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The photochemistry of low-spin d® [Fe(TIM)(X)(Y)](PFg), (TIM = 2,3,9,10-tetramethyl-1,4,8,11-tetraazacyclo-
tetradeca-1,3,8,10-tetraene; X and Y = MeCN, CO, imidazole, and triethyl phosphite) is studied in various organic solvents.
The electronic absorption spectra contain an intense metal-to-ligand charge-transfer band in the visible region characteristic
of the Fe?*—a~diimine moiety. The energy of this band varies with the 7 interaction between the metal and the axial ligands.
The photochemistry of [Fe(TIM)CH;CN(CO)](PF¢), shows two reaction modes: ‘loss of CH;CN in acetone and loss of
CO in acetonitrile. The bis(triethyl phosphite) complex undergoes photosolvation when the MTLCT band is irradiated
in pyridine to form [Fe(TIM)(py),]>*. The bis(imidazole) complex is photoinert. The phatoreactivity of the Fe(II)~TIM
complexes is discussed in terms of ligand field and charge-transfer excited-state origins. The temperature dependence of
the quantum yield for the photosolvation of the bis(triethyl phosphite) complex in pyridine is examined. The quantum
yield varies from 0.0018 at 10 °C to 0.0038 at 40 °C. The activation energy for the photoreaction is 4.1 kcal/mol.

Introduction

Six-coordinate low-spin d® complexes of the first, second,
and third transition series constitute the largest category of
photochemically studied coordination complexes.? With the
use of strong-field ligands, Fe(II) can form low-spin six-co-
ordinate complexes.” To date, most of the photochemical
studies of Fe(II) complexes, including those of Fe(II) mac-
rocyclic complexes,* have dealt with their photoredox prop-
erties. .

Six-coordinate Fe(Il) complexes containing the quadra-
dentate, macrocyclic ligand TIM (TIM = 2,3,9,10-tetra-
methyl-1,4,8,11-tetraazacyclotetradeca-1,3,8,10-tetraene), first
synthesized by Rose et al.,’ were chosen in order to study the
ligand substitution photochemistry of low-spin Fe(II). Since
this strong-field macrocyclic ligand only adopts a planar
configuration in the metal’s coordination sphere,®’ a variety
of trans-disubstituted low-spin complexes can be prepared.
Consequently, their photochemical properties can be examined
and compared to those of other low-spin d® metal systems.?

In addition to providing a number of low-spin d° iron
compounds, the Fe(II)-TIM system has two other important
characteristics. - First, it binds carbon monoxide. Photo-
chemical studies of carbonyl complexes of iron macrocyclic

systems may provide a bridge between the photochemistry of
the zerovalent metal carbonyls and the classical ionic “Werner”
complexes. In addition, these ionic carbonyl complexes may
act as model systems for the photoactivity of carbon monoxide
on myoglobin and hemoglobin.>*'? Second, the most intense
spectroscopic feature in the visible electronic absorption
spectrum is an iron to TIM charge-transfer band. These
complexes may help to further elucidate the effect of the CT
excited state on ligand photosubstitution reactions.

Experimental Section

Synthesis. [Fe(TIM)(CH;CN),J(PF),, [Fe(TIM)(im),](PFg), and
[Fe(TIM)CH;CN(CO)(PF;), were prepared according to the methods
of Baldwin et al.®

[Fe(TIM)(P(OEt);),J(PFs),. The bis(acetonitrile) complex (0.5
g) was dissolved in 10 mL of acetonitrile and filtered. Triethyl
phosphite (2.5 mL) was added to the filtrate. In about 45 s, the
solution turned from red to pink-purple. The solution was rotovapped
at room temperature until crystals formed and then was filtered. The
crystals were washed with diethyl ether and recrystallized from acetone
and diethyl ether; yield 80%. Anal. Caled for FeCyHsyF,N,O¢Py:
C, 33.7; H, 5.8. Found: C, 33.9; H, 5.8.

