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Abstract: When 10"3-10-4 M methanol solutions of an iron complex of TIM (2,3,9,10-tetramethyl-1,4,8,11-tetraazacyclote-
tradeca-l,3,8,10-tetraene) are exposed to sunlight, oxidation of methanol to formaldehyde proceeds according to the net equa­
tion: CH3OH + V2O2 -* CH2O + H2O. In the absence of O2 the oxidation of methanol is accompanied by a stoichiometric re­
duction of [Fe'"(TIM)(CHjOH)(OCH3)]2+, a red low-spin Fe(III) complex, to [Fe"(TIM)(CH3OH)2]2+, a blue low-spin 
Fe(II) complex. The initial step in each oxidation-reduction reaction is thought to be a photoassisted homolytic cleavage of 
an Fe-OCH3 bond leading to the Fe(II) species and the -(OCHj) radical. In the presence of O2, [Fe"(TIM)(CHjOH)2]

2+ 
is oxidized to [Fe'"(TIM)(CHjOH)(OCHj)]2+ and the photoassisted reaction continues. The foregoing processes proceed 
in a cyclic manner until the available O2 is consumed or until the Fe(TIM) species are irreversibly degraded. 

The photochemistry of Fe(II) and Fe(III) complexes has 
been a subject of intense interest for several decades.1 This 
work has been recently reviewed,2 and ongoing efforts have 
afforded significant achievements in both aqueous34 and 
nonaqueous3 '56 media. Although the photochemistry of bi-
dentate chelates of iron3'5'7 and of the naturally occurring 
macrocyclic chelates8,9 has been developed extensively, the 
photochemistry of synthetic macrocyclic iron chelates is less 
explored10,11 to date. 

In this paper we report a cyclic, photoassisted oxidation-
reduction reaction, which involves methanolic solutions of an 
iron complex containing the macrocyclic ligand, TIM 
(2,3,9,10-tetramethyl-1,4,8,11 -tetraazacyclotetradeca-
1,3,8,10-tetraene, Figure I ) . 1 2 1 4 The structure and chemistry 
of Fe(II),10 '12 '14 ' '5 Co(II), '6 ' '7 Co(III),14 '16 ' '8 '19 and Ni(II)2 0 

complexes of TIM have been previously reported, and the 
structure of an Fe(III) complex has been determined.2' From 
these studies several key points emerge concerning TIM 
complexes: (1) In none of the seven structural studies nor in 
the spectroscopic studies is there evidence that the macrocyclic 
ligand adopts any configuration about the metal other than one 
in which the metal ion and the four nitrogen donor atoms of 
TIM are virtually coplanar. Thus, in six-coordinate complexes, 
the fifth and sixth ligating atoms must be mutually trans, and 
"axial" with respect to the plane of the metal and the four TIM 
nitrogen donor atoms. (2) In the case of Fe(II) and Fe(III), 
all six-coordinate complexes have been found to be low spin. 
(3) Facile ligand substitution reactions are readily carried out 
involving the "axial" ligands of the Fe complexes. 

The photodissociation of "axial" ligands (involving het-
erolytic bond cleavage) from d6 [Fe(TIM)(nitrile)(CO)]2+ 

complexes has been recently reported.I0 The results were found 
to reinforce the notions developed through a simple molecu­
lar-orbital description of Co(III) complexes, considering the 
influence of d-d transitions on the labilization of ligands.22 In 
contrast to the photodissociation studies of d6 complexes,22 24 

the work described here concerns the photoassisted reduction25 

of a d5 to a d6 iron-TIM complex and the concomitant oxida­
tion of methanol. In this scheme, the light absorbing step un­
doubtedly involves ligand to metal charge transfer (LMCT) 
rather than a d-d transition and the key step in the reaction 
mechanism probably involves homolytic bond cleavage be­
tween the iron and an axial ligand. The net equations proposed 
to occur in the system are represented by eq 1, 2, and 3. 

[Fe(TIM)(CH3CN)2](PF6)2 

- U - [Fe"(TIM)(CH 3 OH) 2 ] 2 + (blue) 
+ 2 P F 6 - + 2CH3CN (1) 

2[Fe"(TIM)(CH3OH)2]2+ (blue) 

+ ' / 2 0 2
C - ^ H 2 [ F e m ( T I M ) ( C H 3 O H ) ( O C H 3 ) ] 2 + (red) 

+ H2O (2) 

2[Fe" ' (TIM)(CH 3 OH)(OCH 3 ) ] 2 + (red) + CH 3OH 
CH3OH 
—*• 2[Fe"(TIM)(CH3OH)2]2+ (blue) + CH2O (3) 

sun 

These three equations correspond respectively to the three 
following experiments, which in turn are keyed by number into 
the larger set of experiments shown in Figure 2. (1) Anaerobic 
dissolution of [Fe(TIM)(CH3CN)2](PF6)2 in methanol (to 
give a blue solution). (2) Exposure of the blue solution to 
oxygen (to give a red solution). (3) Exposure of the degassed 
red solution to sunlight (to give the blue solution again). The 
data and inferences which provide support for the proposed 
reactions are presented below. 

