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Abstract

We carried out time-resolved infrared (TR-IR) and emission lifetime measurements on a
Re(l) carbonyl complex having an N-heterocyclic carbene ligand, namely,
fac-[Re(CO)s(PylmPh)Br], under photochemically reactive (in solution in acetonitrile) and
non-reactive (in solution in dichloromethane) conditions to investigate the mechanism of
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photochemical ligand substitution reactions. The TR-IR measurements revealed that no reaction
occurs on a picosecond timescale and the cationic  product, namely,
fac-[Re(CO)s(PylmPh)(MeCN)]", is produced on a nanosecond timescale only in solution in
acetonitrile, which indicates that the reaction proceeds thermally from the excited state. Because
no other products were observed by TR-IR, we concluded that this cationic product is an
intermediate species for further reactions. The measurements of the temperature-dependent
emission lifetime and analysis using transition state theory revealed that the photochemical
substitution reaction proceeds from a metal-to-ligand charge transfer excited state, the structure
of which allows the potential coordination of a solvent molecule. Thus, the coordinating
capacity of the solvent determines whether the reaction proceeds or not. This mechanism is
different from those of photochemical reactions of other types of Re(l) carbonyl complexes
owing to the unique characteristics of the carbene ligand.



1. Introduction

Rhenium(l) tricarbonyl complexes of the formula fac-[Re(diim)(CO)sL]™ (diim =
diimine ligand, L = monodentate ligand, n = 0 or 1) undergo CO dissociation reactions upon
photoexcitation under certain conditions, followed by substitution reactions with other ligands
such as coordinating solvent molecules. In some cases, isomerization might also occur prior to
coordination of the solvent molecule’’. Because the selectivity of photochemical reactions
differs from that of thermal reactions, photochemical substitution of CO ligands is utilized for
the synthesis of various photofunctional materials®*°. Moreover, it is well known that
fac-[Re(diim)(CO)sL]™ complexes are promising components for CO, photoreduction systems™.
Thus, the mechanisms of these photoreactions have been intensively investigated and are
categorized into the following two main groups. Type | reactions proceed via a metal-centered
state (*MC), which is thermally populated from a metastable triplet metal-to-ligand charge
transfer state (PMLCT)%. A typical example is dissociative substitution of CO in
fac-[Re(CO)s(bpy)(PR3)]". In type Il reactions, the substitution proceeds directly from higher
excited states populated after ultraviolet (UV) irradiation ( <313 nm)*’, of which a typical
example is provided by fac-[Re(CO)s(bpy)CIJ*>.
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has also been found that
some of these complexes Figure 1: Structures of [Re(CO)s(PylmPh)Br] and its photoreaction

act as CO, reduction Products upon irradiation by UV light of a solution in MeCN of
catalysts'”*°. However, the [Re(CO)s(PylmPh)Br].

fundamental photochemical processes in the reactions of these complexes differ from both type
I and type Il mechanisms for Re(l) diimine carbonyl complexes and have yet to be elucidated.
Figure 1 shows the products of the photoreaction of fac-[Re(CO)s(PylmPh)Br] (PylmPh =
1-phenyl-3-(2-pyridyl)imidazol-2-ylidene). When a solution in acetonitrile (MeCN) of
fac-[Re(CO)s(PylmPh)Br] is irradiated by UV light (370 nm), which corresponds to excitation



into the metal-to-ligand charge transfer/ligand-to-ligand charge transfer (MLCT/LLCT)
manifold, the three products shown in Figure 1 are detected. Product 1 is a neutral dicarbonyl
complex in which the CO ligand located trans to the NHC ligand is substituted by a molecule of
MeCN. Product 2 is a cationic tricarbonyl complex in which the Br™ ligand is substituted by a
molecule of MeCN. Product 3 is a cationic dicarbonyl complex in which both the Br ligand and
the CO ligand located trans to the NHC ligand are substituted by a molecule of MeCN. This
photoreaction has the following characteristics'*°:

(1) The reaction occurs in MeCN but does not occur in dichloromethane (CH.Cl) or acetone
(Me:CO) ;

(2) The reaction occurs even at 233 K, which is close to the freezing point of MeCN, which
indicates that the mechanism differs from type I; and

(3) The reaction occurs upon irradiation with a relatively longer wavelength (>400 nm), which
differs from the type Il mechanism.

