(II) in acetonitrile solution.
Application of the same synthetic procedure with the larger
ligands (Ib-e) produces six-coordinate dipositive complexes
that have the novel structure II1. This assignment was made
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possible by a definitive x-ray crystallographic study on one
compound, accompanied by the use of nuclear magnetic res-
onance and infrared spectra techniques to show the generality
of the structure. The novel cis-hexaene ligands were presumed
to form by the electrophilic attack of a coordinated acetonitrile
at the v-carbon of a coordinated and partially ionized mac-
rocyclic ligand (Scheme I). Although examples of electro-
philically activated nitriles are rare, this type of reaction
scheme does have precedent in the metal-catalyzed hydrolysis
of phenanthroline nitrile* and the formation of platinum(I1)
amidine complexes by nucleophilic attack of ammonia* on the
corresponding platinum(I1) nitrile complex.

This report is primarily concerned with the deprotonation
products of the iron(II) complexes having structures I and 111,
and the complexes that form when the products of that reaction
are again protonated. Two protons can be removed from the
complexes of structures II and III to form the neutral iron(II)
complexes [Fe(Me, [Z]tetraenatoN,)], IV, which have been
characterized as neutral, four-coordinate square-planar
iron(II) species, a rare coordination geometry for iron(II).*
This square-planar geometry has been confirmed by the pre-
liminary results of an x-ray crystallographic investigation on
complex [Fe(Meg[15]tetraenatoNy)] (IVc).% In addition, the
square-planar derivatives exhibit a magnetic behavior which
indicates that they exist in an intermediate spin (S = 1) ground
state. Magnetic studies and Mdssbauer parameters are pre-
sented and discussed for this unusual class of compounds.

The square-planar derivatives have also been reprotonated
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Scheme I

in the presence of the neutral monodentate donor molecules,
acetonitrile and pyridine, to yield dipositive six-coordinate
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.iron(II) complexes. In the case of pyridine the trans-bis(pyr-
idine)bis(B-diimine) complexes V were obtained. In the case
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of the acetonitrile solution, it was found that protonation of the
complex with the 14-membered ring (IVa) regenerated the
simple adduct of structure II. However, for the 15- and 16-
membered ring derivatives (IVb and 1Vd), the products of the
protonation reaction exhibited unusual properties. The pro-
tonation of the complex of the 15-membered ring (IVb) in the
presence of acetonitrile gives the trans-acetonitrilepentaene
derivative (VI), and protonation of the complex IVd gives the
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(PFy), (PFe);

complex of the trans-hexaene ligand (VII). Thus, acetonitrile
has again been observed to electrophilically attack the y-car-
bon of a charge-delocalized six-membered chelate ring.
However, the structures of the product are determined by the
fact that the macrocycle is previously coordinated in a planar
fashion. The structural assignments for the complexes given
in structures VI and VII have been made on the basis of spec-
troscopic results. Particular attention has also been given to
ring size effects, to the Mossbauer parameters, and to elec-
tronic spectral parameters.

Experimental Section

Physical Measurements, “7Fe Mdssbauer spectra were obtained
with a conventional constant acceleration spectrometer operated in
the time mode, with a 7Co(Cu) source. Experiments were performed
with both source and absorber at room temperature. The spectrometer
was calibrated with sodium nitroprusside, Fe;O3, and iron metal.
Isomer shifts and quadrupolar splittings were determined by inspection
with an accuracy of £0.01 mm/s. Samples of air-sensitive compounds
were suitably encapsulated in an argon atmosphere by packing the
compound into an aluminum die between two sheets of polyester
tape.

The NMR spectra were obtained on Varian A-60 and HA-100
spectrometers. The solvents used for ionic compounds were CD3NO-
and CD;CN. In all cases chemical shifts were calculated relative to
tetramethylsilane (MesSi). The samples of air-sensitive compounds
were prepared in a glove box and were run immediately after their
removal from the inert atmosphere.

Visible and near-infrared spectra were obtained on a Cary Model
14-R recording spectrophotometer. Air-sensitive samples were pre-
pared in an inert atmosphere and placed in quartz cells tightly sealed
with Teflon stoppers. The spectra were run immediately after removal
from the inert atmosphere and were repeated after exposing the
sample to the air. For determination of extinction coefficients, stop-
pered volumetric flasks were weighed, then transferred to the glove
box where an approximate weight of the compound was placed in the
flask. The stoppered flask and contents were removed from the glove
box, reweighed, and returned to the glove box for solution preparation.
Solid state spectra were obtained by use of mulls prepared in the glove
box using filter paper impregnated with Halocarbon 25-85 grease
(Halocarbon Products Corp.). The filter paper was pressed between
glass slides before mounting in the spectrophotometer. The liquid N2
mull spectra were obtained by means of a Dewar flask having quartz
windows and filled with liquid nitrogen; the sealed mull was lowered
into the liquid, and the spectrum was recorded by passing the light
beam through the Dewar, liquid, and mull.

