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ABSTRACT 

Two rhenium(I) tricarbonyl diimine complexes, one of them with a 2,2´-bipyrazine (bpz) and a pyridine 

(py) ligand in addition to the carbonyls ([Re(bpz)(CO)3(py)]+), and one tricarbonyl complex with a 2,2´-

bipyridine (bpy) and a 1,4-pyrazine (pz) ligand ([Re(bpy)(CO)3(pz)]+) were synthesized and their 

photochemistry with 4-cyanophenol in acetonitrile solution was explored. Metal-to-ligand charge 

transfer (MLCT) excitation occurs towards the protonatable bpz ligand in the [Re(bpz)(CO)3(py)]+ 

complex while in the [Re(bpy)(CO)3(pz)]+  complex the same type of excitation promotes an electron 

away from the protonatable pz ligand. This study aimed to explore how this difference in electronic 
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excited-state structure affects the rates and the reaction mechanism for photoinduced proton-coupled 

electron transfer (PCET) between 4-cyanophenol and the two rhenium(I) complexes. Transient 

absorption spectroscopy provides clear evidence for PCET reaction products, and significant H/D 

kinetic isotope effects are observed in some of the luminescence quenching experiments. Concerted 

proton-electron transfer is likely to play an important role in both cases, but a reaction sequence of 

proton transfer and electron transfer steps cannot be fully excluded for the 4-cyanophenol / 

[Re(bpz)(CO)3(py)]+ reaction couple. Interestingly, the rate constants for bimolecular excited-state 

quenching are on the same order of magnitude for both rhenium(I) complexes. 

 

INTRODUCTION 

 

In view of the importance of proton-coupled electron transfer (PCET) in photosynthesis,1-3 

respiration,4 nitrogen or carbon dioxide fixation 5 there have been numerous investigations exploring the 

fundamentals of PCET in recent years.6-10 Phenols have played a prominent role in such studies,11-16 

partly because phenolic functions occur in biologically relevant PCET systems but also because they are 

simple enough for mechanistic investigations in purely artificial systems. A question of central interest 

in such studies is often whether the electron and the proton are transferred in a concerted manner or 

whether there are individual (consecutive) steps of electron transfer and proton transfer.17-18 A variety of 

different experimental techniques have been employed including electrochemical,10,15 EPR,19 and optical 

spectroscopic methods.20-21 

 Many experimental investigations performed until now focus on PCET between molecules in their 

electronic ground states, but recently there has been increasing interest in PCET reactivity of 

photoexcited molecules or metal complexes.22-33 Such investigations appear interesting in the context of 

direct light-to-chemical energy conversion, but much is yet to be learned about PCET involving 

electronically excited states.28 
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Against this background we have conducted a comparative study of the excited-state PCET chemistry 

of the two rhenium(I) tricarbonyl diimine complexes shown in Scheme 1 with 4-cyanophenol as a 

common reaction partner. Rhenium complexes of this type have long been known as luminophors and 

photooxidants,34-37 and they were frequently employed as sensitizers for photoinduced electron 

transfer.38-44 Both complexes from Scheme 1 have protonatable nitrogen atoms at the ligand periphery, 

either at a 2,2’-bipyrazine (bpz) chelating agent (left) or at a monodentate 1,4-pyrazine (pz) ligand 

(right). Based on prior studies of photoexcited ruthenium(II) 2,2’-bipyrazine complexes with phenols as 

reaction partners we anticipated that photoexcitation of the two rhenium complexes from Scheme 1 

would induce PCET chemistry when 4-cyanophenol is present at sufficiently high concentration.25,28-29,33 

Based on these prior investigations we pictured that in aprotic solvent 4-cyanophenol might form 

hydrogen bonds to the bpz ligand of [Re(bpz)(CO)3(py)]+ (py = pyridine) and to the pz ligand of 

[Re(bpy)(CO)3(pz)]+ (bpy = 2,2’-bipyridine), and such encounter adducts would appear to be reasonable 

precursors for PCET events. 

 

Scheme 1. MLCT excitation and PCET chemistry in two distinct 4-cyanophenol / rhenium reaction 

couples. ET = electron transfer, PT = proton transfer. 
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The long-lived 3MLCT (metal-to-ligand charge transfer) state which is populated after photoexcitation 

is localized on the bidentate bpz and bpy ligands (upper half of Scheme 1). Consequently, MLCT 

excitation of [Re(bpz)(CO)3(py)]+ is expected to increase the basicity of the nitrogen atoms at the 

periphery of the bpz ligand relative to the ground state (which is beneficial for proton transfer), but at 

the same time the MLCT-excited electron is in the middle of the electron transfer pathway between 4-

cyanophenol and the metal center (lower left corner of Scheme 1). By contrast, MLCT excitation of 

[Re(bpy)(CO)3(pz)]+ opens a direct electron transfer pathway from the phenol to the metal center (lower 

right corner of Scheme 1), but MLCT excitation in this case is expected to decrease the basicity of the 

uncoordinated pz nitrogen atom relative to the ground state. We deemed it interesting to explore to what 

extent, if at all, these two fundamentally different scenarios affect the photoinduced chemistry of 4-

cyanophenol / rhenium reaction couples. 