In order to reveal the mechanism of this reaction having these unique characteristics, we
investigated it by means of two time-resolved techniques: time-resolved infrared spectroscopy
(TR-IR)®> %% and temperature-dependent emission lifetime measurements. TR-IR is a powerful
tool that allows reaction processes to be followed step by step, because the intermediate species
can be identified from their vibrational spectral pattern at each delay time. We therefore
measured the temporal evolution of the TR-IR spectra of fac-[Re(CO)s(PylmPh)Br] after
photoexcitation at 355 or 400 nm in solution in MeCN, in which the photoreactions occur
(reactive conditions), as well as in solution in CH.ClI,, in which the photoreactions do not occur
(non-reactive conditions). We then combined these data with emission lifetime measurements
made at various temperatures, as well as calculations based on transition state theory, to
illustrate the detailed mechanism of this unique photochemical ligand substitution reaction.



2. Experimental
2.1. General considerations

All reagents and solvents were purchased from Sigma Aldrich, Strem, or Alfa Aesar
and were used as received without further purification. All reactions were conducted under an
atmosphere of N2. All reactions and subsequent manipulations were performed in the dark
where possible. fac-[Re(CO)s(PylmPh)Br] was prepared as previously described™. Nuclear
magnetic resonance (NMR) spectra were recorded using a Bruker Avance 400 spectrometer
(400.1 MHz for *H; 100 MHz for **C) at 300 K. All the NMR spectra were calibrated to residual
solvent signals. Infrared (IR) spectra were recorded using an attenuated total reflectance (ATR)
PerkinElmer Spectrum 100 Fourier transform IR (FT-IR) spectrometer with a diamond stage. IR
spectra were recorded from 4000 to 650 cm™ . The intensities of the IR bands are reported as
strong (s), medium (m), or weak (w), with broad (br) bands also specified. Elemental analyses
were performed at Curtin University using a Thermo Finnigan EA 1112 series flash elemental

analyzer.

2.2. Synthesis of fac-[Re(CO)s;(PyImPh)(MeCN)][BF4]

AgBF4 (44.5 mg, 0.228 mmol) was weighed into a Schlenk flask under N,. Dry MeCN
(8 mL) was added to the flask and the mixture was sparged with N, for 30 min.
fac-[Re(CO)s(PylmPh)Br] (101 mg, 0.176 mmol) was added and the mixture was heated under
reflux for 20 h. The pale yellow solution was separated from excess silver salts by cannula
filtration into a pencil Schlenk flask and then layered with dry and degassed diethyl ether. After
three days, pale yellow crystals formed. The diethyl ether and MeCN were removed by syringe
and the crystals were triturated with fresh diethyl ether (3 mL). The crystals were then dried
under high vacuum for 8 h to afford fac-[Re(CO)s;(PylmPh)(MeCN)][BF.]. Yield: 60 mg, 55%.
'H NMR o/ppm (CDCls): 8.75 (1H, ddd, *Jun = 5.6 Hz, “Jun = 1.7 Hz, 3Jun = 0.7 Hz, H6'),
8.24 (1H, ddd, *Jun = 8.4 Hz, *Jun = 7.6 Hz, “Jun = 1.7 Hz, H4"), 8.12 (1H, d, *Jun = 2.2 Hz,
H4), 8.09 (1H, ddd, *Jun = 8.4 Hz, “Jun = 1.2 Hz, 3Jun = 0.7 Hz, H3'), 7.54-7.63 (5H, 3 x m, 3
x Ar CH), 7.42 (1H, ddd, Jun = 7.6 Hz, ®Jun = 5.6 Hz, “Jun = 1.2 Hz, H5'), 7.37 (1H, d, 3Jun =
2.2 Hz, H5), 2.26 (3H, s, CHs). *C NMR o/ppm (CDCls): 194.7 (CO), 192.2 (CO), 189.6 (C2),
186.9 (CO), 154.2 (C2'), 153.0 (C6"), 142.9 (C4'), 139.1 (Ar C), 130.3 (Ar CH), 130.2 (Ar CH),
126.4 (Ar CH), 125.1 (C5), 124.3 (C5’), 123.3 (NCCHa), 118.9 (C4), 114.6 (C3'), 3.66 (NCCHy).
FT-IR (ATR) vma/cm™': 2287 (w) (C=N), 2029 (s) (CO), 1935 (s) (CO), 1914 (s) (CO). A
satisfactory elemental analysis could not be achieved owing to the instability of the complex
toward air, light, and moisture. Crystals of fac-[Re(CO)s(PylmPh)(MeCN)][BPh.], which were
made by anion metathesis from fac-[Re(CO)s(PyImPh)(MeCN)][OTf] and were suitable for
X-ray diffraction studies, were grown by vapor diffusion between diethyl ether and a solution in



methanol of the complex. The X-ray structure and selected geometric parameters that were
determined are  shown in  Figure S1 ~and Table S1,  respectively.
fac-[Re(CO)3(PylmPh)(MeCN)][OTf] was synthesized following previously published
procedures where an a slight excess of AgOTf (1.1 eqg.) was added to a solution of
fac-[Re(CO)s(PylmPh)CI] in acetonitrile, and the mixture was refluxed in the dark, followed by
filtration of the precipitated silver chloride over celite. The acetonitrile solutions of
fac-[Re(CO)3(PylmPh)(MeCN)][OTf] was used as received due to the reactive nature of the
solvato-complex.