Infrared spectra were obtained with a Perkin-Elmer Model 337
recording spectrometer using Nujol mulls. Mulls of air-sensitive
compounds were prepared in the glove box, and their spectra were
recorded immediately after removal from the glove box.

Solid-state magnetic susceptibilities were measured by the Faraday
method.¢ Diamagnetic corrections for ligands and counterions were
made using Pascal’s constants.” Measurements were made at room
temperature under a pressure of 35 mm of helium gas. Variable-
temperature (2-100 K) measurements of susceptibilities were made
by the use of a vibrating sample magnetometer® operating at a field
strength of 10 kG and calibrated vs. nickel metal. This method permits
the facile measurement of the low-temperature susceptibility of very
air-sensitive compounds. The samples are packed into a preweighed
plastic holder in an inert atmosphere drybox, then removed and re-
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weighed. In addition, variable-temperature susceptibilities were
measured by the Faraday method in the temperature range 90-350
K. Solution susceptibilities were measured by the Evans method with
a Varian A-60 NMR spectrometer.

Conductance measurements were made with an Industrial In-
struments Model RC 16B conductivity bridge. The conductance
measurements were made at 25 °C at 1000 Hz on 1073 M solutions
in the drybox. Analyses were performed by Galbraith Laboratories.
Mass spectra were obtained using an MS-9 spectrometer at an ionizing
potential of 70 eV.

Materials, Acetonitrile, diethyl ether, and ethanol were distilled
from calcium hydride, and pyridine was stored over KOH and then
distilled before use. Spectral grade nitromethane was purified by lit-
erature methods.? All distillations were carried out under nitrogen
and all syntheses of the iron complexes were carried out under nitrogen
in a Vacuum Atmospheres controlled atmosphere chamber.

5,14-Dimethyl-1,4,8,11-tetraazacyclotetradeca-4,6,11,13-tetra-
enatoiron(Il), [Fe(Mey[14]tetraenato(2—)N4)] (IVa), Method A, Ligand
salt Ja%¢ (10.3 g, 0.02 mol) and 3.48 g (0.02 mol) of anhydrous ferrous
acetate are stirred vigorously in 100 ml of refluxing absolute ethanol.
To this slurry is added 4 equiv of sodium ethoxide in ethanol, and the
solution is heated and stirred for an additional 5 min. The solvent is
then removed under a vacuum, and to the resultant solid red mass 100
ml of boiling benzene is added with stirring. The resultant benzene
solution is filtered to remove salts and then the solvent again removed
under a vacuum. The solid mass is again extracted with hot benzene
and the resulting solution filtered. The volume of the red solution is
reduced to 20 ml and 50 ml of absolute ethanol is added. After cooling,
red crystalline platelets form. They are collected by filtration and dried
in vacuo. Yield was 3.2 g, 80% based on ligand salt Ia.

Method B. [Fe(Me;[14]tetraeneN,;)(CH;CN )21 (PFg)22* (10.0
g.0.016 mol) is dissolved in 20 ml of acetonitrile. To the solution is
added 0.0325 g (0.032 mol) of triethylamine. Deep red crystals im-
mediately precipitate and are collected via filtration and dried in
vacuo. Yield was 3.95 g, 80% based on the starting complex I1.

7,13-Dimethyl-1,4,8,12-tetraazacyclopentadeca-4,6,12,14-tetra-
enatoiron(IT), [Fe(Me;[15]tetraenato(2—)Ny)] (IVb). Method A, This
synthesis corresponds to method A cited above for the preparation of
[Fe(Mes[14]tetraenato(2—)Ny4)] (IVa), but the product is crystallized
from diethyl ether, not benzene. The yield of deep red crystals was 70%
based on ligand salt.

Method B. [Fe(Me,(IE),[15]tetraeneNy)1(PFg), (10.0g,0.0157
mol) is slurried in 100 ml of warm diethyl ether, and to this slurry is
added 3.52 g (0.0328 mol) of potassium rert-butoxide. The mixture
is allowed to reflux with stirring for | h. The ether solution becomes
an intense red-orange color. The solution is filtered to remove the salts
and the solid is washed with ether, leaving only a white residue. The
volume of the resulting ether solution is reduced under a vacuum.
When the volume nears 25-30 ml deep red crystals begin to form and
upon reducing the volume further under vacuum a large amount of
crystalline product forms. The solid is collected by filtration, recrys-
tallized from diethyl ether, re-collected, and dried in vacuo. Yield of
deep red crystalline product was 70-80% based on starting complex
Ia.

2,2,3,3,7,13-Hexamethyl- 1,4,8,12-tetraazacyclopentadeca-4,6,-
12,14-tetraenatoiron(Il), [Fe(Meg[15]tetraenato(2—)N,4)] (IVe).
This complex can also be prepared by both methods A and B outlined
above beginning with [Fe(Me¢lEs[15]tetraeneNs)](PF¢), (111b).
The yields by both methods were comparable to those obtained for
IVb.