[Fe(TIM){(NH,).J(PF),. Dry ammonia gas was vigorously bubbled
through a filtered, saturated solution of the bis(acetonitrile) complex
in CH,Cl, until the solution was reduced to half its original volume.
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Table I, Electronic Absorption Band Maxima of
Fe(II)-TIM Complexes

Compd Solvent Maxima, nm (e)
[Fe(TIM)CH,CN(CO)]- Acetonitrile 431 (6200)
(PFy), Acetone 431, 550 sh
[Fe(TIM)(P(OEt),), J(PF,), Acetonitrile 513 (9200), 388 sh
Dichloro- 513,400 sh
methane
Acetone 513,400 sh
Pyridine 513,400sh
[Fe(TIM)(CH,CN), I(PF,), Acetonitrile 550 (9870), 513 (5766)
463 sh
[Fe(TIM)(im), ](PF), DMA 658 (9550), 613 sh
[Fe(TIM)(NH,), |(PF,), Acetone 700 (5970), 638 sh

A baby blue powder was obtained when the solution was filtered, Anal.
Calcd for FeC;HyF2NePy: C, 26.8; H, 4.8. Found: C, 27.1; H,
5.2.

Photochemistry. All solvents used in the photochemical studies
were purified according to the methods described by Jolly.!* Each
complex gave an accurate elemental analysis. All visible—ultraviolet
spectra were recorded on a Cary 14. A 200-W mercury-xenon lamp
was used for all irradiations. A 436-nm solution band-pass filter was
used to irradiate into the 431-nm band of [Fe(TIM)CH;CN-
(CO)](PFy),.!% The 669-nm band used to irradiate into the 670-nm
band of the bis(imidazole) complex was isolated using the following
filter system: 10 cm of a crystal violet solution (2.5 mg in 200 mL
of 95% ethanol), | cm of 9,10-dibromoanthracene in toluene (20 mg
in 100 mL), a Dirac 630.0-nm cutoff filter, and a Corning 1-69 filter.
Irradiation into the 513-nm band of the bis(triethy! phosphite) complex
was accomplished with the following filter system: 6 cm of NaNO,
(30 g in 200 mL of water), a Dirac 500.0-nm cut-on filter, and a Dirac
540.0-nm cutoff filter. The band maximum of the filter system was
531 nm.

Determination of Quantum Yields, Before each photolysis, a stock
solution (10™ M) of the complex was prepared in the dark and
maintained at the same temperature as the thermal holder of the
photolysis cell: 10 °C for [Fe(TIM)CH,;CN(CO)](PFs), and
[Fe(TIM)(im),}(PF¢), and room temperature for [Fe(TIM)(P-
(OEt)3),](PF¢),. All samples to be photolyzed were drawn from the
stock solution along with the thermal blanks. After each irradiation
the optical density of an aliquot of the stock solution was measured.
In all but a few cases, its optical density was equal within experimental
error to that taken prior to the irradiation. However, over the time
span of a complete study, consisting of up to 40 randomly selected
irradiation periods ranging in time from 4 to 120 s, the optical density
of the stock solution did change. This thermal reaction was small
compared to the observed photochemical reaction and was taken into
account for all quantum yield calculations. Concentration changes,
both thermal and photochemical, were measured on a Hitachi
Perkin-Elmer Model 139 UV-vis spectrophotometer by monitoring
the metal-to-ligand change transfer (MTLCT) band maximum of the
complex.

Ferric oxalate actinometry'#* was used for the 436-nm irradiation,
Reinecke actinometry’s for the 513-nm irradiations, and chromium
urea'® actinometry for the 669-nm irradiations. All irradiations were
carried out in the same 1-cm quartz cell. All photoreactions exhibited
isosbestic points in the electronic spectra.