Results and Discussion 

Equation 1. When [Fe(TIM)(CH3CN)2](PF6)2 is dissolved 
in carefully degassed methanol, and successive fractions of 
methanol are removed and distilled onto the solid, a blue so­
lution results. The blue methanol solution is diamagnetic 
(within the sensitivity of the measurement) and no ESR signal 
is observed at room temperature nor in the frozen solution at 
liquid nitrogen temperature. The spectrum of the blue solution 
(Figure 3) remains unchanged over several months, provided 
the solution is carefully protected from oxygen. It is proposed 
that methanol has replaced acetonitrile in the "axial" sites of 
the complex (eq 1), and that the six-coordinate complex, 
[Fe1 1CnM)(CH3OH)2]2+, (S = O), is the predominant 
complex present. Such a formulation seems likely in that a wide 
variety of six-coordinate Fe(II) complexes have been prepared 
of the sort [Fe(TIM)(X)(Y)]2+, where X and Y are neutral 
ligands. All are diamagnetic.1215 

Equation 2. Exposure of the blue solution to oxygen (or to 
air) is accompanied by a rapid color change to red and an up­
take of 0.27 (±0.07 maximum estimated error) mol of oxygen 
per gram-atom of iron. 

The spectrum of this red solution (Figure 3) is the same 
whether it is prepared from reagent methanol or methanol 
distilled from calcium hydride, and the spectra of freshly 
prepared solutions are unchanged by the presence of 0.1 M 
concentrations of water or acetonitrile. In fact the red solution 
can be prepared directly by dissolving [Fe(TIM)(CH3-
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Figure 1. Structural representation of [Fe(TIM)(CH3CN)2](PFe)2 after 
Lingafelter and Smith.14 
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Figure 3. Visible spectra (methanol solution) of (a) [Fe11CTIM)-
(CH1OH)2]2+ (max at 15.60 kK), the "blue solution"; and (b) [Fe1"-
(TIM)(CH3OH)(OCH3)]2+ (max at 21.74 kK), the "red solution". 
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Figure 2. Schematic representation of some reactions of [Fe(TIM)(X)-
(Y)](PF6),. 

CN)2](PF6)2 in methanol in the presence of air and this is the 
manner in which it was routinely done. 

The gram-magnetic susceptibility of the iron species present 
in the red methanol solution (freshly prepared) is 1.90 (±0.12) 
X 1O-6 cgs. An ESR signal is observed in methanol at room 
temperature, and in frozen solution at liquid nitrogen tem­
perature g values of 1.97, 2.13, and 2.19 are obtained; no hy-
perfine structure is observed. The red methanol solution is 
slightly acidic. Thus on dissolution of [Fe(TIM)(CH3-
CN)2] (PF6)2 in the presence of air approximately 0.02 equiv 
of hydrogen ion is produced per gram-atom of iron. In the 
presence of low concentrations of trifluoroacetic acid ([H+] 
= 0-0.001 M, [Fe] = 4 X 1O-4 M) there are no significant 
changes in the spectrum of the red methanol solution. How­
ever, in the presence of higher concentrations of acid ([H+] 
= 0.1 -1.0 M, [Fe] = 4 X 10 -4 M) there is a color change to 
yellow, the intensity of the absorption at 21.74 kK is dimin­
ished, and a new maximum is observed at 23.53 kK (Figure 
4). 

