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Fe(I1) complexes of 2,3,9,10-tetrasubstituted- 1,4,8,1 l-tetraazacyclotetradeca-1,3,8,lO-tetraene ligands have been synthesized 
and characterized by elemental analysis and by spectral (infrared, UV-visible, and 'H NMR) measurements. The dependence 
of the half-wave oxidation potentials of the Fe2+/Fe3+ couple upon the electronic properties of substituents on the macrocyclic 
ligand has been investigated. A linear relationship between the half-wave potentials for the FeZ+/Fe3+ couple and the up 
constants for the substituents on the macrocycle ring has been observed. 

Recent work on iron complexes of synthetic macrocyclic 
ligandsz4 has greatly increased our understanding of the mode 
of binding of molecular oxygen in naturally occurring oxygen 
carriers, hemoglobin and myoglobin. As an aid in under- 
standing the catalytic role of heme proteins in various redox 
reactions, the redox properties of iron, cobalt, and nickel 
complexes of a variety of tetraaza tetradentate macrocycles 
have been investigated by Busch and c o - w o r k e r ~ . ~ ~ ~  In Ni(I1) 
complexes the potential for the Ni2+/Ni3+ couple has been 
found to be sensitive to the electron withdrawing or releasing 
ability of the substituents on the macrocyclic ring5 but no such 
correlations have been reported for iron complexes. Iron 
complexes of the macrocyclic ligand 2,3,9,1O-tetramethyl- 
1,4,8,1 l-tetraazacyclotetradeca-1,3,8,lO-tetraene (TIM),  
complex V, Figure 1, have been studied recently7 and crys- 
tallographic study8 of the complex [Fe11TIM(CH,CN)2]2+ has 
shown that the Fe(I1) and the four nitrogen donor atoms of 
the macrocyclic ligand in the complex are coplanar. Very 
recently it has been reported that the Fe"-TIM complex 
catalyzes the oxidation of methanol in the presence of sunlight.' 
In order to study the effects of ring substituents on the po- 
tentials for the Fe2+/Fe3+ couple in the iron complex of T IM 
type macrocycle framework, we have synthesized complexes 
in which the methyl groups of T IM have been replaced by 
C6H5, p-CH3C6H4, and p-CH30C6H4 substituents. 

Results and Discussion 
Complexes I-IV were obtained in good yield from the 

reaction of 1,3-diaminopropane and the appropriate diketone 
in the presence of Fe(I1) ions. Like Fe11TIM,7 these com- 
pounds are  intensely colored, air-stable, diamagnetic solids. 
They are fairly soluble in donor solvents such as acetonitrile, 
pyridine, and dimethyl sulfoxide and sparingly soluble in 
dichloromethane. The ionic constitution of the complexes was 

established by conductance measurements in acetonitrile (data 
in Table I). 

Infrared Spectra. The important infrared bands observed 
for the reported compounds are listed in Table 11. The in- 
frared spectra of all four compounds (I to IV) do not contain 
any bands that could be assigned to the C=O or NH, 
groups.'O For each complex, an infrared band is observed in 
the 1245-1270-cm-' region, which is similar to the 121O-cm-' 
band observed for the Fe"-TIM7 complex V. Characteristic 
infrared bands due to the phenyl or substituted phenyl groups 
are present in the spectra of all the four compounds in the 
700-770-cm-' region. The infrared spectrum of FeIIPh-TIM 
(complex I)  like that of Fe"T1M does not show any band a t  
1600 cm-', which could be assigned to the C=N stretching 
 vibration^.^," However, a weak band a t  ca. 1620 cm-' is 
present in the spectra for the complexes 11, 111, and IV. The 
infrared spectra for all the four compounds show two very 
weak bands in the 2340- and 2380-cm-' region due to the 
C=N stretching vibrations of the axial acetonitrile ligands7J2 
and strong bands at  845 and 560 cm-' due to the PF6- anion.13 