 

RESULTS AND DISCUSSION 

 

X-ray crystal structures. Yellow monocrystals of [Re(bpz)(CO)3(py)](PF6) were grown by slow 

diffusion of pentane into an acetone solution. This compound crystallizes in the monoclinic C2/c space 

group with two molecules of the complex and two hexafluorophosphate counter ions in the asymmetric 

unit. The [Re(bpz)(CO)3(py)]+ cation is depicted in Figure 1a (note that only one crystallographically 

independent cation is represented). A solvate of this structure has already been described by Rillema et 

al.
45 

The [Re(bpy)(CO)3(pz)]+ complex (Figure 1b) was crystallized as the hexafluorophosphate salt by 

slow evaporation of acetone in an acetone/water mixture at 0°C, affording yellow plates of 

[Re(bpy)(CO)3(pz)]2(PF6)2·(H2O)·((CH3)2CO). The complex crystallizes in the monoclinic C2/c space 

group with one rhenium(I) complex and one PF6
- ion in the asymmetric unit. In addition, a disordered 

acetone solvent molecule and a water molecule are present, the latter being located on a C2 axis. 
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Figure 1. Crystal structures of the [Re(bpz)(CO)3(py)]+ (a) and [Re(bpy)(CO)3(pz)]+ (b) cations as 

found in [Re(bpz)(CO)3(py)](PF6) and [Re(bpy)(CO)3(pz)]2(PF6)2·(H2O)·((CH3)2CO), respectively. 

Thermal ellipsoids are depicted at the 50 % probability level. Hydrogen atoms are omitted for clarity. 

 

In both structures, the rhenium center has its three carbonyl ligands arranged to form the fac-isomer, 

as is commonly the case for this class of complexes. The coordination sphere is completed by a 

chelating bpz or bpy ligand and a monodentate py or pz ligand to form an octahedral coordination 

polyhedron with ligand-metal-ligand angles ranging from 74.84° to 99.18°. The Re-N bond distances are 

shorter for the chelating bpz and bpy agents than for the monodentate py and pz ligands (Table 1), 

indicating that the bidentate ligands are bound more strongly to the metal than the monodentate ligands, 

as is expected.46 All Re-C bonds are almost of equal length, showing no elongation in any position (an 

averaged distance is given in Table 1).  

 

Table 1. Selected average bond distances (in units of Å). 

 Re-Nbpy Re-Nbpz Re-Npy Re-Npz Re-C 

[Re(bpz)(CO)3(py)]+ - 2.167 2.204 - 1.924 

[Re(bpy)(CO)3(pz)]+ 2.169 - - 2.209 1.924 
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[Re(bpy)(CO)3(pz)]
+
 luminescence quenching. The optical absorption, luminescence, and 

electrochemical properties of [Re(bpz)(CO)3(py)]+ and [Re(bpy)(CO)3(pz)]+ have been previously 

explored.45,47-50 Both complexes are emissive from 3MLCT states in CH3CN at room temperature, albeit 

with significantly different lifetimes (τ): In aerated CH3CN at 25°C τ = 182 ns for [Re(bpy)(CO)3(pz)]+ 

while τ = 31 ns for [Re(bpz)(CO)3(py)]+. For the purpose of the present study it was useful to include 

[Re(bpy)(CO)3(py)]+ as a reference complex with similar electronic structure, but lacking any 

protonatable sites at the ligand peripheries. This reference complex exhibits a 3MLCT lifetime of 658 ns 

under the conditions mentioned above.34 

 

Figure 2. (a, c) Luminescence of [Re(bpy)(CO)3(pz)]+ in CH3CN in presence of variable amounts of 

CN-PhOH (a) and CN-PhOD (c) after excitation at 380 nm. (b, d) Luminescence decays of the same 

complex detected at 542 nm under identical conditions following pulsed excitation at 340 nm. (e, f) 

Stern-Volmer plots based on the luminescence intensity (e) and lifetime (f) data. A consistent color code 

was used for all data; the concentrations used for the absorption and emission data in (a) – (d) can be 

read out from the Stern-Volmer plots in (e) and (f). The y-axes in (a) – (d) are in arbitrary units. The 

asterisks in (a) and (c) denote Raman scattering peaks. 
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Figure 2 shows the results of luminescence quenching experiments performed with the 

[Re(bpy)(CO)3(pz)]+ complex and 4-cyanophenol (CN-PhOH). The solvent was dried acetonitrile 51 

because 4-cyanophenol concentrations of up to ∼1.2 M can easily be achieved in this aprotic solvent. 

The luminescence intensities (Figure 2a) and lifetimes (Figure 2b) are both found to decrease with 

increasing 4-cyanophenol concentration. The luminescence intensity at λmax = 542 nm decreases by 

roughly a factor of 5 between solutions containing 0 M and ∼1 M 4-cyanophenol, but with increasing 4-

cyanophenol concentration one detects increasingly intense emission bands in the spectral range 

between 400 nm and 500 nm. These latter bands are also observed from acetonitrile solutions containing 

only 4-cyanophenol (Figure S1 of the Supporting Information; these bands actually have a tail up to 

∼650 nm), and therefore are attributed to emission either from 4-cyanophenol or an emissive impurity 

with which our 4-cyanophenol source is contaminated. The latter assignment makes particular sense 

because 4-cyanophenol does essentially not absorb at 380 nm, not even at 1 M concentration (ε380nm ≈ 

0.03 M-1 cm-1; Figure S2). No correction for the impurity emission intensity at 542 nm was applied in 

the case of the [Re(bpy)(CO)3(pz)]+ data because the impurity emission is much weaker than that of the 

rhenium complex. 