The assignment of the predominant species present in the 
red solution is not as straightforward as for the blue solution. 
The experimentally determined stoichiometry of the reaction 
with oxygen corresponds very nearly to 0.25 mol O2 per mol 
of iron. Thus an oxidation from Fe(II) to Fe(III) is indicated 
(eq 2). Since the oxidation is accompanied by only a very slight 
increase in hydrogen ion concentration, some anionic oxy­
gen-containing species must be bound to the Fe(III). This 
anion is undoubtedly OH - , OCH3

- , or O 2 - (formally). The 
following complexes merit consideration as the predominant 
Fe containing species present in the red solution. The com-
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Figure 4. Visible spectra (methanol solution) of [Fe1 "(TlM)(CH3OH)-
(OCH3)]2+ in the presence of trifluoroacetic acid. Curve (b) 0.000-0.001 
M [H+], (c) 0.11 M [H+]; (d) 0.54 M [H + ]. 

plexes A and B are dimers, whereas C and D are five- and 
six-coordinate mononuclear complexes. (In methanol it is as­
sumed that OCH3

- and CH3OH are somewhat more likely 
ligands than OH" and H2O, respectively; however, the ulti­
mate argument about the nature of the photoassisted reaction 
is not materially altered regardless of which is selected.) 

[(Fem(TIM)(CH3OH))20]4+ 

B 
[(FeMI(TIM))20]4+ 

A 

[Fe111CnM)(OCH3)]
2+ [Fe11HTIM)(CH3OH)(OCH3)]

2+ 
C (S = V2) D (S = V2) 

Prior to considering the relative merits of the selection of A, 
B, C, or D it is appropriate to discuss the red-orange solid ob­
tained from the red solution (Figure 2). A microcrystalline 
red-orange solid is obtained on the addition of diethyl ether to 
the red methanol solution (see Experimental Section). The 
visible spectrum of a methanol solution of this solid is identical 
with that obtained by dissolving [Fe(TIM)(CH3CN)2](PF6)2 
in methanol (under air). A quantitative comparison of ab-
sorbances of these two solutions affords a molecular weight 
(per iron) of 667 ± 10 amu for the red-orange solid. The po­
sitions of the maxima in the visible spectrum of a Nujol mull 
of this solid (21.98, 18.5 (shoulder) kK) are similar to those 
in the methanol solution spectrum (21.74, 18.26 kK, Figure 
3). The solid has a gram-magnetic susceptibility of 2.31 X 10"6 

cgs at 23.8 0C, which increases slightly as the temperature is 
decreased to 90 0C (2.48 X 1O-6 cgs). The infrared spectrum 
of the solid (as a Nujol mull) exhibits bands characteristic of 
TIM,12 PF6

- ,26 water, and methanol. When the red-orange 
solid is dissolved in acetonitrile and the resulting solution is 
evaporated to the atmosphere the solid obtained is [ Fe(TI M)-
(CH3CN)2] (PF6)2 as indicated by its magnetic susceptibility 
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and its infrared and 1H NMR spectra.12 The molecular weight 
of the red-orange solid determined gravimetrically (based on 
the known molecular weight of [Fe(TIM)(CH3CN)2](PF6)2) 
is 661 ± 3 amu per iron.27 The 1H NMR spectrum taken fol­
lowing the dissolution of the red-orange solid in deuterioace-
tonitrile shows all the peaks assigned to [Fe(TIM)-
(CD3CN)]2+,12 plus approximately % mol of methanol per mol 
of complex. The Mossbauer spectrum (20 0C) of the red-
orange solid shows two lines; isomer shift = 0.36 mm/s (rela­
tive to sodium nitroprusside), and quadrupole splitting = 2.67 
mm/s. 

On vacuum desiccation, the red-orange solid loses mass, and 
changes color to gray-green (Figure 2). This solid is hygro­
scopic, and the infrared spectrum indicates that both water and 
methanol have been lost from the solid. (A similar color change 
is observed on heating the red-orange solid to 79 0C.) The 
gram-magnetic susceptibility of the gray-green solid (20 0C) 
is 3.5 X 10-6 cgs and the Mossbauer spectrum (20 0C) exhibits 
four lines.28 The solid remaining when an acetonitrile solution 
of the gray-green solid evaporates to dryness is burgundy red 
with an infrared spectrum characteristic of [Fe(TIM)-
(CH3CN)2](PFe)2- However, the gram-magnetic suscepti­
bility of the solid thus obtained is slightly higher than expected, 
-0.17 X 10-6 cgs, Mefr = 0.57 /xB as compared to -0.37 X 10"6 

cgs, /ueff = 0.36 JIB for an authentic sample of [Fe(TIM)-
(CH3CN)2](PF6),.12 

A consideration of the properties of the red-orange solid and 
the red solution permits the selection of D as the most likely 
species present in the red solution. The oxo-bridged dimeric 
structures A and B can be eliminated as likely candidates via 
two lines of evidence, one based on magnetic data, the other 
on ESR spectra. In oxo-bridged species the two Fe(III) centers 
are commonly coupled antiferromagnetically.29'30 Although 
the magnetic moment of the iron present in the red solution at 
30 0C, 1.94 (±0.06) MB,3 ' is not itself indicative of the absence 
of antiferromagnetism, the red-orange solid derived from the 
red solution clearly does not exhibit the expected temperature 
dependence of Xg for two coupled Fe(III) centers.29 The solid 
exhibits a magnetic moment of 2.10 ;UB at 23.8 0C and 1.91 ̂ B 
at —90 0C.3 ' Given the magnetic data and the strikingly sim­
ilar electronic spectra of the red solution and the red-orange 
solid it seems likely that the same mononuclear low-spin 
Fe(III) complex is present in both phases. 