Quantum vields were calculated from plots of the concentration
of photoreactant vs. time. The amount of photoproduct produced in
a given time interval was equal to the amount of photoreactant
consumed in the interval. The number of photons absorbed by the
photoreactant in the time interval was determined from the area under
the curve. In the case of [Fe(TIM)MeCN(CO)][(PFs), where inner

Table II. Quantum Yield Data
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Figure 1. Electronic absorption spectra of [Fe(TIM)(P(OEt),),] (PFy),

~in pyridine (—) and [Fe(TIM)(py).1?* (---) offset to facilitate

comparison. The decreases in absorbance at 5130 A correspond to
irradiations of the original sample and the sample after 2.5 h in the
dark and irradiations of 15, 30, and 60 min, respectively.

filter effects were important,'® the amount of light absorbed by the
interfering bis(acetonitrile) complex was subtracted from the total
number of photons absorbed by the sample at 431 nm to give the
number of photons absorbed by the [Fe(TIM)MeCN(CO)[(PF),
complex.
Results

Electronic Absorption Spectra. The electronic absorption
spectra of Fe(II)-TIM complexes are dominated by an intense
absorption whose energy is dependent upon the axial ligands
as shown in Table I. This band is assigned to an iron to TIM
charge-transfer transition with the electron transfer occurring
from the d,, or d,, orbital of the metal to a w-antibonding
orbital of the a-diimine moiety of TIM.

In addition to the intense CT band, less intense bands which
appear as shoulders on the main band are observed for several
of the compounds. These shoulders are probably ligand field
transitions (vide infra).

Photochemistry. All of the compounds exhibit some degree
of thermal solvation. Three complexes, [Fe(TIM)(P-
(OE1);),](PF),, [Fe(TIM)(im),](PF¢),, and [Fe(TIM)-
CH;CN(CO)](PFq),, exhibit slow enough rates of solvation
to permit accurate photochemical studies. For these complexes
the optical density of a control solution kept in the dark at the
same temperature as the photolyzed sample does not change
during the time span of the photolysis. In contrast, the
bis(ammonia) complex, a highly labile complex, is thermally
completely solvated in less than I min at 0 °C in acetonitrile.
In all cases the thermal and photochemical solvation products
are identical. Quantitative results of the photochemical studies
are given in Table II.

The photochemical reactions of the bis(triethyl phosphite)
complex were studied qualitatively in dichloromethane and
acetonitrile and quantitatively in pyridine. In all cases
isosbestic points were observed. In all of the solvents except
pyridine the charge-transfer absorption band of the product
developed near the main MTLCT band of the bis(triethyl
phosphite) complex, shifting the peak maximum to lower

Photoreactant Solvent Product Quantum yield Temp, °C
[Fe(TIM)(im), J** DMA No observable reaction Less than 3 X 10°% 10
[Fe(TIM)CH,CN(CO)** CH,CN [Fe(TIM)(CH,CN), |** 0.60 = 0.06 10-25

Acetone . Loss of CH,CN 0.80 £ 0.30 25

[Fe(TIM)(P(OEt),),]* py [Fe(TIM)(py), )** 0.0018 10
0.0022 15

0.0027 24

0.0034 37

0.0038 40
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Figure 2. Electronic absorption spectral changes of [Fe(TIM)-
CH1CN(CO)](PFg), in acetone illustrating the small changes in the
observed peak maximum to lower energies caused by increased ir-
radiation times. N

energy. The photoproduct in pyridine, Fe(TIM)(py),**, was
identified by visible spectroscopy (Figure 1). The MTLCT
bands of the photoproduct coincided with those of Fe-
(TIM)(py),** formed by dissolving the bis(acetonitrile)
complex in neat pyridine. The photochemical reaction was
unaffected by the presence of oxygen or water.

The photochemistry of the bis(imidazole) complex was
studied in dimethylacetamide (DMA). In the dark, a slow
thermal reaction took place to form a solvation product. No
measurable photochemical reaction occurred when the bis-
(imidazole) complex was irradiated in the MTLCT band. The
upper limit to the quantum yield of loss of the bis(imidazole)
complex was 3 X 1074,