The [Re(bpy)(CO)3(pz)]+ luminescence lifetime decreases from 182 ns in the absence of 4-

cyanophenol to 24 ns in presence of ∼1 M phenolic quencher (Figure 2b). The decay curves remain 

single exponential up to 4-cyanophenol concentrations of 0.33 M and then become biexponential with a 

slower decay component exhibiting a lifetime of ∼200 ns. This observation may be a manifestation of 

static quenching in phenol-rhenium adducts that are pre-associated before photoexcitation, but we note 

that even at the highest phenol concentration the slow decay component contributes only 5 % to the total 

emission decay. Consequently, the data analysis below will be based on the assumption of dynamic 

emission quenching, as is customary when emission lifetimes and intensities are both dependent on the 

quencher concentration.52 
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Analogous luminescence quenching experiments were performed with deuterated 4-cyanophenol (CN-

PhOD), and the results are shown in Figure 2c/2d. Even though the CN-PhOD concentrations in Figure 

2c/2d were somewhat higher than those of CN-PhOH represented with equal colors in Figure 2a/2b, 

careful inspection of the data reveals that quenching is less pronounced when the phenol is in its 

deuterated form. 

The magnitude of the H/D kinetic isotope effect (KIE) for 3MLCT excited-state quenching of 

[Re(bpy)(CO)3(pz)]+ by 4-cyanophenol can be estimated from the Stern-Volmer plots in Figure 2e/2f. 

The error bars associated with the individual data points arise essentially from the experimental 

uncertainty in determining relative emission intensities and luminescence lifetimes, which, from 

experience, is assumed to be 10%. From a linear regression fit to the emission intensity data (Figure 2e) 

a Stern-Volmer quenching constant (KSV, H) of 4.2±0.2 M-1 is obtained for CN-PhOH (R2 = 0.9856) 

while KSV, D = 2.3±0.1 M-1 for CN-PhOD (R2 = 0.9980).53 Given an inherent 3MLCT lifetime (τ0) of 182 

ns for the [Re(bpy)(CO)3(pz)]+ complex in aerated CH3CN, one finds bimolecular quenching constants 

of kQ, H = (2.3±0.1)·107 M-1 s-1 and kQ, D = (1.3±0.1)·107 M-1 s-1 for undeuterated and deuterated 4-

cyanophenol, respectively (Table 2). The ratio between kQ, H and kQ, D yields an H/D KIE of 1.8±0.2, 

suggesting that the rate-determining excited-state deactivation step involves proton motion. 

 

Table 2. Stern-Volmer constants (KSV), rate constants for bimolecular excited-state quenching (kQ), and 

H/D kinetic isotope effects (KIE) for the two reaction couples as determined from emission intensities 

and lifetimes of the [Re(bpy)(CO)3(pz)]+ (bpy/pz) or [Re(bpz)(CO)3(py)]+ (bpz/py) complexes. 

complex exp. type KSV, H [M-1] KSV, D [M-1] kQ, H [M-1 s-1] kQ, D [M-1 s-1] KIE 

bpy/pz intensity 4.2±0.2 2.3±0.1 (2.3±0.1)⋅107 (1.3±0.1)⋅107 1.8±0.2 

bpy/pz lifetime 6.5±0.2 3.7±0.2 (3.6±0.1)⋅107 (2.0±0.1)⋅107 1.8±0.2 

bpz/py intensity 1.02±0.02 0.87±0.03 (3.3±0.1)⋅107 (2.8±0.1)⋅107 1.2±0.1 

bpz/py lifetime 0.63±0.03 0.43±0.03 (2.0±0.1)⋅107 (1.4±0.1)⋅107 1.4±0.2 
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Stern-Volmer analysis of the emission lifetimes (Figure 2f) leads us to the same conclusion. The 

Stern-Volmer constants in this case are KSV, H = 6.5±0.2 M-1 (R2 = 0.9941) and KSV, D = 3.7±0.2 M-1 (R2 

= 0.9838), the bimolecular quenching constants are kQ, H = (3.6±0.1)·107 M-1 s-1 and kQ, D = (2.0±0.1)·107 

M-1 s-1 (Table 2). Thus, an H/D KIE of 1.8±0.2 is found from the lifetime data, in agreement with the 

value extracted from the emission intensities. 

 

[Re(bpz)(CO)3(py)]
+
 luminescence quenching. Analogous emission quenching experiments as 

reported in the prior section were performed with the [Re(bpz)(CO)3(py)]+ complex; the excitation 

wavelength (λexc) in this case was 400 nm. The results are shown in Figure 3. An important difference to 

the [Re(bpy)(CO)3(pz)]+ complex is the comparatively short 3MLCT lifetime of [Re(bpz)(CO)3(py)]+ (τ0 

= 31 ns in CH3CN at 25°C), presumably the consequence of more efficient multiphonon relaxation from 

the 3MLCT state which is lower in energy in the bpz complex than in the bpy complex.54 The decrease 

in 3MLCT energy also manifests in a red-shift of the emission band maximum (λmax ≈ 644 nm)55 relative 

to that of [Re(bpy)(CO)3(pz)]+ (λmax = 542 nm), and a weaker luminescence quantum yield. The 

statement regarding quantum yields is made based on the observation of rhenium emission (between 550 

nm and 750 nm) and impurity emissions (between 400 nm and 650 nm, see above) which are on the 

same order of magnitude (Figure S3). In the spectra shown in Figure 3a/3c the impurity emission has 

been subtracted (see the Supporting Information for details). 
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Figure 3. (a, c) Luminescence of [Re(bpz)(CO)3(py)]+ in CH3CN in presence of variable amounts of 

CN-PhOH (a) and CN-PhOD (c) after excitation at 400 nm. (b, d) Luminescence decays of the same 

complex detected at 630 nm under identical conditions following pulsed excitation at 340 nm. (e, f) 

Stern-Volmer plots based on the luminescence intensity (e) and lifetime (f) data. A consistent color code 

was used for all data; the concentrations used for the absorption and emission data in (a) – (d) can be 

read out from the Stern-Volmer plots in (e) and (f). The y-axes in (a) – (d) are in arbitrary units. 