2,12-Dimethyl-1,5,9,13-tetraazacyclohexadeca-1,3,9,11-tetra-
enatoiron(I), [Fe(Me;[16]tetraenato(2—)N )] (IVd). This complex was
prepared by the method B outlined above beginning with [Fe-
(Me,IEx[16]tetraeneN4)](PFe)2 (I11c). Yield based on complex I1lc
was 70%.

2,4,10,12-Tetramethyl-1,5,9,13-tetraazacyclohexadeca-1,3,9,-
11-tetraenatoiron(Il), [Fe(Mey[16]tetraenato(2—)N4)] (IVe). This
complex was prepared by method B outlined above beginning with
[Fe(MeslE;[16]tetraeneNg)](PF¢), (I11d). Yield based on complex
I11d was 80%.

[Fe{(Mef14]tetraeneN 4Xpy)2XPF¢)2 (Va). This complex was prepared
by slurrying 1.0 g (3.65 mmol) of the corresponding square-planar
complex (IVa) in 50 ml of absolute ethanol and adding 2-3 ml of
pyridine followed by dropwise addition of 2 equiv of HSO3CF; (0.55
g). Animmediate reaction occurs as is evidenced by the change in color
of the solution from a deep red to a light brown-yellow. To the resulting
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solution is added an ethanolic solution containing 2.0 g of ammonium
hexafluorophosphate. The solution turns cloudy instantly and after
allowing the flask to sit undisturbed for 0.5 h, yellow-orange crystals
form. The product is collected by filtration, washed with absolute
ethanol and diethyl ether, and dried in vacuo for several hours. Yield
based on starting complex was consistently in the runge 70-85%.
[Fe(Me;[15]tetraeneN4}py)2)(PFe)2 (Vb)., Prepared by the same
scheme as that outlined for Va. Yield based on 1Vb was 80%.
[Fe(Me;[16]tetraeneNgXpy)2(PFe)2 (Ve). Prepared by the method
outlined for complex Va. Yield based on IVd was 75%.
[Fe(Meg4[16]tetraeneNg)py)2J(PFs)2 (Vd), Prepared by the same
method outlined for complex Va. Yield based on complex [Ve was
75%.
[Fe(Megy[14]tetraeneN4)(py)2)(PFe)2 (Ve). Prepared by the method
outlined for complex Va. Yield based on complex 1Vf was 85%.
trans-[(6-(1-Iminoethyl)-7,13-dimethyl-1,4,8,12-tetraazacyclo-
pentadeca-4,6,12,14-tetraene)(acetonitrile)iron(II)] Hexafluorophos-
phate, trans-[Fe(Me2lE[15]tetraeneN4)(CH3CN)I(PFe)2 (VD
[Fe(Mes[15]tetraenato(2-)N4)] (IVb) (1.0 g, 0.035 mol) was dis-
solved in 30 ml of acetonitrile. To this solution was added 1.04 g (70.0
mmol) of trifluoromethanesulfonic acid, followed by 1.14 g (70.0
mmol) of NH4PFg in 100 ml of hot absolute ethanol. As the solution
cooled orange crystals of complex VI formed. Yield was 60% based
on complex I'Vb.
trans-[(3,11-Bis(1-iminoethyl)-2,12-dimethyl-1,5,9,13-tetraazacy-
clohexadeca-1,3,9,11-tetraene)iron(Il)] Hexafluorophosphate,
trans-[Fe(Mey(IE)o[16]tetraeneN4)|(PFq), (VII), This complex was
prepared via the method outlined above for complex VI. Yield based
on complex IVd was 70%.