A consideration of ESR spectra provides the second line of 
evidence. Oxo-bridged dimeric complex ions containing Fe(III) 
have been extensively studied, but to date only limited ESR 
data have appeared.2932 It is significant that no ESR signal 
is observed for [Fe(salen)]20-CH2C12

33 nor for [Fe(TPP)]2-
032.34 a t r o o m temperature or at liquid nitrogen temperature. 
For [Fe(sal-7V-«-Pr)2]20 one isotropic line is observed29 at g 
==< 4.3. This is in contrast to the ESR spectrum of the red 
methanol solution (which yields three g values at liquid ni­
trogen temperature) and of the spectra of other complex ions 
containing low-spin Fe(III), 14-membered macrocyclic Ii-
gands, and one or two axial ligands3541 (Table I). Clearly the 
ESR data are also consistent with a mononuclear Fe(III) (S 
= V2) complex being the predominant one present in the red 
solution (structure C or D). 

As seen in Table I both five-38 and six-coordinate34 4I 

low-spin Fe(III) complexes with macrocyclic ligands somewhat 
similar to TIM (i.e., four sp2 nitrogen atoms bound to the iron) 
can all give grossly similar ESR spectra. A consideration of the 
Mossbauer spectra, however, permits a reasonable selection 
between C and D to be made. (The assumption again required 
is that the red-orange solid and the solution from which it 
formed contain the same Fe complex.) The quadrupole split­
ting of the red-orange solid (2.67 mm/s) is similar to two six-
coordinate low-spin Fe(III) complexes42 (2.73 mm/s for 
[Fe[14] 1,3,8,10-tetraene-N4)Cl2]+ and 2.73 mm/s for 

Table I. ESR g Values for Some Fe(III) Complexes 

Complex 

[Fe(HDf)2(Py)2]Br 

[Fe(HDf)2(Py)2]I 

[Fe(Ph2[H]N4)(Br)-
(DMF)] 

[Fe(Ph2[H]N4)(I)-
(DMF)] 

[Fe(Ph7[H]N4)(SPh)-
(DMF)] 

[Fe(Ph2[H]N4(SPh)(Py)] 

[Fe(Ph2[H]N4)(Py)2] + 

[Fe(Ph7[H]N4)(NMe-
Im)2] + 

[Fe(Me6[H]tetraene-
N4)(Cl)2]PF6 

[ Fe(Me6 [H] tetraene-
N4)(Br)2]PF6 

[Fe(Ph2[H]N4)(SPh)] 

[Fe(TIM)(CH1OH)-
(OCH3)]2+ 

No. 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

5 

6 

g 

1.962,2.244, 
2.280 

1.969,2.240, 
2.273 

1.99,2.06, 
2.09 

1.99,2.06, 
2.09 

1.99,2.04, 
2.12 

2.00, 2.03, 
2.13 

2.00, 2.02, 
2.08 

1.99,2.04, 
2.10 

1.925,2.288, 
2.428 

1.919,2.338, 
2.490 

2.01,2.04, 
2.11 

1.97,2.13, 
2.19 

Ref 

36 

36 

41 

41 

41 

41 

41 

41 

39 

39 

41 

This work 

[Fe(TIM)Cl2]+) but different from that of a five-coordinate 
low-spin Fe(III) complex41 (3.60 mm/s for Fe(Dh2[14]N4)-
(SPh)]). Thus, D seems the most likely choice for the complex 
present in solution, eq 2. This assignment has been reinforced 
by the x-ray determination of the structure of [Fe(TIM)-
(H20)2](C104)3,

21 a low-spin, six-coordinate Fe(III) complex, 
which deprotonates readily in water. 