 

The luminescence decays detected at 630 nm also exhibit signs of impurity emission when 4-

cyanophenol is added to a solution of [Re(bpz)(CO)3(py)]+. Specifically, the decays are found to be tri-

exponential even at moderate quencher concentrations. Measurements on CH3CN solutions containing 

4-cyanophenol but no rhenium show that two of the three decay components at 630 nm (τ1 ≈ 1.1 ns and 

τ2 ≈ 4.5 ns) are due to the emissive impurity (Figure S4). Consequently, only the slowest decay 

component (τ3 > 10 ns) is of interest in the luminescence quenching experiments from Figure 3b/3d. 
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Stern-Volmer analysis of the intensity and lifetime data in Figure 3a-3d results in the plots in Figure 

3e/3f, and linear regression fits (R2 values range from 0.9743 to 0.9985) yield Stern-Volmer constants 

(KSV, H, KSV, D) and bimolecular excited-state quenching constants (kQ, H, kQ, D) as reported in Table 2.56 

The kQ, H and kQ, D values for [Re(bpz)(CO)3(py)]+ turn out to be on the same order of magnitude as for 

[Re(bpy)(CO)3(pz)]+ (between (1.4±0.1)⋅107 M-1 s-1 and (3.3±0.1)⋅107 M-1 s-1); the luminescence 

quenching observed in Figure 3a-3d is less pronounced than in Figure 2a-2d simply because 

[Re(bpz)(CO)3(py)]+ has a lower emission quantum yield and a shorter excited-state lifetime than 

[Re(bpy)(CO)3(pz)]+. Based on the kQ, H and kQ, D values for [Re(bpz)(CO)3(py)]+ we obtain KIE = 

1.2±0.1 (from emission intensities) and 1.4±0.2 (from lifetimes). 

 

Transient absorption spectroscopy. In order to identify the photoproducts of the reaction between 4-

cyanophenol and the photoexcited rhenium complexes transient absorption spectroscopy is a useful 

technique. Figure 4 shows the results from such experiments in which ∼10-5 M solutions of 

[Re(bpy)(CO)3(pz)]+ (a), [Re(bpz)(CO)3(py)]+ (b),57 and [Re(bpy)(CO)3(py)]+ (c) containing between 0 

and  ∼1 M 4-cyanophenol were irradiated at 355 nm with laser pulses of ∼8 ns duration; the spectra are 

time-averaged over the first 200 ns after excitation. In the absence of quencher (black traces) an intense 

and relatively narrow absorption band is observed for [Re(bpy)(CO)3(pz)]+ (a) and [Re(bpy)(CO)3(py)]+ 

(c) at 375 nm, while in [Re(bpz)(CO)3(py)]+ (b) there is a weaker band at 370 nm. Based on prior 

transient absorption studies of chemically closely related rhenium(I) tricarbonyl diimines the respective 

bands are assigned to the reduced α-diimine ligand (bpy or bpz) of the 3MLCT-excited 

complexes.38,48,58-59 
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Figure 4. (a) Transient absorption spectra obtained from ∼10-5 M [Re(bpy)(CO)3(pz)]+ solutions in 

CH3CN in presence of variable concentrations of CN-PhOH (see inset). The data is time-averaged over 

200 ns after excitation at 355 nm with ∼8 ns pulses. An identical set of data is shown for the 

[Re(bpz)(CO)3(py)]+ complex in (b) and for the [Re(bpy)(CO)3(py)]+ reference complex in (c). (d) 

Transient absorption spectrum obtained from a ∼10-5 M solution of 4-cyanophenol in a 1:1 (v:v) mixture 

of CH3CN and di-tert-butyl peroxide after excitation at 355 nm with ∼8 ns pulses. 

 

Upon addition of 4-cyanophenol significant spectral changes occur in the transient absorption spectra 

of Figure 4a/4b, while the spectrum of the reference complex (Figure 4c) stays essentially unchanged 

even after adding ∼1 M CN-PhOH. The latter observation shows that 4-cyanophenol is unable to quench 

the 3MLCT excited-state of [Re(bpy)(CO)3(py)]+, and this is corroborated by luminescence experiments 

(Figure S8 of the Supporting Information). 

In the cases of the two complexes with protonatable ligands there is a relatively narrow absorption 

band at 440 nm which gains intensity with increasing 4-cyanophenol concentration. A prior study 
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reported that the 4-cyanophenoxyl radical (CN-PhO·) exhibits an absorption maximum at 443 nm.60 In 

order to test whether the 440-nm band observed in Figure 4a/4b could indeed be due to CN-PhO·, we 

dissolved 4-cyanophenol in a 1:1 (v:v) mixture of acetonitrile and di-tert-butyl peroxide,61 and recorded 

the optical absorption spectrum after exciting the sample at 355 nm with laser pulses of ∼8 ns duration. 