2.3. TR-IR measurements

TR-IR measurements were carried out by the pump—probe method using an experimental
setup described in previous papers®®®. A Ti:sapphire regenerative amplifier (Spectra Physics
Spitfire Ace) provided an output with a pulse duration of 120 fs, a central wavelength of 800 nm,
and a repetition rate of 1 kHz. The output was split into two parts. A mid-IR probe pulse
(bandwidth = 150 cm™?, tunable range = 1000-3700 cm*) was obtained using an optical
parametric amplifier equipped with a difference frequency generation crystal (Light Conversion
TOPAS Prime) from one part of the output. For measurements in the temporal range from 0.2 ps
to 1 ns, a 400 nm pump pulse was generated by doubling the other part of the output. A delay
time between the 400 nm pump pulse and the IR probe pulse was created by a mechanical delay
stage. In order to remove the effect of rotational relaxation of the molecules, the angle between
the polarizations of the pump and probe pulses was set to the magic angle (= 54.7°). For
measurements in the range over 1 ns, a 355 nm pump pulse was obtained by tripling the output
of a Nd:YVO laser (InnoLas picolo AOT-YVO-25, central wavelength = 1064 nm, pulse
duration = 600 ps), which was electronically synchronized with the Ti:sapphire amplifier. A
delay time between the 355 nm pump pulse and the IR probe pulse was created by an electronic
delay generator (Stanford Research Systems DG645). Typical fluence of the 400 nm pump pulse
is about 20 mJ/cm?, and that of the 532 nm pump pulse is about xx mJ/cm?. In our previous
researches, we confirmed that the linearity of the photophysical and photochemical processes
are maintained with such excitation fluence. The transmitted probe pulse was dispersed by a
grating and then acquired by a 64-channel mercury—cadmium-tellurium IR detector array
(Infrared Systems Development FPAS-6416-D). The concentration of the sample solutions was
1 mM and all measurements were carried out at room temperature. In order to eliminate
guenching by the oxygen in air, Ar gas was continuously bubbled into the sample solutions
during the measurements. Steady-state IR spectra under photoirradiation were recorded using an
FT-IR spectrometer (Shimadzu IR Prestige-21).



2.4. Temperature-dependent emission lifetime measurements

Temperature-dependent emission lifetimes were measured using a time-correlated
single-photon counting system (Horiba FluoroCube) equipped with a 371 nm pulsed LED as the
excitation source (instrumental response time <1 ns). The concentration of the sample solutions
was 0.05 mM. Oxygen dissolved in the sample solutions was removed by the freeze-pump-thaw
method. The temperature was varied from 213 to 303 K when CHCl, was the solvent and from
233 to 313 K when MeCN was the solvent.

2.5. Quantum chemical calculations

Quantum chemical calculations were performed with the Gaussian 09 package®. All
calculations were performed using the mPW1PW91 functional, and the LanL2DZ basis set,
which was extended by a polarization function, was employed for all atoms. Solvent effects
were considered using the polarizable conductor calculation model. The experimental ground
and excited states were regarded as the calculated lowest singlet (Sg) and lowest triplet (T1)
states, respectively, and their optimized geometries were calculated separately. The IR
absorption intensities were estimated from these geometries with a scaling factor of 0.97. The
TR-IR spectra were simulated by subtraction of the absorption spectrum of the S, state from the
absorption spectrum of the Ti state. Time-dependent density functional theory (TD-DFT)
calculations on the optimized structure of the T state were performed to investigate the excited
states that exist near the lowest T state.

3. Results and discussion
3.1. TR-IR on the picosecond timescale

Figures 2(a) and (b) show the TR-IR spectra of [Re(CO)s(PylmPh)Br] in the range of
1850-2100 cm* for periods of up to 50 ps after photoexcitation under non-reactive (1 mMm
solution in CH:Cl,) and reactive (1 mM solution in MeCN) conditions, respectively. The
stretching vibrations of CO ligands that coordinate to the central metal are generally located in
this region in transition metal complexes?. In both spectra, there are three bleaching
(downward) bands and three transient absorption (upward) bands. The relative intensity and
position of these bands are almost the same under both conditions. The bleaching bands at 1895
and 1925 cm™* are assigned to asymmetric vibrations, whereas the bleaching band at 2021 cm™
is assigned to symmetric vibrations of the three CO ligands in the ground state (GS). The broad
transient absorption band at 1962 cm™ is assigned to asymmetric vibrations, whereas the narrow
band at 2045 cm* is assigned to symmetric vibrations in the excited state. The blue shift in the
CO vibrations by about 30-70 cm ™ after photoexcitation indicates that the excited state is the
typical MLCT state of transition metal tricarbonyl complexes® %28, This means that the C-O