Results and Discussion

Syntheses and Reactions. The general approach to the syn-
thesis of the deprotonated, neutral complexes [Fe(Me,-
[Z]tetraenato(2—)Ny)] (IV) involves treatment of a solution
or slurry of the precursor complex [Fe(Mes[14]tetraeneNy)-
(CH3CN)»](PFg)2 (IT) or [Fe(Me,(IE);[Z]tetraeneNy)]-
(PFe)> (II1) with 2 equiv of base under an inert atmosphere.
All reactions of these iron(II) complexes were carried out in
the strict absence of oxygen, since all of the complexes reported
here are air sensitive. This is especially true of the square-
planar derivatives. The complex [Fe(Me[14]tetraeneNy)-
(NCCH;),](PF)2 (I1) can be deprotonated under relatively
mild conditions, for example, with triethylamine. In fact, as
was indicated previously,’ this cationic complex 11 partially
ionizes when dissolved in dry acetonitrile. The cis-hexaene
derivatives [Fe(Me,(IE),[Z]tetraeneN4)](PF¢), (III) are
more inert toward base attack; i.e., no reaction occurs with
triethylamine. They can be deprotonated by treatment with
the very strong bases such as tert-butoxide, ethoxide, etc. The
square-planar product obtained by deprotonation of the
complexes II and 111 is a rare structure for iron(II) with only
a few known examples: the mineral gillespite! contains
high-spin iron(II) coordinated to oxygen in a square-planar
environment; the quadridentate ligand salen!!\I? has been
shown to form square-planar iron(II) complexes that are
high-spin and very air sensitive; phthalocyaninatoiron(il),'?
a recent tetraphenylporphinatoiron(II),'# and the previously
reported square-planar complexes [Fe(II)(Me4[14]tetraen-
ato(2—)Ny4)] (IVH)'3 and [Fe(Ph,[Z]tetraenato(2—)N,4)] (Ph
= phenyl and Z = 14, 15, or 16)° complete the list of known
examples. The latter study, while principally concerned with
Fe(III) complexes, provides three clear examples of complexes
of the classes discussed here. The formation of the square-
planar derivatives from III is also interesting because it shows
that the integrity of the cis-hexaene ligand structure is lost:
that is, that deprotonation is followed by elimination of a
neutral acetonitrile molecule. This certainly indicates that,
even though the spin state changes from S =0to .S = 1 (Table
IT) upon deprotonation, the square-planar environment is the
stable one for these complexes in basic media.

The square-planar complexes can also be prepared by direct
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Table I, Analytical Data for the New Complexes

%C %H %N

Compd Caled Found Calced Found Caled Founa
IVa [Fe(Mes[14]tetraenato(2 —)Ny)] 52.59 52.44 6.57 6.60 20.45 20.33
IVb [Fe(Me;[15]tetraenato(2 —)Ng)] 54.18 54.54 6.95 6.87 19.46 19.72
IVe [Fe(Meg[15]tetraenato(2 =)Ny)] 59.34 59.18 8.14 8.04 16.29 16.18
Ivd [Fe(Me;[16]tetraenato(2—)Ny)] 55.67 55.52 7.29 7.40 18.56 18.40
IVe [Fe(Mes[16]tetraenato(2=)Ny)] 58.22 58.19 7.88 7.96 16.98 16.77
Va [Fe(Me;[14]tetraeneNs)(py)2](PFs)2 36.45 36.55 4.15 4,12 11.60 11.55
Vb [Fe(Me;[15]tetraeneN4)(py)2](PFs)2 37.41 3771 4.34 427 11.38 11.10
Ve [Fe(Me;[16]tetraeneNs)(py)2](PFe)2 38.31 38.23 4.53 461 11.18 10.86
vd [Fe(Mey[16]tetraeneN4)(py)2](PFs)a 40.01 39.91 4.87 4.76 10.77 10.69
Ve [Fe(Mey4[14]tetraeneNy){(py)2](PFs)2 38.31 38.23 4.53 447 11.18 11.25
VI [Fe(MesIE[15]tetraeneN4)(CH3;CN)](PFs)2 30.83 31.07 4.23 4.18 12.69 12.74
VII [Fe(Mex(IE)>[16]tetraeneNy4)] (PFs), 31.75 32.06 4.36 447 12.31 12.47

Table II, Physical Properties of the New Complexes

Compd  Color M/e uerro ug? A bohm~' cm? mol~!

IVa Red 274  3.23¢

3.45,44.5¢
IVb Red 288  3.57¢

3.60,4 4.98¢
IVe Red 344  3.67¢

3.70,4 5.05¢
1vd Red 302 3.83¢

3.90,4 5.15¢
Ve Red 330 4.60¢

4.30,4 5.35¢
Va Orange 0.50 CH;NO,,/ 185.2/
Vb Orange 0.55 CH;3NO,, 191.9
Ve Yellow 0.50 CH;NO,, 185.6
vd Yellow 3.22 CH;NO», 183.4
Ve Orange 0.60 CH3NO,, 178.1
VI Orange 0.55 CH;3NO,, 181.1
VIl Orange 0.50 CH;NO,, 189.4

¢ Magnetic moment at 25 °C. # The solvent is given followed by
molar conductance at 25 °C for 1073 M solutions. ¢ Faraday method.
4 Solution moment in toluene by Evans method. ¢ 5% pyridine solution
also determined by Evans method. / For typical conductance values
see R. L. Dutta, D. W. Meek, and D. H. Busch, Inorg. Chem., 9, 1215
(1970).