The result of this experiment is shown in Figure 4d and demonstrates quite convincingly that the 440 nm 

absorption (and the weaker sideband at 420 nm) is due to CN-PhO·; in fact the spectrum in Figure 4d is 

quite typical for phenoxyl radicals.60-63 

The direct observation of 4-cyanophenoxyl radical in transient absorption strongly suggests that PCET 

chemistry occurs between 4-cyanophenol and the photoexcited [Re(bpy)(CO)3(pz)]+ and 

[Re(bpz)(CO)3(py)]+ complexes, even though we cannot unambiguously identify protonated and reduced 

rhenium products. Whether the CN-PhO· species is formed through concerted proton-electron transfer 

(CPET) or consecutive electron transfer (ET) and proton transfer (PT) steps (in whatever sequence) 

cannot be determined from our transient absorption experiments, mainly because the temporal resolution 

is too low. 

The photoproduction of phenoxyl radicals implies the simultaneous formation of a rhenium reduction 

product, either a [ReI(bpy-)(CO)3(pz)] (Figure 4a) or a [ReI(bpz-)(CO)3(py)] species (Figure 4b).81 The 

respective species formally contain reduced bpy and bpz ligands, analogously to the 3MLCT-excited 

forms of these complexes. Rhenium tricarbonyl diimines therefore usually exhibit similar transient 

absorption spectra in their one-electron reduced forms and in their 3MLCT-excited forms,82 the signal 

observed at ∼375 nm in Figure 4a-c being the strongest absorption of bpy- or bpz-. It appears that the 

one-electron reduced form of [Re(bpy)(CO)3(pz)]+ (red trace in Figure 4a) has a weaker extinction 

coefficient at 375 nm than the 3MLCT-excited form of this complex (black trace in Figure 4a), but the 

reasons for this observation are unclear. What seems clear, however, is that the 375-nm band is also 

present in the spectrum of the [ReI(bpy-)(CO)3(pz)] species (red trace in Figure 4a); the phenoxyl radical 

absorption has a minimum at ∼375 nm (Figure 4d) while there is clearly a local maximum near 375 nm in 
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the red spectrum of Figure 4a. Thus, there is direct evidence not only for a phenol oxidation product but 

also for a rhenium reduction product in all relevant cases. 

Given the experimental uncertainty associated with the luminescence quenching experiments 

performed with [Re(bpz)(CO)3(py)]+ (Figure 3) transient absorption studies would in principle be 

helpful to obtain complementary information about the reaction kinetics, but the temporal resolution of 

our transient absorption setup is insufficient for this purpose. 

 

Driving-force and mechanistic considerations. Scheme 2 illustrates possible PCET reaction 

pathways for the 4-cyanophenol / [Re(bpy)(CO)3(pz)]+ reaction couple. Aside from simple (radiative or 

nonradiative) relaxation to the ground state, four different deactivation processes are conceivable once 

the metal complex has been photoexcited: (i) photoinduced electron transfer followed by proton transfer 

(i. e., reaction along the lower left corner; ET, PT); (ii) photoinduced proton transfer to produce an 

excited deprotonated complex followed by electron transfer (*PT, ET); (iii) photoinduced proton 

transfer to produce deprotonated complex in its electronic ground state followed by electron transfer 

(PT, ET); (iv) concerted proton-electron transfer (CPET). Some thermodynamic considerations appear 

useful for elucidating which reaction pathways may be viable in our systems.6,17,64 

 

Scheme 2. Possible PCET reaction pathways. 
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The electrochemical properties of the [Re(bpz)(CO)3(py)]+, [Re(bpy)(CO)3(pz)]+, and 

[Re(bpy)(CO)3(py)]+ complexes in acetonitrile have been previously investigated.34,45,47,50,65 

Electrochemical potentials for one-electron reduction were generally reported versus the saturated 

calomel electrode, and in Table 3 we have converted the respective values to potentials (Ered) versus the 

ferrocenium/ferrocene (Fc+/Fc) couple (by subtracting 0.38 V from the previously published values).66 

The reduction potentials of the 3MLCT-excited complexes were estimated by adding the energy of the 

MLCT state (EMLCT) to the ground-state reduction potentials, as is common practice.67, 68 From the last 

column in Table 3 we learn that the reduction potentials of the 3MLCT-excited complexes are either 

around 1.0 V vs. Fc+/Fc or below; the only exception is the dicationic [Re(bpy)(CO)3(pz-CH3)]
2+ 

complex having a methylated 1,4-pyrazine ligand which we will discuss later. 

 

 

Table 3. Electrochemical potentials for one-electron reduction of the [Re(bpy)(CO)3(pz)]+ (bpy/pz), 

[Re(bpz)(CO)3(py)]+ (bpz/py), and [Re(bpy)(CO)3(py)]+ (bpy/py) complexes in the electronic ground 

state (Ered) and in the 3MLCT excited state (E*
red) in Volts vs. Fc+/Fc. EMLCT is the energy of the 3MLCT 

state.  

complex Ered [V] EMLCT [eV] E*
red [V] 

bpy/pz -1.59b 2.26f 0.67 

bpz/py -1.03c 2.05g 1.02 

bpy/py -1.49d 2.26h 0.77 

bpy/pz-CH3
a -0.55e 2.26f 1.71 

 

a pz-CH3 denotes a 1,4-pyrazine ligand which has been methylated at the peripheral N-atom, b from 
ref. 50, c from ref. 48, d from ref. 34, e from ref. 65, f estimated on the basis of EMLCT in the bpy/pz 
complex and the reduction of the HOMO-LUMO energy gap between [Re(bpy)(CO)3(pz)]+ and 
[Re(bpz)(CO)3(py)]+ 45, g from ref. 47,  h assumed to be identical to the bpy/pz complex because 3MLCT 
emission involves the same type of bpy ligand. 
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The electrochemical potential for one-electron oxidation of 4-cyanophenol (Eox) has also been 

reported previously.6,69-70 In acetonitrile solution, Eox = 1.40 V vs. Fc+/Fc for CN-PhOH.66,70 