The photochemistry of [Fe(TIM)MeCN(CO)](PFy), is
unique because it shows different modes of reactivity in
different solvents. In both solvents studied, the photoreactions
are identical with the corresponding thermal reactions, loss
of CO in acetonitrile and loss of acetonitrile in acetone. In
acetonitrile the photoreaction produces the bis(acetonitrile)
complex with an isosbestic point at 463 nm in the electronic
absorption spectrum. In acetone the photoreaction was again
clean (Figure 2) with the MTLCT band gradually shifting a
few nanometers to lower energy as the photolysis proceeds.
In addition, the reaction in acetone shows a slow shift of the
carbonyl stretching frequency to lower energy as the reaction
proceeds. The photoproduct’s peak occurs at 2020 cm™, 8 cm™
lower in energy than that of the reactant. Both the small
electronic spectral shift and the IR peak characteristic of a
coordinated carbonyl indicate that the carbonyl ligand is not
lost in the photosolvation reaction. The photoproduct is
probably either five-coordinate [Fe(TIM)CO]%* or six-co-
ordinate [Fe(TIM)(acetone)(CO)]?* where acetone is weakly
coordinated.

Numerous unsuccessful attempts were made to determine
the extent of the photolabilization of the coordinated nitrile
ligand in acetonitrile. Substituted nitriles such as benzonitrile,
trimethylacetonitrile, and propionitrile were coordinated trans
to carbon monoxide. Mass spectrometry, gas chromatography,
and electronic spectroscopy were not sensitive enough to detect
the photochemical labilization of the coordinated nitrile ligand
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Figure 3, A one-electron energy level diagram for the orbitals involved
in the low-energy electronic transitions of Fe(II)-TIM complexes.

in acetonitrile and were hampered by the thermal lability of
the coordinated substituted nitriles.

Temperature Dependence of Quantum Yields. The quantum
yield for the photoproduction of [Fe(TIM)(py),]** from
[Fe(TIM)(P(OE),),]** in pyridine is temperature dependent,
ranging from 0.0018 at 10 °C to 0.0038 at 40 °C (Table II).
The quantum yield for the photolabilization of carbon
monoxide from [Fe(TIM)MeCN(CO)](PFs), in acetonitrile
shows no temperature dependence in the range from 10 to 25
°C. Temperatures higher than 25 °C could not be studied
because of competing thermal reactions.

Discussion

Spectroscopic Assignments. The visible absorption spectra
of Fe(II)-TIM complexes consist of both metal to ligand
charge-transfer and ligand field (LF) transitions. The
transitions are discussed in terms of the qualitative one-electron
orbital diagram given in Figure 3.

The visible spectrum of each of the five Fe(II)~TIM
complexes studied has as its predominant feature an intense
band (¢ 5000-10000 L cm™ mol™!) characteristic -of the
MTLCT in iron(II)-a-diimine complexes.!” This intense CT
band is assigned as a MTLCT where an electron is transferred
from a d,, or d,, orbital of # symmetry on the metal to an
empty m* orbital of the a-diimine moiety.!””!° The energy of
the MTLCT band is dependent upon the m-acceptor ability
of the axial ligands. As the m-acceptor ability increases, the
energy of the d,; and d, orbitals decreases relative to that of
the #*(TIM) orbital, causing the MTLCT band to move to
higher energies.?

Ligand field transitions are also expected in the visible
absorption spectrum. The lowest energy d—d transitions in
tris(diimine) complexes are generally centered between 600
and 900 nm.'®?"2 The energy of the d,, or d,, — d,: LF
transition will not only be affected by the w-bonding ability
of the axial ligand but also by its s-bonding ability. As the
o-donor ability of the axial ligand increases, the d,2 orbital will
move to higher energy relative to that of the d,,, d,, orbitals.
Because of this dual dependence on the axial ligand’s ¢ and
= interactions, the LF transition energies will not, in general,
parallel those of the CT.

The one-electron model can be used to interpret the
spectroscopy of the Fe(II)-TIM complexes. In [Fe(TIM)-
CH;CN(CO)](PF¢); the d,, and d,, orbitals are strongly
stabilized by the w-accepting ability of CO, giving rise to the
highest energy MTLCT transition observed in the series (431
nm). A low-intensity peak is observed at 550 nm for this
complex in acetone and by Rose in nitromethane.* It is
uncertain whether this low-energy transition is a d—d transition
or the charge-transfer transition from trace Fe(TIM)-
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(CH;CN),*" impurities. In the bis(imidazole) complex, the
MTLCT band is found at a lower energy (658 nm) than that
of the suspected d,.d,, — d,: transition (613 nm). This or-
dering is due to the poor w-acceptor properties and the strong
o-donating ability of the nitrogens in imidazole. The spec-
troscopic properties of bis(triethyl phosphite) complex lie
between those of [Fe(TIM)CH;CN(CO)](PF;), and [Fe-
(TIM)(im),](PFs),. The ligand m-acceptor abilities decrease
in the order CO > P(OEt); > CH;CN > im > NH,.