Proton Magnetic Resonance Spectra. The 'H N M R  data 
for the complexes are listed in Table 111. The resonance 
signals due to the phenyl, methyl, and the a-CH, hydrogens 
as well as the hydrogens of the substituent groups on the phenyl 
rings can be assigned unambiguously although the resonance 
peaks due to the P-CH, groups for all the complexes are 
masked by the acetonitrile peak. In the case of complex IV, 
the broad resonance signal a t  2.16 ppm ( J  = 2 Hz) could be 
in part due to the methyl protons of one isomer, which are 
coupled with the homoallylic protons, and in part due to the 
P-CH, protons. The neighboring acetonitrile peak prevents 
an exact integration of this part of the spectrum. The existence 
of two isomers of IV (cis and trans) is also supported by the 
observed broadness of the phenyl and a-CH, peaks. The lower 
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Table I. Analytical Data, Molar Conductances? and Electronic Spectra' for the Complexes 

% % C  % H  % N  com- 
plex color calcd found calcd found calcd found yieldC A, electronic spectra, cm-' x l o3  

I violet 49.31 49.14 4.12 4.09 9.10 9.10 22 242 17.18 (11633), 18.38 (7827), -20.08 sh, 36.10 (9553) 
I1 blue-violet 51.55 51.44 4.72 4.58 8.57 8.39 20 234 17.12 (21454), 18.41 (9454), -20.04 sh, 35.09 (13018) 
111 blue-violet 48.29 48.03 4.43 4.28 8.04 8.03 42 215 17.06 (4524), 18.38 (3114), -19.92 sh, 36.90 (27144) 
IV dark violet 41.50 42.10 4.19 4.47 10.37 10.28 48 229 17.70 (6032), 18.94 (4327), -20.70 sh, 36.90 (22295) 

a lo-,  M acetonitrile solutions, values in SZ-'  cm2 mol-', ' In deaerated acetonitrile, molar extinction coefficients in M-I cm-' given in 
parentheses. Based on [Fez+]. 

Table 11. Infrared Spectral Bands for the Complexesa 

com- 
plex PF,- macrocyclic ligand axial CH,CN 

I 560 s, 710 s, 750 w, 770 m, 1030 w, 2340 w, 
845 s 1080 w, 1115 w, 1165 w, 2360 w 

1270 m, 1320 m, 1340 m 
I1 560 s, 740 b, 765 m, 1000 m, 1030,2380 wb 

1080 w, 1115 m, 1130 m, 
1200 s, 1225 m, 1270 s, 
1320 s, 1330 s, 1550 w, 

845 s 

1570 w, 1620 wb 
111 560 s. 745 b. 1120 w. 1180 s. 1045 s. 2370 wb 

845 s 1260 s, 1300m, 1310 m, 
1330 w, 1515 s, 1575 w, 
1615 m 

IV 560 s, 710 s, 750 w, 770 m, 1035 w, 2340 w, 
845 s 1085 w, 1170 wb, 2360 w 

1245 m, 1330 b, 1615 wb 

a Nujol mulls, values in cm-' ; w = weak, s = strong, b = broad, 
m = medium. 

r 1 

cl, 
I 

CH3CN ! 
R =  CgH5 I 

p - C H 3 C 6 H 4  
p -CH3OC6H4 

2 R ' s = C H 3  j CEHg El 
R =  CH3 v 

Figure 1. Structures of complexes I-V. 

than theoretical number of protons at 2.42 ppm supports the 
suggestion of the existence of cis and trans isomers. 