Consequently, initial photoinduced electron transfer to any of the three monocationic rhenium 

complexes of this study is thermodynamically improbable because this process is endergonic by ∼0.4 eV 

for [Re(bpz)(CO)3(py)]+, ∼0.6 eV for [Re(bpy)(CO)3(py)]+, and ∼0.7 eV for [Re(bpy)(CO)3(pz)]+. What 

is more, the comparatively large H/D KIE of 1.8 observed for [Re(bpy)(CO)3(pz)]+ (see above) cannot 

be reconciled with pure electron transfer in the rate-determining excited-state deactivation step.8-9,18 

Thermodynamic data for the proton transfer steps of Scheme 2 is experimentally difficult to access. 

For ruthenium(II) complexes with protonatable bpz ligands acid-base titrations monitoring UV-vis 

spectral changes can yield information about the pKa values in the different redox states of the metal 

center.71-75 However, for our rhenium complexes the spectral changes occurring upon protonation are 

minor, there appears to be simply no good (optical spectroscopic) handle for determination of the 

ground-state pKa values of [Re(bpz)(CO)3(py)]+ and [Re(bpy)(CO)3(pz)]+. However, it is possible to 

determine the pKa values of the 3MLCT-excited [Re(bpz)(CO)3(py)]+ and [Re(bpy)(CO)3(pz)]+ 

complexes using luminescence spectroscopy (Figure S5/S6 of the Supporting Information). The 

respective pKa* values are 3.4±0.5 for [Re(bpy)(CO)3(pz)]+ and 3.1±0.5 for [Re(bpy)(CO)3(pz)]+ in 1:1 

(v:v) CH3CN/H2O (Table S1 of the Supporting Information). 4-cyanophenol has a pKa value of 9.0±0.2 

under identical experimental conditions (Figure S7). Thus, protonation of the photoexcited metal 

complexes prior to electron transfer (*PT, ET sequence in Scheme 2) is thermodynamically unlikely.  

However, we note that proton transfer coupled to electronic relaxation of the 3MLCT-excited 

complexes to their ground states (PT step in Scheme 2) is more exergonic by ∼EMLCT than proton 

transfer to form rhenium complexes in their excited states (*PT step in Scheme 2), hence there may be 

significant driving-force for the initial step of the PT, ET sequence of Scheme 2. However, based on the 

(ground-state) reduction potential of the methylated [Re(bpy)(CO)3(pz-CH3)]
2+ complex (-0.55 V vs. 

Fc+/Fc; Table 3), and an oxidation potential of 0.15 V vs. Fc+/Fc for 4-cyanophenolate (in DMSO)6,69, 

we estimate a reaction free energy of +0.6 eV for the ET step following the initial PT step in the 4-
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cyanophenol / [Re(bpy)(CO)3(pz)]+ reaction couple.76 The highly endergonic nature of the subsequent 

ET step should preclude the formation of PCET photoproducts as observed experimentally, at least in 

the case of the [Re(bpy)(CO)3(pz)]+ complex (Figure 4b). No electrochemical data for methylated or 

protonated [Re(bpz)(CO)3(py)]+ is available, but given the observation that [Re(bpz)(CO)3(py)]+ is 

easier to reduce than [Re(bpy)(CO)3(pz)]+ by about 0.6 V (Table 3), the PT, ET sequence appears 

thermodynamically more realistic in this case. 

In short, from a thermodynamic perspective CPET appears as the most plausible PCET reaction 

mechanism of the 4-cyanophenol / rhenium couples; for the [Re(bpz)(CO)3(py)]+ complex the PT, ET 

sequence cannot be fully excluded. 

 

 

 

SUMMARY AND CONCLUSIONS 

 

The rhenium complexes used in this study are less practical chromophores than previously 

investigated [Ru(bpy)2(bpz)]2+ and [Ru(bpz)3]
2+ complexes because protonation effects are difficult to 

detect by optical spectroscopic means. Nevertheless, transient absorption spectroscopy is able to provide 

clear evidence for PCET chemistry because the spectral fingerprint of the 4-cyanophenoxyl radical can 

be detected. From a thermodynamics perspective, CPET appears as the most plausible reaction 

mechanism for the 4-cyanophenol / [Re(bpy)(CO)3(pz)]+ couple, and the experimentally observed H/D 

KIE of 1.8±0.2 is line with this expectation. CPET is thermodynamically viable also in the case of 

[Re(bpz)(CO)3(py)]+, but a PT, ET sequence (involving electronic relaxation in the PT step) cannot be 

ruled out completely. A mixture of different mechanisms which are active at the same time cannot be 

excluded either; only an ET, PT contribution can be ruled out safely based on thermodynamic grounds. 

Thus, mechanistically the case has not become as clear as we had originally hoped, but the interesting 

finding is that both rhenium complexes exhibit PCET chemistry with similar reaction rates even though 
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they have different excited-state structures in the sense that different sites become protonatable after 

MLCT excitation. The bottom line is that for the reaction rates it does not appear to matter whether 

MLCT excitation occurs towards the protonatable ligand or away from it, at least for the two reaction 

couples investigated here. 