Photochemistry. Interpretation of the Reactivity. The
quantum yields of the Fe(II)~TIM complexes studied here
range from 0.60 to less than 3 X 10, The observed behavior
can be interpreted using two different explanations: ligand
labilization caused by populating antibonding orbitals in ligand
field excited states or reactivity caused by formally oxidizing
the metal thereby decreasing metal-ligand 7 back-bonding
in the excited state.

The interpretation based upon the ligand field excited states
requires that there be rapid energy transfer from the directly
populated photoinactive charge-transfer excited state to a lower
lying ligand field excited state. The lowest energy ligand field
state has bonding properties different from those of the ground
state: weakened metal-ligand ¢ bonding caused by the
population of the d,: s-antibonding orbital and weakened (or
strengthened) metal-axial ligand = bonding caused by de-
population of the d,, and d,, = bonding (or antibonding)
orbitals, respectively. Theoretical treatments of ligand field
reactivity have been published.!23-28

According to the ligand field interpretation, when the ligand
field excited state is lower in energy than the CT excited state,
the former will be populated and axial ligand labilization will
occur.2>2 [f the ligand field state is higher in energy than
the CT state, the latter will be populated and no ligand la-
bilization will occur. The relative energies of the MTLCT and
the LF transitions are “tuned” by the w-acceptor and o-donor
abilities of the axial ligands. Similar tuning of the excited-state
energies and photochemical reactivity has been demonstrated
for Ru(NH;)sX?*2>% and W(CO);X?*' d° complexes (X =
substituted pyridine), where the energy of the metal to unique
ligand charge-transfer transition was varied by changing the
substituents on the pyridine ligand. [Fe(TIM)CH;CN-
(CO)](PF6)2 and [FC(TIM)(P(OEt)3)2] (PF(,)2 would be re-
active because their CT excited states are respectively higher
than and equal to the energies of their LF states. The bis-
(imidazole) complex would be photoinactive because its CT
band is lower in energy than its LF band.

The second interpretation of the reactivity patterns is based
on the reactivity expected from the formally oxidized iron
center. Populating the MTLCT excited state will remove an
electron from the degenerate d,, or d,, orbitals of the metal
causing a loss of 7 bonding along the z axis for w-acceptor
ligands. In addition, the metal will be oxidized from Fe(II)
to Fe(III) thereby decreasing the amount of 7 back-bonding
and increasing the o-bonding interactions. Both effects would
be expected to weaken the metal-ligand bonds for good =-
acceptor ligands like CO and triethyl phosphite. Ligands with
poor w-back-bonding characteristics but strong ¢-donor
properties such as imidazole would not be affected by =-
bonding charges but would have increased ¢ bonding due to
the metal being in a higher formal oxidation state. Thus, the
photoactivity of the complexes containing w-acceptor ligands
and the photoinactivity of the complex containing strong
o-donor ligands could be explained in terms of reactivity
directly out of a CT excited state.

Definitive experimental differentiation between the two
explanations of the reactivity cannot be made because of the
extreme thermal lability of many of the complexes and the
difficulty in synthesizing as wide of a variety of substituted
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Figure 4. Plot of the experimental values of In (®/(1 - ®)) vs. 1/T
(K™ for the photoreaction of [Fe(TIM)(P(OEt);),]** in pyridine.

Fe(II)-TIM complexes as would be desired. On the basis of
our available data, we favor the ligand field bond labilization
explanation. The primary argument against the CT expla-
nation is that the acetonitrile ligand is readily labilized from
[Fe(TIM)CH,CN(CO)](PF), in acetone.