reaction of the desired ligand salt with anhydrous ferrous ac-
etate in absolute ethanol, upon addition of 4 equiv of sodium
ethoxide. This route fails for the two 16-membered ring ligand
salts Id and Ie. Repeated attempts to prepare the corresponding
square-planar iron(II) complexes IVd and IVe by this method
were unsuccessful. A similar result was noted in attempts to
prepare nickel(1I) complexes of varying ring sizes.!®
Square-planar four coordination has been assigned to the
new iron(II) derivatives on the basis of elemental analyses
(Table I) and mass spectra (Table II), as well as the prelimi-
naryresultsofanx-ray crystallogaphicstudy of [Fe(Meg[15]-
tetraenato(2—)Ny)] (IVc).® The formation of the four-coor-
dinate, square-planar complexes in the reactions described
above was surprising, since they are prepared in the good donor
solvent acetonitrile. However, these complexes show no ten-
dency to coordinate acetonitrile. This is indicated by the fact
that their electronic spectra in acetonitrile are identical with
those obtained in toluene and diethyl ether solutions. These
derivatives (IV) do coordinate other neutral molecules, but
only weakly. For example, piperidine and pyridine react in
solution with all six square-planar complexes IV, forming in-
tense red (14-membered ring derivatives) or purple-red(15-
and 16-membered ring derivatives) solutions. Although crys-

tals could be obtained from ethyl ether-pyridine solvent mix-
tures by adding heptane, pure materials could not be isolated,
Simply allowing the materials to remain exposed to the at-
mosphere in a drybox resulted in loss of the axial ligand and
formation of the parent square-planar complex 1V. Conse-
quently, an attempt was made to determine the structures of
these substances in solution. The electronic spectra of all the
new complexes are listed in Table V. The spectra of the
square-planar derivatives are markedly changed when pyridine
is present. In order to determine the spin state produced by
pyridine coordination, the solution susceptibilities were mea-
sured. In all cases (Table II) the presence of pyridine increases
the magnetic susceptibility of the square-planar derivatives
to values acceptable for high-spin iron(I1). It is interesting to
note that the square-planar complexes do not react with im-
idazole, N-methylimidazole, or triphenylphosphine at room
temperature, but they do react with carbon monoxide in a
highly reversible manner. These reactions are presently under
more intensive investigation.

The protonation reactions of the square-planar complexes
IV in the presence of excess pyridine have made possible the
isolation of a series of bis(pyridine)bis(8-diimine)iron(II)
complexes. The complexes are assumed to have a trans con-
figuration since the macrocycle preexists in a planar ar-
rangement about the metal before the additional ligands are
coordinated in the fifth and sixth sites. The structures of these
complexes (V) are supported by their IR spectra (Table I1I),
which show no bands assignable to NH but do exhibit a pyri-
dine band at 1600 cm™~!. Further, the assignment is supported
by the results of elemental analyses (Table I) and molar con-
ductivity measurements in nitromethane (Table II); the latter
support their formulation as diunivalent electrolytes. These
complexes are not highly colored and have no charge transfer
bands in the visible region of the spectrum. This has permitted
the observation of d-d bands in their electronic spectra (Table
V) and facilitated correlation of the spectral parameters with
ring size and Mdssbauer parameters (vide infra).

The protonation of the complexes [Fe(Me,[Z]tetraenato-
(2=)Ny4)] (IVa, IVb, and 1Vd) with HSO;CF; in the presence
of acetonitrile has led to the isolation of the dicationic com-
plexes II, VI, and VII, respectively. In all three cases analyses
and molar conductivity measurements agree with the formu-
lation, [Fe(macrocycle)](PFg)»2CH3CN. To determine the
structures of the pure products both '"H NMR and IR spectra
were used. Protonation of the square-planar iron(II) complex
of the 14-membered ring (IVa) gives the trans-bisacetonitrile
complex II, the starting complex for the preparation of IVa.
Thus, the deprotonation of [Fe(Mea[14]tetraeneNy)-
(CH3CN),]2* to give [Fe(Me[14]tetraenato(2—)N,)] (IVa)
is completely reversible in acetonitrile. This has been further
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Table III, Selected Infrared Assignments (cm™!)

Assignments

Compd NHstretch C=CorC=N  Pyridine PF¢~

IVa 1582, 1548, 1508

IVb 1571, 1515

IVe 1568, 1500

Ivd 1565, 1513

IVe 1546, 1517

Va 1642 1593 860, 560
Vb 1672, 1664, 1613 1598 860, 560
Ve 1653,2 1610 1597 860, 560
vd 16452 15850 860, 560
Ve 1645 1600 860, 560
VI 3425,3344 2257, 1629, 1600 860, 560
VII 33335 1634, 1615 860, 560

a Broad. # Doublet. ¢ Nitrile stretch.

Table IV, "H NMR Spectrul Data for Complexes VI and VII

Compd?? Methyl Methylene Vinyl Bridgehead NH
VI 2.47 2.00,2.90, 8.66 5.76 10.6
4.10

VII 2.58,2.50 2.26,4.20 8.09,8.77 5.74 10.17

@ All spectra were run in MeNO»-d3 and are reported relative to
Me.Si, internal standard. # Values given in § (ppm).

established by the fact that the electronic spectra, IR, and 'H
NMR spectra of the complex 1122 are identical with those of
the product obtained by protonating complex IVa.