bonds are strengthened by a reduction in © back donation to the =" orbitals of the CO ligands by
the Re center when an electron is promoted to the ©* orbitals of the NHC ligand. For both the
spectra in Figures 2(a) and (b), the band intensities and shapes are almost independent of the
delay time, which indicates that the vibrational modes in this region are relaxed into the lowest
vibrational revel within 2 ps after photoexcitation. Furthermore, this similarity indicates that no
CO dissociation reaction occurs up to 50 ps.

For further analysis of the character of the3MLCT state, we carried out quantum chemical
calculations. Figure 2(c) shows the calculated TR-IR spectrum. The green and red bars represent
the calculated IR absorption intensities for each vibrational mode in the ground (So) and excited
(T,) states, respectively. The intensities for the GS are shown in the negative direction because
the changes in IR absorption in the GS appear as negative signals in the TR-IR spectra. The
black solid line represents the convolved spectrum derived from these bars, assuming that each
band is expressed by a Gaussian function with a full width at half maximum of 15 cm™. The
calculated spectrum is in agreement with the experimental spectra for both the conditions shown
in Figures 2(a) and (b). Therefore, we will discuss the electronic and structural characteristics on
the basis of these calculations.

Figure 3 shows the calculated frontier orbitals of the So and T; states. The highest
occupied molecular orbital (HOMO) of the S state is distributed over the 5d orbital of the Re
atom, the & orbital of the imidazolyl ring, and the 4p orbital of the Br™ ligand. The upper singly
occupied molecular orbital (SOMO2) of the T state, in which the higher-energy electron is
located, is distributed over the ©” orbitals of the pyridine and imidazolyl rings, the ©” orbitals of
the CO ligands, and the 4p orbital of the Br™ ligand. The difference in distribution between the
HOMO and SOMO?2 indicates that photoexcitation induces electron transfer from the Re center
and Br ligand mainly to the pyridine ring and partially to the imidazolyl ring. Figure 4 shows
the optimized geometries of the Sp and T states. The most remarkable change in the structure is
the bending of the Br-Re-CO(3) linkage highlighted by the red shaded areas. This angle is
changed by 11°. This change in the angle is probably caused by a reduction in ©t back donation
to the CO ligands, as a similar change in angle was previously observed in ring-shaped Re(l)
dicarbonyl complexes®. The major differences in the bond lengths and angles are listed in Table
S2.

Figure 5 shows the phases of the three CO stretching vibrations as estimated from the
calculated normal vibrational modes. Modes 1 and 2 are assigned to asymmetric vibrations and
Mode 3 is assigned to symmetric vibrations of the three CO ligands. The shift in wavenumber of
each band upon the transition from the Sy to the T state, A(T1-So), depends on the vibrational
mode and is +64, +27, and +8 cm™* for Mode 1, 2, and 3, respectively. The differences in the
magnitude of these blue shifts could be explained by the distribution of the SOMO2%. As was



mentioned above, the SOMO2 is distributed not only over the =" orbitals of the pyridine and
imidazolyl rings but also over the n” orbitals of the CO ligands. Therefore, the electron densities
on the CO ligands in the same plane as the pyridine and imidazolyl rings, which are indicated
by CO(1) and CO(2), are higher than that on the CO ligand located trans to the Br~ ligand,
which is indicated by CO(3). This difference in the electron density on the CO ligands and
structural changes probably lead to the dependence of the blue shift on the vibrational mode.
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Figure 2: Temporal evolution of TR-IR spectra of [Re(CO)s(PylmPh)Br] after excitation at 400
nm under (a) non-reactive (in solution in CH,Cl,) and (b) reactive (in solution in MeCN)
conditions. (c) Calculated TR-IR spectrum. The bars in the spectrum provide the wavenumber
and intensity of each CO stretching mode shown in Figure 5, and their colors indicate absorption
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Figure 3: Calculated frontier orbitals of [Re(CO)s(PylmPh)Br]. (a) HOMO of the S, state and (b)
SOMO?2 of the T, state. The two drawings of each orbital correspond to views from different
directions. The inset shows a schematic illustration of the frontier orbitals.
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Figure 4: Optimized geometries of [Re(CO)s(PylmPh)Br] in the (a) So and (b) T, states. The red
shaded area represents where the main structural changes occur between the Sp and T; states.
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CO stretching region, their frequencies in the Sg and T, states, and their differences.
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3.2. TR-IR on the nanosecond timescale under non-reactive conditions