Temperature Dependence. The rate constant of a photo-
chemical reaction, k,, for a nonphotoluminescent complex can
be expressed in terms of the reaction quantum yield, ®, and
the rate constant of the nonradiative, nonreaction processes,
k,,asshownineq 1. The temperature dependence of the rate

Dk,
1-®

of reaction is commonly expressed in terms of the Arrhenius
equation (eq 2) where E, is the activation energy. Substituting

k= e EaRT @)

ky (1)

eq 1 into eq 2 yields a relationship between the reaction
quantum yield and the temperature

ko @
1-
The point-slope form of eq 3 is

o(25)- 2 (2) ()

A plot of the experimental values of In (®/(1 — ®)) vs. the
inverse of the absolute temperature gives a straight line with
a r? coefficient of 0.98 as shown in Figure 4. The energy of
activation obtained from the plot is 4.1 & 0.7 kcal/mol. The
energy of activation for the thermal reaction is 23.4 kcal/mol.

The temperature dependence of the viscosity of a liquid is

AEyis/RT (5)

=Ae FalRT €)

n=A'e

where 7 is the coefficient of viscosity measured in centipoise,
A’ s an undetermined constant, and AE,; is the energy of
activation for viscous flow.3? For pyridine, AE, is 2.4
kcal/mol as calculated from the data given by Telang.*?

The photosolvation of [Fe(TIM)(P(OEt);),](PFs), in
pyridine can be considered to be diffusion controlled due to
the closeness in energy of the photochemical activation energy
and AE,,. That E, is larger than AE,;; may be due to the
larger bulk of triethyl phosphite compared to that of pyridine
which could cause the energy of the diffusion process to be
slightly larger.
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The photosolvation of [Fe(TIM)MeCN(CO)]** in aceto-
nitrile shows no temperature dependence over the temperature
range studied, 10-25 °C. The lack of an observed temperature
dependence may be due to the small temperature range ex-
amined. If the excited-state activation energy is small, the
change of k, over the temperature range studied could be
insignificant.
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Charge-transfer band irradiation of solutions of [Fe!'X(NO)(das),](C10O,), (X = Cl, Br, or I and das = o-phenylene-
bis(dimethylarsine)) in acetone, acidified methanol, and acidified methanol containing excess halide ions produces
[Fe'"X,(das),}*. The quantum yield is independent of wavelength (255, 313, 366, 405, and 435 nm), the concentration
of starting material, the incident light intensity, and the concentration of halide ion. However, the quantum yield is sensitive
to the solvents and to the halide ligands. The photoactive excited state is assigned to the b,(d,,) — e(#*(NO)) transition
which causes the formal oxidation of Fe(II) to Fe(III) and the formal reduction of NO* to NO radical. Mechanisms of

the reaction are discussed.

The photoreactivity of charge-transfer excited states of
transition-metal complexes is poorly understood in comparison
with the photoreactions originating from ligand field excited
states.! Whereas the latter excited states most commonly lead
to ligand labilization' caused by population of metal-ligand
antibonding orbitals, the former can lead to photoredox
processes in addition to ligand labilization. For example,
photoexcitation into ligand to metal charge-transfer (LTMCT)
excited states of tris(dithiocarbamato)iron(ITI) complexes led
to a series of reactions which were interpreted in terms of free
radical ligands and a reduced metal center in the excited
state.*® Similarly, the metal to ligand charge-transfer
(MTLCT) photochemistry of hexakis(aryl isocyanide)
complexes of group 6B metals was interpreted in terms of a

formally oxidized metal center.” The charge-transfer pho-
tochemistry of complexes containing more classical ligands has
recently been reviewed.!

Low-lying MTLCT excited states are in general expected
in complexes containing good #-acceptor ligands which are
coordinated to metals in low oxidation states. The nitrosyl
ligand was chosen for study because it fulfills the qualities of
being a good 7 acceptor. Although the ground-state properties
of metal nitrosyl complexes have been well studied and are
well explained by the Enemark~Feltham theory,® excited-state
properties have not received much attention. Quantitative
studies of the photochemistry of nitrosyltetracarbonyl-
manganese® and pentacyanonitrosylferrate!® have been re-
ported. The former compound undergoes photosubstitution