Electronic Absorption Spectra. The observed absorption 
bands in the visible and ultraviolet region are listed in Table 
I. The intense absorption bands ( E  - 20000-4500) near 1.700 
and 1.800 Fm-' observed for all the Ph-TIM complexes (Table 
I) can be attributed to a metal-to-ligand charge transfer 
(MTLCT), which is characteristic for all iron-a-diimine 
c ~ m p l e x e s . ~ ~ J ~ ~ ' ~  The band near 2.000 km-' observed for all 
four complexes (I-IV) is possibly also a MTLCT band, be- 
cause its intensity is too strong for a d-d transition band. 
However, the overlap and mixing of the metal d orbitals with 
the ligand orbitals could enhance the intensity of this band, 
making it an intermediate between a pure d-d transition and 
a CT band. The extinction coefficient of this band could not 

Table 111. 'H NMR Data for the Complexesa?' 

com- assignments 
plex Ph aCH, p-CH,O pCH3 CH, 

I 7.00-7.65 m (20) 4.11 tC (8) 
I1 6.97-7.50 m (16) 4.07 tC (7.9) 2.34 s 

(12) 
111 6.60-7.63 m (16) 4.12 tC t 

IV 6.60-8.40 b, m (10) 4.02 b, m (7.2) 2.42 b, s 
3.80 s (20.3) 

(4.2) 
2.16 b 

a Chemical shifts are in ppm downfield from Me,Si at ambient 
temperature; solvent is CD,CN. The number of protons is given 
in parentheses. Ke s = singlet, d = doublet, m = multiplet, t = 
triplet, b =broad. "The axial bonded CH,CN undergoes ex- 
change with the solvent in the time span of the measurements 
giving rise to  a multiplet at 1.95 ppm. 
5 Hz. 

Coupling constant J = 

Table IV. Half-Wave Potentials of Fe2+/Fe3+ for the Complexes 
and Hammett's Constants up and Xug for substituents, R, on the 
Macrocyclic Ligands (Figure 1) 

E' /z 
com- oxid, Ap? 
plex V mV R UP X U P  

I 0.86 70 C,H, -0.007' -0.03 
I1 0.82 70 p-CH,C,H, -0.03' -0.12 
111 0.76 65 p-CH,OC,H, -0.076' -0.30 
IV 0.73 70 2R's=CH, -0.36 

2R's = C6H5 

a A p  = EP,a -Ep,c .  ' Calculated from the pK values in ref 17. 
From ref 18. 

V 0.61 70 CH3 -0.17' -0.68 

be determined accurately but it is approximately half that of 
the 1.800-ym-' band. The higher energy bands at 3.600-3.690 
pm-' are assigned to T -+ K* transitions of the ligand.15J6 This 
band is absent in the spectrum of the TIM complex (complex 
V) but for the Ph-TIM and substituted Ph-TIM ligands this 
transition is shifted toward lower energies due to the additional 
moderate conjugation present in these systems. 

Redox Potentials, Busch and c o - w o r k e r ~ ~ , ~  have correlated 
the substituent effect and E I l 2  for Ni2+/Ni3+ in Ni(I1) 
complexes. The half-wave potentials for the FeZ+/Fe3+ couple 
for the complexes I to V are given in Table IV. The data in 
Table IV clearly show that the electronic effect of the sub- 
stituents on the a-diimine system is transmitted to the central 
iron atom. Moreover, by comparison of the E I l Z  for the 
complexes I, 11, and 111, it is evident that the electronic effect 
of the electron-donating para substituents CH, and CH30 on 
the phenyl ring is also transmitted to the iron atom. 

The observed variations in the E I j z  for the complexes clearly 
show that the Fe(II1) oxidation state is stabilized with in- 
creasing a-donor strength of the macrocyclic ligands and the 
Fe(I1) oxidation state is stabilized with increasing r-acceptor 
ability of the ligands. 