In contrast, protonation of the 15- and 16-membered ring
derivatives (IVb and 1Vd) in acetonitrile does not yield their
corresponding precursor complexes, the cis-hexaene deriva-
tives (II1a and IIIc). This is easily rationalized because the
ligands to be protonated in complexes IVb and IVd are in a
square-planar array about the iron(II), whereas the ring is
folded in the cis-hexaene complexes. Thus, it is unlikely that
the parent macrocyclic ligand would rearrange about the metal
to give the cis geometry of the starting hexaene complexes
(II1). The complexes VI and VII that were isolated were found
to have IR (Table I11) and 'H NMR spectra (Table 1V, Figure
1) strikingly different from [Fe(Me,[l4]tetraeneNy)-
(CH;3;CN),](PFg)s, but not unlike those observed 2 for hexaene
complexes I11a and I1lc. For example, the infrared spectrum
of the complex prepared by protonation of [Fe(Mes[16]-
tetraenato(2—)Ny)] (IVe) was virtually identical with that
obtained with the corresponding cis complex [Fe(Me,-
(IE)2[16]tetraeneN4)]2" (111d). Also the 'H NMR spectra
of the two complexes are very nearly identical, the only dif-
ferences being very slight changes in chemical shift values and
in the NH resonance. The latter is centered at 6 10.6 in the
spectrum of VII and shows some splitting, but in the cis-hex-
aene complex (I1Id) this resonance shows no splittings. The
assignment of a structure to the product obtained from the
protonation of the square-planar complex derived from the
16-membered ring is made possible by the earlier character-
ization of the cis complex Illc by a crystal structure determi-
nation.”® From the similarities in their properties, chemical
and spectral, the trans structure VII is assigned to the 16-
membered derivative. It is also interesting to note that the
pattern at 6 5.76, assigned to the bridgehead proton H,, is
identical with that observed for the cis-hexaene complexes,
namely, a doublet of doublets. By homonuclear spin decoupling
it has been found that H, is coupled to the H; with JHH; =S
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Figure 1. (a) 'H NMR spectrum of trans-[Fe(Me,(1E);[16]tetra-
eneN4)](PFs); (VII). (b) "H NMR spectrum of 1rans-[Fe(MealE[15]-
tetraeneN4) (NCCH3)](PFe)2 (V1).

Hz, and in addition that H, is coupled with the NH protons
four bonds away, Jy,~nu = | Hz,

The product obtained by protonating in acetonitrile the
square-planar complex [Fe(Me,[15]tetraenato(2—)Ns)]
(IVb) hasa '"H NMR and an IR spectrum which suggest that
the product has a structure in which acetonitrile adds elec-
trophilically to the y-carbon of a charged six-membered che-
late ring, in analogy to the 16-membered ring derivative. This
is supported by the IR spectrum, which exhibits an NH
stretching mode, and by the '"H NMR spectrum, which shows
the complex bridgehead pattern at § 5.75, the NH resonance
at 8 10.2, and the doublet vinyl resonance centered at 6 8.77.
However, several features are apparent in both the IR and 'H
NMR spectra of this product that are not present in the spectra
of the cis-hexaene complexes or the trans-hexaene complex
VII: (1) the IR spectrum of this product has a sharp band at
2257 cm™'; (2) the IR spectrum has a larger number of bands
in the double bond region; (3) the 'H NMR spectrum of this
product has a resonance in the vinyl region at  8.09, which is
not present in any of the other hexaene complexes; (4) the in-
tegrated intensity ratios in the '"H NMR spectrum for the
NH /vinyl/vinyl/bridgehead protons are 1:1:1:1; and (5) the
methyl resonances in the 'H NMR show not one band, as is
found for all the hexaene complexes, but three bands with in-
tegrated intensity ratios of 3:3:6. These data can be explained
very well by the structure VI, which we have assigned to this
protonation product. The vinyl proton resonance at § 8.09 can
be assigned to the vinyl H,. Indeed, this assignment is sup-
ported by the 'H NMR spectrum of structure II where the lone
vinyl resonance occurs at 6 8.3.22 The observed intensity ratios
of 1:1:1:1 in the downfield portion of the 'H NMR spectrum
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are also consistent with structure VI. Further, the observed
methyl resonance pattern corresponds well with that predicted
for structure VI. The methyls are all equivalent in the cis-
hexaene complexes? and in the trans-hexaene complex VII.
Thus, one might expect that the methyl of the iminoethyl and
the adjacent methyl on the macrocycle would be equivalent.
The observation of three types of methyl resonances with the
intensity ratios of 3:3:6 is consistent with the structure VI. The
resonance at § 8.77 is similar to those observed for the cis-
hexaene complexes in this region; i.e., a doublet of doublets,
and is therefore assigned to the bridgehead proton H,. By
homonuclear spin decoupling it was found that H, is coupled
with Hs, Jy, 1, = 5 Hz, and that H, is also coupled to the NH,
Ju,~Nu = 1 Hz. These assignments are identical with those
observed with the cis- and trans-hexaene complexes. Finally,
the sharp band at 2257 cm~! in the IR spectrum of product VI
is assigned to the C=N stretching vibration of the lone coor-
dinated acetonitrile molecule. Thus, by comparing the 'H
NMR and IR spectra of these products with those of the known
cis-hexaene complexes 111 and with those of the acetonitrile
complex I, we have been able to assign the unique structures
V1 and VII to the products of the protonation in acetonitrile
of the square-planar complexes IVb and 1Vd, respectively.