Equation 3. Red solutions prepared by dissolving 
[Fe(TIM)(CH3CN)2](PFe)2 in methanol (0.77-1.56 X 10~3 

M in iron) in the presence of air were degassed by three suc­
cessive freeze-pump-thaw cycles, maintained under anaerobic 
conditions, and exposed at room temperature to direct sunlight 
for 1 h. The solutions turned blue in color in a matter of min­
utes and the visible spectrum of the blue solution is identical 
with that obtained from a methanol solution of [Fe(TIM)-
(CH3CN)2] (PF6)2 prepared anaerobically (see Figure 2 and 
the preceding discussion of eq 1). In conjunction with the red 
to blue conversion there is no gas evolved from the solution. The 
course of the color change is readily followed by periodically 
interrupting the exposure to sunlight and recording the spec­
trum of the solutions. A family of such spectra exhibit an 
isosbestic point at the intersection of the curves shown in Figure 
3. 

Clearly the [Fem(TIM)(CH3OH)(OCH,)]2+ is being re­
duced to [Fe11CnM)(CH3OH)2]

2+ (Figure 2). The species 
being oxidized is CH3OH or OCH3

- in that the color change 
from red to blue is accompanied by the production of formal­
dehyde (no formaldehyde is produced when the red solution 
is prepared by dissolution of [Fe(TIM)(CH3CN)2](PF6)2 in 
methanol in the presence of air). The formaldehyde content 
often different solutions averaged 0.43 mol OfCH2O per mol 
of iron present. The standard deviation of the ten measure­
ments is 0.02 mol of CH2O per mol of iron present and the 
estimated maximum error (accuracy) in the analytical method 
used is 8% or, in our application, 0.03 mol of CH2O per mol 
of Fe present. Equation 3 features a stoichiometry reasonably 
close to that observed experimentally. Thus, the measured 
formaldehyde production is consistent with 90% of the [Fe"1-
(TIM)(CH3OH)(OCH3)]2+ reduction proceeding via the 
reaction represented by eq 3. 
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Figure 5. Visible spectra (methanol solution) of [Fe111ITIM)(CH3OH)-
(OCHi)J3+ after contact with air for 2 (upper spectrum at left), 6, 24, and 
72 h (lowest spectrum at left). See text. 

There is a striking difference between reactions conducted 
in sunlight and those done in the dark. The characteristic color 
change from red to blue also occurs in the dark but more 
slowly; days are required in the dark, minutes in the sunlight. 
Further, lower amounts of formaldehyde are detected in the 
reactions done in the dark. Using a degassed solution which 
was 8.OX 10 -4 M in iron complex, 0.13 mol of formaldehyde 
per mol of iron was detected after the color of the solution had 
changed to blue (3 days). To explore the possibility that 
formaldehyde could itself serve as a reducing agent for [Fe1"-
(TIM)(CH3OH)(OCH3)J2+, a red methanol solution was 
made up to contain 0.60 mol of formaldehyde per mol of iron 
complex (analyzed following vacuum degassing), degassed, 
and kept in the dark. After 10 days, by which time the solution 
had clearly changed color to blue, the solution was found to 
contain 0.47 mol of formaldehyde per gram-atom of iron. In 
contrast, the observed yield of formaldehyde produced in the 
"sunlight" reaction is unaffected by storing the resulting blue 
solution in the dark for 10 days. It is concluded that (a) a 
photoassisted reduction of [Fe111CTIM)(CH3OH)(OCH3)]

2+ 
to [Fe"(TIM)(CH3OH)2]2+ occurs in sunlight with a con­
comitant oxidation OfCH3OH or OCH3

- to CH2O; (b) CH2O 
reduces [Fe111CITM)(CH3OH)(OCH3)]

2+ via a "slow" 
thermal reaction in the dark; and (c) disproportionation of 
CH2O in the presence of [Fe"(TIM)(CH3OH)2]2+ is not 
significant. In the "sunlight" reaction it is likely that the 
products which represent the approximately 10% of the stoi­
chiometric yield of [Fe"(TIM)(CH,OH)2]2+ from [Fe1"-
(TIM)(CH3OH)(OCH3)]

2+ not accounted for by eq 3 include 
ethylene glycol5 and further oxidation products of methanol 
(or formaldehyde) such as formic acid. 