The up values for R = p-XC6H4 (X = CH3, CH30, or H) 
were caIculated from their pK, values" and are listed together 
with cp constants for R = CH3 in Table IV. In Figure 2 the 
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Figure 2. Half-wave oxidation potentials for complexes I-V vs. Cap 
for the substituents R on the macrocyclic ligand. 
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Figure 3. Cyclic voltammogram of M [Fe(2,3,9,10-(p- 
CH30C6H4)4[ 141 1,3,8,1 O-tetraeneN4)(CH3CN)2] (PF,), (111) in 
acetonitrile. 

sum of the up constants for the R’s in the complexes I, 11,111, 
IV, and V are plotted against their values. The correlation 
coefficient is 0.999 and the slope p = 0.38. The straight line 
in Figure 2 obeys the following equation: 

E112 = 0.87 + 0.38CaP 

Dreiding molecular models show that steric interference 
between substituents a t  the 2, 3 and 9, 10 positions would 
prevent the phenyl rings from being coplanar with the tet- 
raimine system. Therefore, the Ph substituent cannot be fully 
conjugated with the planar system containing the four C=N 
bonds. However, the p of 0.38 indicates a significant 
transmission of the electron-releasing ability of the para 
substituents on the phenyl ring to the central iron atom. This 
transmission is accomplished mainly by electrostatic induction 
rather than by resonance.18 Similar effects were observed for 
the nickel(I1) tetraphenylp~rphyrins.’~ 

A typical cyclic voltammogram is shown in Figure 3. The 
reversibility of the redox process is evident from the separation 
of the peak potentials and the ratio of the heights of the peaks, 
which is close to unity. 
Experimental Section 

Materials. 1,3-Diaminopropane, benzil, 4,4’-dimethylbenzil, 
4,4’-dimethoxybenzil, and 1-phenyl- 1,2-propanedione were obtained 
from Aldrich Chemical Co. Other chemicals were reagent grade. 
Tetraethylammonium perchlorate was recrystallized twice from water 
and dried for several hours under vacuum at 70 O C .  Acetonitrile used 
for electrochemical measurements was distilled twice over KMn04 
and P,05. Other solvents were spectral grade and were used without 
further purification. Solution of ferrous chloride in methanol was 
prepared under nitrogen following the method of Reichgott and Rose9 

by using anhydrous ferric chloride, excess iron powder, and small 
amounts of stannous chloride. 

Physical Measurements. Elemental analyses were performed by 
M.H.W. Laboratories, Phoenix, Ariz. Infrared spectra were recorded 
on a Beckman IR- 12 double-beam spectrophotometer. The samples 
were prepared as mulls in Nujol. Proton magnetic resonance spectra 
were recorded on either a Varian A-60A or a Bruker WP60 spec- 
trometer. The UV-visible spectra were measured with a Cary 118 
spectrophotometer using quartz cells. Redox potentials for the 
Fe2+/Fe3+ couples were determined in acetonitrile by cyclic vol- 
tammetry measurements by using a Princeton Applied Research 170 
polarograph. The electrode system consisted of a Ag/O.l M AgN03 
reference electrode, a stationary platinum electrode, and a platinum 
foil, functioning as the third electrode. Measurements were made 
at  room temperature in a closed glass cell, which was flushed with 
nitrogen. Contact of the solution with the reference electrode was 
made through a glass tube with a medium glass frit and through a 
VIGOR “thirsty” glass tube 13-mm long. The compounds were 
dissolved in purified and deaerated acetonitrile containing 0.1 M 
tetraethylammonium perchlorate as supporting electrolyte. The 
concentration of the complexes was 2 X or 1 X lO-’M. The 
scanning voltage was 200 or 500 mV/s and the current range 1 or 
2 wA. Conductances were measured in acetonitrile ( N M so- 
lutions) at 25 OC by using a Yellow Springs Instrument conductivity 
bridge and a conductivity cell with platinized platinum electrodes. 

Preparation of the Complexes. Complexes I-V were prepared 
following a modified method of Reichgott and Rose.9 Monoprotonated 
1,3-diaminopropane, appropriate a-diketone and freshly prepared 
ferrous chloride were allowed to react for 48 h instead of 24 h. The 
analytical data, yields, molar conductances, and the electronic spectral 
data for the new complexes are given in Table I. 
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