We conclude that a most dramatic effect of ring size occurs
when the square-planar complexes are protonated in acetoni-
trile to give trans low-spin, six-coordinate iron(II) complexes,
The products were obtained in high yields, and it was shown
that the [Fe(Mea[14]tetraenato(2—~)Ny4)] (IVa) gives the
trans-bisacetonitrile complex II when protonated. In contrast
[Fe(Me,[15]-tetraenato(2—)Ny4)] gives [Fe(MellE[15]-
tetraeneN4)(CH3CN)]2* (VI), in which one CH3;CN has
condensed with the macrocycle, and [FeMe,[16]tetraenato-
(2—)Ny)] gives [Fe(Mes(IE),[16]tetraeneN4) ]2+ (VII), in
which two molecules of CH3;CN have added electrophilically
to the y-carbons of the macrocycle. An explanation for this
example of product determination by the size of the macrocycle
can be suggested from the study of molecular models. The
models indicate that the presence of two five-membered chelate
rings produces a great deal of strain when a 1-iminoethyl
substituent bonded to the y-carbon of the ring is coordinated
to the iron(II). If there is one five-membered and one six-
membered saturated chelate ring present, as in the 15-mem-
bered ring derivative, models predict that only one acetonitrile
could both react at the y-carbon and bond to the iron(II) in a
trans structure. Finally, if there are two six-membered satu-
rated chelate rings there is no strain involved in structure
VII

Two obvious possible mechanisms for the formation of these
novel complexes (VI and VII) merit brief consideration. The
first involves the nucleophilic attack of the y-carbon of the
macrocyclic ligand on a protonated and electrophilically ac-
tivated acetonitrile molecule. The other mechanism involves
+ . CH;
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the initial protonation of the macrocycle followed by coordi-
nation and electrophilic activation of an acetonitrile molecule.
The major difference between the two mechanisms is the order
of protonation; is the macrocycle or the acetonitrile protonated
first? Both mechanisms require the metal to activate and orient
the attacking acetonitrile and are consistent with previously
proposed mechanisms for metal ion activation of nitriles.?2.3
The results of a deuteration reaction tend to support the second
mechanism. When [Fe(Me,[16]tetraenato(2—)Ny)] reacts
with CF3C(=0)OD in CH3CN, the product contains 50%

CH,
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ND and 50% NH. The first mechanism predicts 100% ND in
this case.

Magnetic Susceptibilities. The square-planar derivatives IV
that are reported here all displayed magnetic moments at room
temperature that are too low for high-spin iron(II) (Table II).
In all cases the agreement between the observed moments in
solution and in the solid state was good, thus eliminating the
possibility of solid state effects. The magnetic susceptibility
data obtained at room temperature would be consistent with
either the presence of a mixture of the spin states. S =0and S
= 2 or the presence of a discrete intermediate S = 1 ground
state for these derivatives. There are but a few examples of
compounds that exhibit the S = 1 ground state among d® ions.
The following examples are known: bis(benzene-1,2-dithio-
lato(2—))cobalt(III) complexes,'® p.fr in the range 3.1-3.9 up;
bis(biuretato(2—))cobalt(1II) complexes,!” p.r in the range
3.1-3.5 ug; phthalocyaninatoiron(II), uerr = 3.83 up;!3° te-
traphenylporphinatoiron(I1), perr = 4.4 ug;'* certain six-
coordinate iron(II) complexes, perr = 3.7-3.9 ug;!®
[Fe(Mey[14]tetraenato(2—)Ny)] (IVI), werr = 3.8 ug;' 8
[Fe(Ph[14]tetraenato(2—)Ny)],> and [Fe(Ph[16]tetra-
enato(2—)Ny)].> The temperature dependence of the magnetic
moments has been studied for the last two examples and the
phthalocyanine derivative. In order to decide between the al-
ternate possibilities stated for these complexes (1V) the tem-
perature dependences of the magnetic susceptibilities were
studied. These complexes are all extremely air sensitive even
in the solid state. This frustrated all attempts to study the
temperature dependence of the magnetic susceptibility by the
Faraday method because exposure to the air occurred during
the loading stage. In order to circumvent this problem the
susceptibilities were determined by use of a vibrating sample
magnetometer of the Foner type. The available temperature
range with this instrument was 2-100 K.