The color change from red to blue occurs in solutions (kept 
in Pyrex flasks and partially deoxygenated by bubbling N2 
through them) whether they are exposed to direct sunlight or 
sunlight transmitted through window glass or sunlight trans­
mitted through Corning filters with "cutoffs" of 35.7, 29.4, 
26.3, and 22.7 kK. The color change also occurs in the presence 
of sunlight for degassed solutions which contain trifluoroacetic 
acid ([H+] = 0.9 M, [Fe] = 8 X 10~4 M), but the color change 
occurs significantly slower than for a solution of the same iron 
concentration which contains no added acid. The color change 
is also produced in sealed capillary tubes exposed to the ra­
diation of an argon-krypton laser in the 21.84-19.2-kK region. 
It is clear from the experiments that the system is "active" with 
high energy visible light, but quantum yields will be required 
to establish the wavelength of maximum efficiency. This 
wavelength may be in the near ultraviolet region of the spec­
trum. In view of the spectral changes caused by appreciable 
amounts of H+ (Figure 4) it is not surprising that the relative 
rate of the photoassisted reaction is in some way dependent on 
[H+] (vide infra). 

General Considerations. It is to be noted that the sum of eq 
2 and 3 is simply the oxidation OfCH3OH by O2 to CH2O, 

CH3OH + V2O2 — CH2O + H2O (4) 

Since the AG0 for eq 4 is negative43 we conclude that the net 
effect of the sunlight is to provide the activation energy for the 
oxidation. 

There is reason to believe that the iron complex [Fe1"-
(TIM)(CH3OH)(OCH3)]2+ can serve a catalytic role in the 
oxidation of methanol. Thus, when the red solution is not 
carefully degassed (of O2) by a succession of freeze-pump-
thaw cycles prior to its exposure to sunlight, quantities of 
CH2O in excess of those predicted by eq 3 are found. For ex­
ample, when a red methanol solution is degassed by bubbling 
nitrogen gas through the solution for 30 min, then stoppered 
and exposed to sunlight, 6.6 mol of formaldehyde per mol of 
iron present is detected. This is consistent with the proposed 
reaction sequence in which the reactions indicated by eq 2 and 
3 proceed in a cyclic manner until the available O2 is consumed. 
The cyclic character of the system can be more directly dem­
onstrated by simply taking a blue solution (which has been 
prepared from a red solution by exposure to sunlight), exposing 
it to O2, thereby turning it red, bubbling N2 through it, and 
finally exposing it to sunlight again to turn it blue. This cycle 
from red to blue may be repeated several times with the same 
solution. However, there is a gradual diminution in the ab­
sorption of the bands in the visible spectrum. We associate this 
diminution with the known decomposition of the this red so­
lution in the presence of air. When the methanol solution is left 
exposed to the air, changes occur in the spectrum over several 
hours, as depicted in Figure 5. If the solution is exposed to the 
air (or to oxygen) for several days in the presence of sunlight, 
a color change to yellow occurs, and a yellow crystalline solid 
is deposited (Figure 2). This change will also occur in the dark, 
but it requires a longer period of time. The crystalline solid 
contains carbon, hydrogen, and iron, but no nitrogen; it has not 
been further characterized. 

The obvious decomposition of [Fe'"(TIM)(CH3OH)-
(OCH3)]

2+ required to make the yellow solid is not involved 
to a measurable extent in the first cycle of a red to blue con­
version. Thus, when a red solution is prepared by dissolving 
[Fe(TIM)(CH3CN)2](PF6)2 in methanol in air, degassed by 
the freeze-pump-thaw technique, exposed to sunlight (and 
turned blue), and then exposed to air again for several minutes, 
the resulting red solution has a spectrum indistinguishable from 
the initial solution. Further, the spectrum of a freshly prepared 
red solution exposed to air was monitored over a period of 
approximately 30 min and showed no measurable change in 
that time interval. 

The iron-TIM-methanol system described here is similar 
to the photochemically active iron-phenathroline-methanol 
system previously studied.5 In the latter system formaldehyde 
is also produced and it has been proposed5 that the primary 
photoprocess involves homolytic cleavage of an Fe(III)-
methanol bond, thus producing CH3OH+ and Fe(II). Sec­
ondary products include CH3O- and CH2OH- with a major 
final product being formaldehyde. Although the reaction 
discussed here (eq 3) probably occurs by a similar mechanism, 
it may be that the photochemically significant step in the 
Fe(III)-TIM-methanol system involves the homolytic 
cleavage of an Fe(III)-OCH3 bond,44 thus producing Fe(II) 
and CH3O- directly. We infer this because, under acidic con­
ditions (vide supra), where a coordinated OCH3

- would be 
converted to a coordinated HOCH3, the conversion of a red 
to a blue solution in sunlight is significantly slower (see Figure 
4 and recall that the visible spectra of the solutions are marked 
by dependence on acid concentrations above 0.1 M). 