Figure 6(a) shows the
the
in the same

temporal evolution of
TR-IR spectra

wavenumber range up to 30 ns

after  photoexcitation  under
non-reactive conditions. The
intensity of the spectra

decreases with an increase in
delay time but without any
change in the spectral shape.
The red and black circles in
6(b) the
temporal changes in the TR-IR

Figure represent
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reported
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Figure 6: (a) TR-IR spectra of [Re(CO)s(PylmPh)Br] upon
excitation at 355 nm under non-reactive conditions. (b)

Temporal profiles of AAbs at 1962 cm ™ (red circles) and

1926 cm™* (black circles). The red and black lines represent

the corresponding fitting curves using an exponential

function convolved with a Gaussian function.

relaxation from the bottom of the triplet MLCT excited state to the GS. We also observed a

small component with a long lifetime of over 100 ns, which is probably due to a thermal

artifact®® 3,
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3.3. TR-IR on the nanosecond timescale under reactive conditions

Figure 7(a) shows
the temporal evolution of
the TR-IR spectra over
the same temporal range
after photoexcitation
under reactive conditions.
Although the only
difference is the solvent
used, namely, CH,CI, for
non-reactive  conditions
and MeCN for reactive
conditions, the evolutions
are significantly different.
The intensity of the
spectra decreases more
quickly with an increase
in delay time. However,
some component remains
after 30 ns, with a
spectral shape obviously
different from that at the
beginning. To show this
trend more clearly, we
plotted the temporal
changes in the TR-IR
intensities at the bottom
of the bleaching band at
1923 cm* (black line), at
the top of the remaining
band at 1941 cm™ (red
line), and at the top of the
transient absorption band
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Figure 7: (a) TR-IR spectra of [Re(CO)s(PylmPh)Br] upon
excitation at 355 nm under reactive conditions. (b) FT-IR spectrum
of a solution in MeCN of [Re(CO)s(PylmPh)(MeCN)][BF4]. (c)
Temporal profiles of AAbs at 1941 and 1959 cm™* (red and blue
circles, respectively) and 1923 cm™ (black circles). The red, black,

and blue lines represent the corresponding fitting curves usin

at 1959 cm* (blue line) as functions of the delay time in Fig. 7(c). The temporal profile of the

band at 1959 cm™ approaches zero with a lifetime of 4.3 ns, whereas those at 1923 and 1941

cm ! have a component with a long lifetime of over 30 ns, besides a component with a lifetime
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of 4.3 ns. This characteristic spectral evolution implies that a product is formed after a few
nanoseconds by photoexcitation.

To determine the identity of this product, we examined the remaining transition
absorption bands at 1941 and 2037 cm™. Because these bands are located at higher
wavenumbers than those of the reactant in the GS, the electron density on the Re atom is
considered to be lower in the product. Among the three products shown in Figure 1, Products 1
and 3 have a lesser number of w-withdrawing CO ligands. Therefore, the electron density on the
Re atom should be increased and the CO bands should display red shifts. In contrast, Product 2
has the same number of CO ligands as the reactant, but has a cationic character as a result of
substitution of the Br™ ligand by a neutral MeCN molecule. As a consequence, the electron
density on the Re center should be decreased and the CO bands should display blue shifts. On
the basis of this consideration, Product 2 is the most probable species to emerge after a few
nanoseconds. To confirm this, we recorded the IR spectrum of a solution in MeCN of
fac-[Re(CO)s(PylmPh)(MeCN)][BF:], which has the same cation as Product 2, as shown in
Figure 7(b) because Product2 has not been isolated yet. fac-[Re(CO)s(PyImPh)(MeCN)][BF4]
was  synthesized by the thermal reaction. The  structure of  cationic
fac-[Re(CO)s(PylmPh)(MeCN)]* was confirmed by the X-ray crystallographic analysis of
fac-[Re(CO)s(PylmPh)(MeCN)][BPh4] (Figure S1 and Table S1). Because the peak positions in
this spectrum are in good agreement with those of the remaining bands, we concluded that the
temporal evolution of the TR-IR spectra under reactive conditions follows the production
process of Product 2 in real time.
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3.4. Temperature-dependent luminescence lifetime measurements

Figure 8(a) shows the temperature dependence of the phosphorescence lifetime under
non-reactive (red circles) and reactive (blue circles) conditions. In both cases, the lifetimes
decrease as a function of temperature, so we plotted the logarithm of the rate constant (Kobs)
against the inverse temperature (Arrhenius plot) in Figure 8(b). The fact that both plots display a
linear decrease with the same slope indicates that a non-radiative process occurs that originates
from a thermally populated excited state. For a more quantitative analysis, we assumed the
scheme shown in Figure 9. In this scheme, the photochemical reaction proceeds through another
triplet excited state named *X under reactive conditions, and also non-radiative decay to the GS
occurs through the same 3X state under non-reactive conditions.