Figures 2a and 2b show graphs of 1/xm vs. temperature for
the complexes IVa-IVf, The data for the two complexes con-
taining 14-membered rings (IVa and IVf) obey the Curie-
Weiss law (1/xm = C/(T + 6)) over the available temperature
range; whereas, that for the 15- and 16-membered ring de-
rivatives shows deviations from the Curie-Weiss law at lower
temperatures. From the slope of the straight line graph of 1/xm
vs. temperature the magnetic moment over that temperature

‘range can be calculated. Thus, a least-squares calculation for

the 14-membered ring derivatives, over the entire temperature
range studied, gave pers = 3.14 up for IVa and perr = 3.17 up
for IVf, with Weiss constants of approximately 0 and 2.0 K,
respectively. Thus, these two complexes are confirmed ex-
amples of iron(II) with an S = 1, intermediate spin, ground
state. For the four remaining complexes, which display sub-
stantial departures from Curie-Weiss law behavior, it can be
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Figure 2, (a) Graph of | /x vs. temperature for A, [Fe(Mez[14]tetra-
enatoN4)](1Va); ®,[Fe(Me;[ | SltetraenatoN,)] (IVb):m.[Fe(Me>[16]-
tetraenatoN,)] (IVd). (b) Graph of 1/xm vs. temperature for A,
[Fe(Mes[14]tetraenatoNg)] (1Vf); @, [Fe(Meg[15]tetraenatoNg)] (IVe);
W [Fe(Mey[16]tetraenatoN,)] (IVe).

seen that at temperatures greater than the region of curvature
the magnetic moments are in the range previously found for
S = 1 ground d° complexes (3.00-3.90 g, Figure 3). It is
concluded that the square-planar complexes IVb-1Ve also have
the S = 1 ground state at temperatures exceeding the regions
of curvature in the graphs.

Deviations from Curie- Weiss behavior of the sort observed
here for complexes IVb-IVe have been reported in the low-
temperature magnetic studies on phthalocyaninatoiron-
(I1),!3a:b on the six-coordinate iron(II) complexes having § =
1 ground states,'8 and on the square-planar cobalt(1II) com-
plexes having this ground state.'¢a!7 Departures from the
Curie-Weiss law of this type have been attributed to a large
zero-field splitting of the ground term state (Figure 4) arising
from second-order spin-orbit coupling.'> At higher tempera-
tures with k7T > D, the M, = +1 and the M, = 0 levels are
populated, but at lower temperatures such that k7 < D, the
M, = 0 begins to be filled exclusively, following Boltzmann
statistics, with the result that the magnetic moment lowers
dramatically in a narrow temperature range,

In eq 1 is given the expression for the molar susceptibility
of a spin-triplet state in a tetragonal (D) ligand field:!®

_2Np? g| 2e(~D/kT) g1 2[1 — e=D/kT)]
3 kT[1 4+ 2e(=0/kT)] * D[1 + 2¢(=D/kT)] ]

XM

ey

In the limit of very low temperature this equation reduces
to

xm=4NB%g /3D, kT« D (2)
Thus, by extrapolating the value of 1 /xm to T = 0K from the
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Figure 4. A representation of the electronic configuration of iron(II)
showing zero-field splitting.

graph of 1/xm vs. temperature, the value of xwm can be esti-
mated at 7 = 0 K, Although ESR spectra could not be ob-
served for these complexes, an approximate value of D can be
estimated from eq 2 using g values determined from a previous
study '32 of phthalocyaninatoiron(II) (g, = 2.74). The results
are as follows; [Fe(Me;[15]tetraenato(2—)Ny4)] (IVb), D =
6 cm™'; [Fe(Meg[15]tetraenato(2—)N4)] (IVe), D =20 em™';
[Fe(Mes[16]tetraenato(2—)N4)] (IVd), D = 46 cm™'; and
[Fe(Mes"16]tetracnato(2—)Ny4)] (IVe), D = 26 cm™'. These
splittings are reasonable and agree well with the values ob-
tained by similar methods for the previously mentioned
square-planar cobalt(III) complexes (D ~ 40 cm™'),!62
phthalocyaninatoiron(II) (D = 70 cm™'),'32 and six-coordi-
nate (S = 1) iron(II) complexes (D ~2-3 cm™!).!8a

Of the remaining seven complexes only [Fe(Mes[16]-
tetraeneN4)(py)2] (PFs)2 (Vd) displayed a magnetic moment
which is not consistent with low-spin iron(II). The observed
magnetic moment at room temperature was 3.22 ug for this
complex. This value can also be rationalized by assuming €ither
an S = 1 ground state or a mixture of low- and high-spin
iron(II), To confirm the nature of the spin ground state, the
temperature dependence of the magnetic susceptibility was
det