In our system, as in the Fe(III)-phenathroline-methanol 
system,5 the electronic transition which is photochemically 
important is most likely a ligand-to-metal charge transfer 
(LMCT). A proposed sequence of events starting with a 
LMCT is shown in Figure 6. If LMCT involves the d ;: orbital, 
then not only does this account for the generation of Fe(II) and 

Journal of the American Chemical Society / 99:6 / March 16, 1977 



1817 

CH 3 O- , but the C H 3 O - will be labilized due to the presence of 
the electron in the d_-: orbi ta l . 2 2 T h e dissociation of C H 3 O -
from Fe(II ) followed by the reduction of another [Fe 1 "-
( T I M ) ( C H 3 O H ) ( O C H 3 ) ] 2 + by C H 3 O - (or the hydroxymethyl 
free radica l 4 5 ) , accounts for the production of C H 2 O in the 
observed stoichiometry. 

It is to be noted that similar color changes to that observed 
in methanol solutions have also been seen in ethanol. Thus the 
use of Fe( I I I ) complexes of the sort mentioned here may be 
useful for photochemically catalyzing a variety of oxidations 
with O 2 . 

Experimental Section 

The reagents used as starting materials were obtained commercially 
and used without further purification, except where noted. 

[Fe(TIMXCHjCN)2KPF6):- An improved preparation to that de­
scribed previously12 follows. 

Nitrogen was bubbled through methanol (125 ml) for 15 min and 
then iron powder (3.0 g, 0.053 mol, excess) was added. The stream 
of nitrogen was maintained throughout the following procedure. 
Anhydrous FeCl3 (8.62 g, 0.053 mol) was added and the mixture was 
brought to a gentle boil. SnCI2-2H20 (1.0 g, 0.004 mol) was added 
and the solution (now ~0.08 M Fe(Il)) was allowed to cool. 

Methanol (100 ml) was cooled to - 1 0 0 C and maintained at tem­
peratures between - 5 and 5 0 C during the sequential additions of 
1,3-diaminopropane (13.4 ml, 0.16 mol), glacial acetic acid (9.2 ml, 
0.16 mol), and a solution of 2,3-butanedione (14 ml, 0.16 mol) in 14 
ml of methanol. The solution was stirred for 15 min, while a stream 
of nitrogen was bubbled through. 

Under a blanket of nitrogen, the iron solution was filtered into a 
dropping funnel, and then added dropwise to the ligand solution 
(approximately 2 drops/s). Immediately after the start of the addition, 
dry potassium acetate (15.6 g, 0.16 mol) was added as a solid. Ni­
trogen was bubbled through the solution for 15 min following the 
completion of the addition, and then the flask was stoppered. The 
opaque blue reaction mixture was slowly warmed to about 40 0 C over 
6h . 

After a total time of 24 h the solution was cooled to 10 0 C. Aceto-
nitrile (25 ml, 0.472 mol) and glacial acetic acid (25 ml, 0.436 mol) 
were added, and the nitrogen atmosphere was no longer maintained. 
The resulting burgundy red mixture was filtered with suction and a 
yellow solid was discarded. A solution of NFUPF6 (1Og, 0.061 mol) 
in 80 ml of water was added to the filtrate, causing the precipitation 
of a burgundy red solid. The product was collected immediately by 
suction filtration, washed with absolute ethanol until the filtrate be­
came clear, then washed with diethyl ether, and dried under a stream 
of dry air: yield, 1 1.7 g, 22%. 

The product was recrystallized from acetonitrile and ethanol. 
Following recrystallization samples of the solid were prepared as 
powders from acetonitrile solutions by the rapid addition of an excess 
of ethanol. 

[Fe(TIMKCH3OH)(OCH3)](PF6)2-V2H2O. A sample of [Fe(TI M)-
(CH3CN)2](PF6)T (0.5 g, prepared in powdered form) was dissolved 
in methanol (250 ml) with vigorous stirring for 30 min. The resulting 
solution was filtered, and its volume was reduced to 30 ml on a rotary 
evaporator. The solution was again filtered and then diethyl ether (100 
ml) was added dropwise (about 2 drops/s) while the solution was 
stirred continuously. The red-orange microcrystalline solid was col­
lected via suction filtration, washed with diethyl ether, and dried under 
a stream of dry air: yield, 0.38 g, 77%; see ref 27. 