 

 

EXPERIMENTAL SECTION 

 

The rhenium(I) complexes were synthesized following previously published procedures,34,77 column 

chromatography occurred on Silica Gel 60 from Machery-Nagel. Bruker Avance DRX 300 and B-ACS-

120 instruments were used for 1H-NMR spectroscopy, electron ionization mass spectrometry (EI-MS) 

was performed on a Finnigan MAT8200 instrument, for elemental analysis a Vario EL III CHNS 

analyzer from Elementar was employed. Synthetic protocols and product characterization data are as 

follows. 

[Re(bpy)(CO)3(pz)](PF6). 500 mg (1.38 mmol) pentacarbonylchlororhenium(I) were suspended in 80 

ml toluene along with 220 mg (1.41 mmol) 2,2´-bipyridine and heated to 110°C for 7 hours. After 

cooling to room temperature the yellow Re(bpy)(CO)3Cl precipitate (590 mg, 93%) was isolated by 

suction filtration. Re(bpy)(CO)3Cl was reacted with AgPF6 (139 mg, 0.55 mmol) in 50 ml CH3CN at 

reflux for 13 hours. After cooling to room temperature the solution was filtered and the filtrate is 

evaporated to yield [Re(bpy)(CO)3(CH3CN)](PF6). The latter material was refluxed in 10 ml of a 3:10 

(v:v) mixture of CH2Cl2 and CH3OH along with 1,4-pyrazine (900 mg, 11.2 mmol) for 42 hours. The 

hot solution was filtered, and the filtrate was evaporated to dryness. Purification of the raw product 

occurred by column chromatography on silica gel using as an eluent first acetone, then a 10:1 (v:v) 

mixture of acetone and H2O, and finally a 100:10:1 (v:v:v) mixture of acetone, H2O, and saturated 

aqueous KNO3 solution. Acetone was evaporated from the chromatography fractions containing the 

desired complex, and precipitation of its hexafluorophosphate salt was induced by addition of saturated 
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aqueous KPF6 solution. This procedure resulted in pure [Re(bpy)(pz)(CO)3](PF6) in 37% yield (41 mg). 

1H NMR (CD3CN, 300MHz, 25°C): δ [ppm] = 7.82 (ddd, J = 7.6, 5.5, 1.5 Hz, 2H), 8.24 (dd, J = 3.0, 1.5 

Hz, 2H), 8.30 (td, J = 7.9, 1.5 Hz, 2H), 8.42 (d, J = 8.1 Hz, 2H), 8.57 (dd, J = 3.0, 1.5 Hz, 2H), 9.22 (d, 

J = 5.5 Hz, 2H). ES-MS m/z = 507.0461 (calculated 507.0463 for C17H12N4O3Re+). Anal. calcd. for 

C17H12N4O3PF6Re: C 31.34, H 1.86, N 8.60. Found: C 31.22, H 2.02, N 8.95. 

[Re(bpy)(CO)3(py)](CF3SO3). To [Re(bpy)(CO)3(CH3CN)](CF3SO3) which was available from prior 

studies 43,78 in 26 ml of a 3:10 (v:v) mixture of CHCl3 and CH3OH was added pyridine (30 µL, 0.38 

mmol), and the solution was refluxed under N2 overnight. Subsequent column chromatography on silica 

gel using a 9:1 (v:v) mixture of CH2Cl2/CH3OH afforded the pure product in 65% yield (148 mg). 1H 

NMR (CDCl3, 300MHz, 25°C): δ [ppm] = 7.45 – 7.35 (m, 2H),  7.74 (ddd, J = 7.6, 5.5, 1.3 Hz, 2H), 7.86 

(tt, J = 7.6, 1.6 Hz, 1H), 8.22 – 8.14 (m, 2H), 8.37 (td, J = 8.0, 1.6 Hz, 2H), 8.89 (d, J = 8.2 Hz, 2H), 

9.11 – 9.03 (m, 2H). ES-MS m/z = 506.0507 (calculated 506.0510 for C18H13N3O3Re+). Anal. calcd. for 

C19H13 N3O6F3ReS: C 34.86, H 2.00, N 6.42. Found: C 34.88, H 1.96, N 6.40. 

[Re(bpz)(CO)3(py)](PF6). Re(CO)5Cl (330 mg, 1.00 mmol) and bpz (193 mg, 1.22 mmol) were 

refluxed in dry toluene overnight. After cooling to room temperature, the resulting purple solid is 

filtered and washed with pentane to yield Re(bpz)(CO)3Cl in 68% yield (320 mg). The latter complex 

was reflux overnight in 12 ml CH3CN along with 40 mg (0.17 mmol) AgPF6. After cooling to room 

temperature the reaction mixture was filtrated to remove AgCl, and the filtrate was evaporated to 

dryness. The resulting orange solid was used for the next step without further purification. Pyridine (20 

µL, 0.25 mmol) was added to a suspension of [Re(bpz)(CO)3(CH3CN)](PF6) (117 mg, 0.20 mmol) in 26 

ml of a 3:10 (v:v) mixture of CHCl3 and CH3OH, and the reaction mixture was refluxed under N2 for 15 

hours before evaporating the solvent. Product purification occurred by column chromatography on silica 

gel using as an eluent first pure acetone, then a 10:1 (v:v) mixture of acetone and H2O, and finally a 