On the basis of this scheme, we formulate the following rate equations:

B = (ks + k)Ml +hp[X] - - - (D)
B = kM= (e, + k)X] * - - )

where [M] and [X] represent the concentrations of the species in the *MLCT state and the X
state, respectively, and kr and ky represent the rate constants for crossing the activation barrier in
the forward and backward directions, respectively. To simplify the equation, we use ki to
represent ki + Ko and kz to represent Knrz + Kreaction, Where kr and knr represent the rate constants
for the radiative and non-radiative processes from the *MLCT state directly to the GS,
respectively, and Knr2 and Kreaction represent the rate constants for non-radiative decay from the X
state to the GS and the reaction from the *X state to the product, respectively. We define t = 0 as
the time immediately after the intersystem crossing (ISC) event from the *MLCT state to the
SMLCT state.

Because the X state is not observed in the TR-IR spectra, which is probably due to its
very short lifetime, we applied the steady-state approximation to [X] that is d[X]/dt = 0. By
substituting equation (1) into equation (2), we can obtain:

dM] _ k, o
Tar (_kl T kytkp kf) [M] 3)

By defining the initial concentration in the *MLCT state at t = 0 as [M]o, the rate equation (3)
can be further solved as:
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[M] = Mloexp {(—ky — “2ks )t} - - - (4)

ky+kp

Because the intensity of the phosphorescence is proportional to [M], the phosphorescence
lifetime t and its rate constant kops = T * are expressed by:

1 k
= kops = kst ky + )

With respect to equation (5), we consider two cases: k. << k, (case 1) and k, >> k (case 2).
In case 1, equation (5) can be rewritten as:
kops = ky = = + (6)

In general, the constant ki = ki + ki does not depend on the temperature, because it is
determined by the shape of the potential energy surfaces in the *MLCT state and the GS.
Therefore, this is not the case for our observations.

In case 2, equation (5) can be rewritten as:
kops :k1+kf (N

Because ks is the rate constant of a thermal transition, it should be a function of the temperature.
Therefore, kops agrees with the experimental results and we assume that case 2 applies for further
analysis. In order to obtain detailed information on the transition state, we apply the transition
state theory®! to kr instead of the Arrhenius equation. As a result, equation (7) is expressed by:

kgT

TAS¥—AH¥
Kops = kq + =, exp (—)

o - (8)
where AS*, AH* R, kg, h, and T are the entropy of activation, enthalpy of activation, gas
constant, Boltzmann constant, Planck constant, and temperature, respectively. The absence of
the constant component in Arrhenius plot indicates that the second term of equation (8) is much
larger than the first term in the observed temperature region (213-313 K). In fact, fitting the
data by equation (8) didn’t provide any reasonable value for ki. Therefore, we assume that k; =
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0 and obtain the parameters AS* and AH* by least-squares fitting. The Gibbs free energy of
activation at 298 K AGL,, is also estimated from AS* and AH*.

Table 1. Estimated thermodynamic data for [Re(CO)s(PylmPh)Br]

AS*H/J Kt mol™ AH*/kJ mol™ AG * yfcm ™t
Non-reactive conditions -58.9 = 0.7 119 = 0.2 2460 = 20
Reactive conditions —44.8 = 0.7 11.8 = 0.3 2100 = 20

Table 1 indicates the following three characteristics of the excited-state dynamics under
reactive and non-reactive conditions:

(i) The values of AS* and AH* in non-reactive conditions are similar to those in reactive
conditions.

This means that the processes in both conditions proceed through similar transition
states. The small difference in AS* indicates that there are slight differences in the structures of
the transition states and the packaging of the solvents. These differences probably determine
whether the reaction will proceed via non-radiative decay to the GS or to the formation of
Product 2.

(i) Both values of AS* are negative.

This means that the transition state is more ordered than the 3MLCT state in both
conditions. In a possible structure of the transition state, a solvent coordinates to or is located
close to the complex. Thus, under reactive conditions, Product 2 is presumably produced by the
associative mechanism. This prediction is supported by the fact that the reaction proceeds only
in a solvent that has the ability to coordinate that is MeCN.

(iii) Both values of AG* are relatively low.