Solutions in methanol were prepared (typically 0.4-1.0 X 1O - 3M) 
by stirring a powdered sample of [Fe(TIM)(CH3CN)2](PF6)2 in 
methanol in the presence of air, for 30 min, except where noted. 
Methanolic solutions were degassed by three freeze-pump-thaw 
cycles (except where noted) under a vacuum of about 5 X 10~5 

Torr. 
The O2 uptake of an [Fe"(TIM)(CH3OH)2]2 + containing solution 

was done on a vacuum line of known volume by measuring the O2 

pressure before exposure to the solution and after both exposure and 
freeze-degassing of the solution with a Toeppler pump. 

Except where noted, the source of visible light was direct sunlight, 
filtered by window glass and Pyrex laboratory glassware. The sunlight 
exposure time for all solutions in which formaldehyde was to be de­
termined was 1 h. 

L M C T SUBST. 
» • -

R E L A X . 
d x 2 - y 2 

4 — -4— ^r 
^r 4-t- + + 
-4+ ^r 4 + 

Fe(TH) Fe(H) Fe(TJ) 
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- OCHj CH2O 

LMCT SUBST. > »-
O X I D . 

Figure 6. Suggested steps in the photoreduction of the Fe(III) species and 
concomitant oxidation of the CH3OH. In the top portion of the figure the 
photoreduction is illustrated using a crystal-field diagram and population 
of the 3d orbitals. In the bottom portion the oxidation of the methanol is 
shown (SUBST. = substitution). 

Analyses for formaldehyde were determined colorimetrically using 
a technique adapted from other sources.'47 A column containing 
Dowex 50W-X8 cation-exchange resin (of total exchange capacity 
20 mequiv and with an excluded volume of approximately 16 ml) was 
loaded with aqueous NaCl solution, and then flushed thoroughly with 
methanol. Methanol solutions (5.00 ml) exposed to the sunlight or 
maintained in the dark were poured onto the column and then eluted 
with methanol. The eluate was collected in 10.0-ml fractions. The first 
fraction was used as a blank. From each fraction a 1.00-ml aliquot was 
taken and 0.5 ml of water and 0.5 ml of a freshly prepared solution 
of 4,5-dihydroxy-2,7-naphthalenedisulfonic acid disodium salt (0.1 
g/ml in water) were added. Concentrated sulfuric acid (5.0 ml) was 
added slowly while cooling in a cold water bath. The solution was in­
cubated at 85 0 C (±5 0C) for 1 h, cooled, and the volume was adjusted 
to 10.0 ml. Absorbance data were taken at 570 nm using a Cary 14 
recording spectrophotometer, employing the sample from the first 
fraction in the reference beam. In no case was any formaldehyde de­
tected in the fifth fraction. Formaldehyde concentration was deter­
mined by comparison to a calibration curve derived from solutions of 
known formaldehyde concentration. 

Magnetic susceptibility was determined in methanol solution by 
the Evans technique,48 employing a concentric NMR tube, with Me.(Si 
as reference. NMR shifts were measured on a Varian HA-100 NMR 
spectrometer at 30 0 C (±0.5 0C) with methanol (-CH3) serving as 
the internal lock. All solution magnetic susceptibility data were cor­
rected for density. 

Magnetic susceptibility was determined for solid samples by the 
Faraday technique. Susceptibility measurements were taken between 
—90 0 C and ambient temperatures. Visible spectra were taken on a 
Cary 14 recording spectrophotometer. ESR spectra were taken at 
X-band on a Varian E9 ESR spectrometer. DPPM was used as an 
external standard. 

Mossbauer spectra were obtained at ambient temperatures (21 ± 
2 0C) using a Doppler-shifted 5-mCi 57Co source and a 97% Xe/3% 
CO2 gas proportional detector. Data were recorded on a 512-channel 
multichannel analyzer and computer fit using the National Bureau 
of Standards program P A R L O R S . 4 9 Sodium nitroprusside was used 
as the reference standard. 
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Abstract: The crystal and molecular structure of tri-/i3-oxo-triaquohexakis(glycine)triiron(III) perchlorate, [Fe30-
(C2H502N)6-(H20)3](C104)7, has been determined using single crystal x-ray techniques and refined by full matrix least 
squares to a conventional R factor of 0.074. The dark red-brown prismatic crystals of monoclinic space group Pl ] have unit 
cell dimensions a = 19.26 (2),b - 15.61 (1), c = 16.69 (2) A, and/? = 100.71 (6)°. The structure is similar to that of basic iron 
acetate, [Fe3O(CF^COOVSH2O]ClO4, with a trimeric unit having an oxygen atom at the center. The remaining coordina­
tion sites of each iron are occupied by four carboxylate oxygens from bridging glycines and a single water molecule. 
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