100:10:1 (v:v:v) mixture of acetone, H2O, and saturated aqueous KNO3. Acetone was evaporated from 

the chromatography fractions containing the desired complex, and precipitation of its 

hexafluorophosphate salt was induced by addition of saturated aqueous KPF6 solution. This procedure 
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resulted in 47 mg of pure product (36% yield). 1H NMR (acetone-d6, 300MHz, 25°C): δ [ppm] = 7.65 – 

7.36 (m, 2H), 8.05 (tt, J = 7.7, 1.5 Hz, 1H), 8.67 (dt, J = 5.0, 1.5 Hz, 2H), 9.26 (d, J = 3.1 Hz, 2H), 9.62 

(dd, J = 3.1, 1.3 Hz, 2H), 10.18 (d, J = 1.3 Hz, 2H). ES-MS m/z = 508.0412 (calculated 508.0415 for 

C16H11N5O3Re+). Anal. calcd. for C16H11N5O3F6PRe⋅0.6 C3H6O: C 31.11, H 2.14, N 10.19. Found: C 

31.18, H 2.01, N 10.39. 

For deuteration, 4-cyanophenol was dissolved in methanol-d4 (99.80 % D) and stirred for 1 hour under 

N2 at room temperature. The solvent was removed subsequently using a rotary evaporator, and the 

operation was repeated a second time. This procedure resulted in isotope purity on the order of 99%. 

Acetonitrile for spectroscopic investigations was freshly distilled from P2O5. UV-vis spectroscopy was 

performed on a Cary 300 instrument. Luminescence spectra and lifetimes were measured a Fluorolog-

322 spectrometer equipped with a TCSPC option (Fluorohub FL-1061PC) and a TBC-07C detector 

from Hamamatsu. For the lifetime experiments excitation occurred at 340 nm using a NanoLed-340 

unit. Transient absorption experiments were conducted on an LP920-KS spectrometer from Edingburgh 

Instruments with a detection system comprised of an iCCD camera from Andor and an R928 

photomultiplier. Excitation occurred with the frequency-tripled output from a Quantel Brilliant b laser. 

All spectroscopy measurements occurred in aerated solution, the absorbance of the rhenium complexes 

at the excitation wavelength was typically between 0.1 and 0.3. The pH measurements occurred using a 

standard pH meter. 

Single crystals of [Re(bpz)(CO)3(py)]2(PF6)2(H2O)((CH3)2CO) and [Re(bpy)(CO)3(pz)](PF6) were 

coated with Paratone N-oil and mounted on a fiber loop followed by data collection at 100 K. The 

crystallographic data was collected with a Bruker APEX II diffractometer, equipped with a graphite 

monochromator centered on the path of MoKα (λ = 0.71073 Å) radiation. The SAINT program was used 

to integrate the data, which was thereafter corrected for absorption using SADABS.79 The structure was 

solved by direct methods and refined by least-square fits on F2 in SHELX97.80 All non-hydrogen atoms 

were refined anisotropically by full-matrix least-squares (SHELXL-97). Hydrogen atoms were placed 

using a riding model. Their positions were constrained relative to their parent atom using the appropriate 
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HFIX command in SHELXL-97. In [Re(bpy)(CO)3(pz)]2(PF6)2·(H2O)·((CH3)2CO), the lattice acetone 

molecule was found to be disordered on two equivalent positions. Hydrogen atoms on this disordered 

acetone molecule and on the lattice water molecule were not introduced. Table 4 contains the summary 

of the unit cell and structure refinement parameters. The CIF files can be found in the supporting 

information. The CCDC numbers of the two structures are 877478 and 877479. 

 

Table 4. Single crystal X-Ray diffraction parameters for [Re(bpy)(CO)3(pz)]2(PF6)2·(H2O)·((CH3)2CO)  

and [Re(bpz)(CO)3(py)](PF6). 

 [Re(bpz)(CO)3(py)](PF6) [Re(bpy)(CO)3(pz)]2(PF6)2· 

(H2O)·((CH3)2CO) 

Formula C16H11F6N5O3PRe C37H24F12N8O8P2Re2 

MW (g/mol) 652.47 1379.05 

T(K) 100(2) 100(2) 

Crystal System monoclinic monoclinic 

Space group C2/c C2/c 

a (Å) 

b (Å) 

c (Å) 

43.0640(13) 

9.7300(3) 

20.6150(6) 

23.463(4) 

9.4086(16) 

21.361(3) 

β (°) 114.571(2) 109.374(8) 

volume (Å3) 7855.8(4) 4448.5(13) 

Z 16 4 

D (g·cm-3) 2.207 2.059 

µMoKα (mm-1) 6.356 5.620 

F000 4960.0 2648.0 

GoF 1.052 1.109 

aR1 (I> 2 σ(I)) 0.0351 0.0174 

bwR2(all reflections) 0.0897 0.0402 
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aR1 = Σ||F0| – |FC||/Σ|Fo|, and bwR2 = [Σw(F0
2 – FC

2)2/Σw(F0
2)2]1/2, w=1/[σ2(Fo

2) + (aP)2 + bP] and P=(Fo2 

+ 2Fc2)/3 
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SYNOPSIS TOC  

 

The influence of the directionality of MLCT excitation on photoinduced PCET between 4-cyanophenol 

and two closely related rhenium(I) complexes was investigated by luminescence and transient 

absorption spectroscopy. In one of the complexes MLCT excitation occurs towards a protonatable 

ligand, while in the other it occurs away from it. This difference in electronic excited-state structure 

appears to affect the mechanism of PCET but it has little influence on the PCET reaction rates. 
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