The characteristics of the X state can be estimated from the value of AG*. In general,
there are two possible assignments of the X state: the 3MC state or another *MLCT state above
the lowest SMLCT state®’. The values of AG¥, namely, 2460 and 2100 cm*, are much lower
than that of the reaction from the 3MLCT state to the 3MC state in [Re(X2bpy)(CO)s(PR3)]*,
which is approximately 4000 cm™, as reported by Koike et al.?. The magnitudes of the splitting
between d orbitals by the ligand field in fac-[Re(CO)s(PylmPh)Br] and
fac-[Re(diim)(CO)3(PR3)]" should be similar because both the NHC and the phosphine ligands
have strongly c-donating character®®. Thus, the values of AG* for the transition from the
SMLCT state to the *MC state should be similar. The large difference in AG* between these
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complexes indicates that the transition state is not the *MC state but another type of excited state
having MLCT character.

In order to confirm this assignment, we performed TD-DFT calculations using the
optimized geometry of the T, state. The calculated energies and some other characteristics of the
triplet excited states are summarized in Table 2, and the related frontier orbitals are shown in
Figure 10. Because all excited states that are energetically close to the T state are assigned to
MLCT states, we concluded that the *X state is one of the SMLCT states and henceforth we
denote the X state as *MLCT(2).

Table 2: Calculated energies of the triplet excited states in [Re(CO)s(PylmPh)Br]

Transition energy (eV) Main components % Assignment
T 2.35 HOMO — LUMO 93.7 MLCT
T 2.78 HOMO-1 — LUMO 95.7 MLCT
HOMO-3 — LUMO 12.3
Ts 3.27 HOMO-2 — LUMO 61.7 MLCT
HOMO — LUMO 3.1
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Figure 8: (a) Temperature dependence of the phosphorescence lifetime of [Re(CO)s(PylmPh)Br]
under non-reactive (red circles) and reactive (blue circles) conditions. (b) Arrhenius plots of the
rate constants of the phosphorescence process (circles) and the corresponding fitting curves using
equation (8) (lines) under non-reactive (red) and reactive (blue) conditions.
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reaction

Figure 9: Scheme that we assumed for the analysis of the temperature dependence of the
phosphorescence lifetime. Definitions of the symbols are given in the text.
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LUMO

Figure 10: Molecular orbitals of [Re(CO)s(PylmPh)Br] calculated by TD-DFT for the optimized
geometry of the T, state. The two drawings of each orbital correspond to views from different
directions.
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3.5. Reaction pathway to Product 1 and Product 3

Although the two other products, Products 1 and 3, are detected by experiments using
continuum wave (CW) light™ * they are not observed by TR-IR measurements. This is
probably because Product 2 is the common intermediate and Products 1 and 3 are produced by
further photoreaction of Product 2. In fact, the temporal evolution of the NMR spectra under
irradiation with CW light shown in Figure 6 of the report by Vaughan et al.™ shows that there is
a difference between the emergence and growth of the peaks due to Product 2 and those of
Products 1 and 3. The doublet peak assigned to Product 2 (8.85 ppm) emerges at 15 min but
gradually decreases after 120 min, whereas the doublet peaks assigned to Products 1 (8.78 ppm)
and 3 (8.73 ppm) emerge after 30 min and continuously increase until 180 min. We confirmed
this temporal evolution under irradiation with a 355 nm laser pulse using FT-IR spectroscopy, as
shown in Figure 11(a). In the same way as the NMR spectra, the band assigned to Product 2
(2036 cm*) emerges after irradiation for 15 min, whereas those assigned to Products 1 (1833
cm ) and 3 (1865 and 1939 cm )™ emerge after 60 min. These results strongly support the
suggestion that Product 2 is the common intermediate, which gives rise to Product 1 and
Product 3 by further photoreactions.

We also performed the photolysis of a solution in MeCN of
fac-[Re(CO)s(PylmPh)(MeCN)][BF4]. It is noted that we used the BF4 salt and added one
equivalent of EtsNBr in order to add Br to the solution, because it is difficult to synthesize the
Br™ salt by a thermal reaction. Figure 11(b) shows the corresponding FT-IR spectra before (0
min) and after (300 min) irradiation with laser pulses at 355 nm. After 300 min, new peaks,
which can be assigned to Product 3, emerge at 1865 and 1939 cm **°, This result indicates that
Product 3, at least, is produced from fac-[Re(CO)s(PylmPh)(MeCN)]* by photoirradiation.
However, in this measurement, we could not detect any peak assigned to Product 1, which was
probably because the Br™ ion in fac-[Re(CO)s(PylmPh)Br] plays an important role in producing
Product 1.
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Figure 11: (a) Temporal evolution of FT-IR spectra of a solution in MeCN of
[Re(CO)s(PylmPh)Br] under laser pulse irradiation at 355 nm. (b) FT-IR spectra of a solution in
MeCN of [Re(CO)3(PylmPh)(MeCN)][BF4] and EtsNBr before (0 min) and after (300 min)
irradiation with laser pulses at 355 nm.
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3.6. Revealed reaction mechanism

Figure 12 summarizes the photochemical reaction process of fac-[Re(CO)s(PylmPh)Br]
under reactive and non-reactive conditions. In both conditions, irradiation with light at 400 or
355 nm first excites the complex to the *MLCT state, followed by rapid I1SC to the *MLCT state
having 3LC and LLCT characters within 1 ps. Because the lifetime of the *MLCT state is
relatively long, the process proceeds by thermal population of the 3MLCT(2) state via a
transition state. The characters of the transition states are very similar in that the solvent
coordinates to the complex in reactive conditions and is located close to the complex in
non-reactive conditions, which indicates that the structural difference dominates the further
processes. Under non-reactive conditions, non-radiative decay from the MLCT(2) state to the
GS occurs quickly, because a CH,Cl; molecule cannot coordinate to the Re center. Under
reactive conditions, Product 2 is produced by substitution of the Br™ ligand by the solvent in
addition to non-radiative decay to the GS, because a MeCN molecule can coordinate to the Re
center.

The structural asymmetry in the MLCT state probably gives rise to this unique reaction
mechanism. Previously studied complexes, for example, fac-[Re(CO)s(bpy)Cl] and
fac-[Re(CO)s(bpy)PR3], have Cs symmetry in the GS and also have similar symmetry in the
SMLCT state. In contrast, [Re(CO)s(PylmPh)Br] undergoes a major structural change upon
photoexcitation, as shown in Figure 4. This major structural change should create room for a
solvent molecule to coordinate to the central Re atom, and the reaction proceeds by the
associative mechanism.
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4. Comparison with other types of complexes

We here compare the proposed mechanism with those of other types of Re(l) tricarbonyl
complexes. As was described in the Introduction section, two types of reaction mechanism are
known, namely, type 1 and type Il. In the case of the type | mechanism in
fac-[Re(CO)3(bpy)PRs]?, the reaction proceeds thermally from the 3MLCT state to the *MC state.
The fact that the process proceeds thermally from a metastable state to a reactive state resembles
the proposed mechanism; however, the following points are different. The height of the energy
barrier to the reactive state (~4000 cm™) is much greater than that in the proposed mechanism
(~2000 cm™) and the timescale (~1.6 us) is much longer than that of the proposed mechanism
(~23 ns). These differences can be explained by the fact that the reactive intermediate state is
the dissociative 3MC state in the type | mechanism, whereas in the proposed mechanism it is the
associative MLCT state.

In the case of the type Il mechanism in a solution in MeCN of fac-[Re(CO)s(bpy)CI]**,
the reaction proceeds via highly excited states obtained by photoexcitation with high-energy
light at ~270 nm. Before relaxation to the bottom of the metastable state, the process proceeds
directly to two high-energy reactive states. One is a seven-coordinate state including a solvent
molecule, and this reaction requires hundreds of picoseconds (associative mechanism). The
other is a state having MC character and a CO ligand dissociates on a timescale of tens of
picoseconds (dissociative mechanism). The associative mechanism is similar to the proposed
mechanism, but the energy scale is largely different from that of the proposed mechanism.

5. Conclusions

In order to describe a new type of photoexcited ligand substitution reaction of Re(l)
carbonyl complexes having an NHC ligand, we recorded TR-IR spectra on picosecond and
nanosecond timescales and the temperature dependence of the luminescence lifetime of the
fac-[Re(CO)s(PylmPh)Br] complex after photoexcitation with a pulse at 400 or 355 nm under
reactive (in solution in MeCN) and non-reactive conditions (in solution in CH,Cl,). From the
analysis of these data, we concluded that the reaction proceeds thermally from a metastable
triplet state to another triplet state having MLCT character via an associative transition state
under both conditions. Under reactive conditions, the cationic product, namely,
fac-[Re(CO)s(PylmPh)(MeCN)]*, is produced by substitution of the Br" ligand with a MeCN
solvent molecule, in addition to non-radiative decay to the GS via another *MLCT state. On the
other hand, under non-reactive conditions only non-radiative decay to the GS occurs because the
solvent, namely, CH,Cl,, cannot coordinate to the Re atom. To understand the reaction
mechanisms of these complexes is important in the design of not only new Re complexes but

also new catalysts for CO; reduction and luminescent materials™ 17°,
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