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Exploring the Full Potential of Photocatalytic Carbon

Dioxide Reduction Using a Dinuclear Re,Cl, Complex
Assisted by Various Photosensitizers

Robin Giereth,®® Martin Obermeier,’ Lukas Forschner,”™ Michael Karnahl,

Matthias Schwalbe,*'¥ and Stefanie Tschierlei*®

Photosensitizing units have already been applied to enable
light-driven catalytic reduction of CO, with mononuclear
rhenium complexes. However, dinuclear catalytic systems that
are able to activate CO, in a cooperative bimetallic fashion have
only rarely been combined with photosensitizers. We here
present detailed studies on the influence of additional photo-
sensitizers on the catalytic performance of a dirhenium complex
(Re,Cl,) and present correlations with spectroscopic measure-
ments, which shed light on the reaction mechanism. The use of
[Ir(dFppy)s] (Ir, dFppy = 2-(4,6-difluorophenyl)pyridine)) resulted

1. Introduction

Dinuclear metal catalysts with a specifically chosen ligand
environment and orientation of the metal centers bear a high
potential for effective bimetallic activation of CO, by coopera-
tive effects."™ The (cooperative) activation of small molecules
is of particular importance for solar fuel production, considering
the fact that usually several redox equivalents are required in
order to overcome thermodynamically unfavored stepwise
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in considerably faster CO, to CO transformation than [Cu-
(xant)(bcp)IPFs  (Cu, xant=xantphos, bcp=bathocuproine).
Emission quenching studies, transient absorption as well as IR
spectroscopy provide information about the electron transfer
paths of the intermolecular systems. It turned out that
formation of double reduced species [Re,Cl,]*~ along with an
intermediate with a Re—Re bond ([ReRe]) can be taken as an
indication of multi-electron storage capacity. Furthermore,
under catalytic conditions a CO,-bridged intermediate was
identified.

monoelectronic pathways.*” Various design motifs for multi-
electron storage in solar energy conversion schemes have been
developed over the years, including dinuclear rhodium
complexes,® " or a multi-electron chargeable cobalt porphyrin
catalyst."

Bimetallic activation of CO, was recently reported by Jurss
etal. in electrocatalytic studies on an anthracene-bridged
dinuclear rhenium complex."” However, bimetallic activation
was not observed under photocatalytic conditions.™® In a
recent study we explored a rather unexpected wavelength
dependency of the well-known mononuclear complex [Re-
(bpy)(CO);CI1  (bpy-Re, with bpy=2,2"-bipyridine) during
photocatalysis.™ It was found that particularly the Re—Re
bonded dimer [Re(bpy)(CO);], is a crucial intermediate, or
better resting state.'”” We therefore synthesized and thor-
oughly characterized a new xanthene-bridged dinuclear Re,Cl,
complex, where special attention was given to the spatial
orientation of the two Re(bpy)(CO),Cl units.*” Two isomers, cis
and trans, were synthesized and only latter (shown in
Scheme 1) investigated in more detail due to possible
interconversion of the cis to the trans isomer. Although
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Scheme 1. Structures and abbreviations of the dinuclear Re' complex Re,Cl,
and photosensitizers Cu ([Cu(xant)(bcp)]*, xant =xantphos, bcp = batho-
cuproine) and Ir ([Ir(dFppy);], dFppy = 2-(4,6-difluorophenyl)pyridine).
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increased photo- as well as electrocatalytic activity compared
to mononuclear bpy-Re was observed, the full potential of
Re,Cl, (always referring to the trans isomer in the following) in
photocatalysis could not fully be exploited yet.

Initial studies revealed that the accumulation of two
electrons on Re,Cl, by photoinduced electron transfer reactions
from sacrificial electron donors is hampered by a strong
electronic communication between the two metal fragments.””
However, if the system was reduced twice (e.g. by electro-
chemical reduction), a cooperative behavior was observed, as
evidenced by a considerably lowered onset potential for
electrocatalysis.

There are numerous references in which the addition of
photosensitizers is used to increase the light harvesting proper-
ties or enable photo-activation of rhenium-based CO, reduction
catalysts in the visible spectral window by providing highly
potent reduction equivalents.”?'*” Many examples consist of
the combination of a Ru" based photosensitizer and a catalytic
subunit in supramolecular assemblies. Hereby, Ru" based
chromophores, such as [Ru"(R,-bpy);]*™ (R=H, Me), were shown
to increase the catalytic activity of bpy-Re in an intermolecular
system up to TON,=170 from TON,~30 without
photosensitizer.”'*® An even more efficient system was
received by exchanging the catalyst with a Re' diimine
biscarbonyl bisphosphine unit, whereby a TON.,=3029 was
obtained.®" However, thermodynamic constraints are still a
bottleneck for an efficient electron transfer from photoreduced
Ru" complexes to Re' units.?'?%°323 |n other cases I" based
chromophores have been utilized. In a prominent example, a
I'" 1-phenylisoquinoline complex was employed as a photo-
sensitizing unit in combination with fac-Re(dmb)(CO);Br
(dmb =4,4'-dimethyl-2,2"-bipyridine). Interestingly, the increase
in activity was the same, regardless if used in an inter- or
supramolecular system.®¥

Intermolecular photosensitization using environmentally
benign photosensitizer (PS), for example, [Cu(xant)(bcp)]™ (Cu,
see also Scheme 1) has only recently been exploited in the
photocatalytic CO, to CO reduction.®*™*" Exemplarily, Cu in
combination with Re(bpy)(CO),Br as catalyst®” increased the
catalytic activity (TON¢o) by a factor of ~6 from 40 to 240 after
1 h illumination with hv>370 nm (optimized conditions: [Re] =
0.05 mM, [BIH]=0.1 M, [Cu]=0.5 mM, in DMF-TEOA (4:1, v/v)).

We, thus, envisioned the utilization of an external/addi-
tional stimulus, i.e. photosensitizer (PS), in order to achieve
higher reduced states of Re,Cl,. Hence, herein, results to
elucidate the influence of external PS to enhance the catalytic
activity for CO, reduction by a potential cooperative activation
pathway are presented. To the best of our knowledge, this
method of photosensitization has not been used to exploit
bimetallic activation of CO, with dinuclear rhenium catalysts,
yet. Possible two electron transfer processes are investigated
by spectro-electrochemical and chemical reduction experi-
ments, and multi-electron storage properties are tested.

2. Results and Discussion
2.1. Photocatalytic Studies

Compound Re,Cl, was synthesized according to an already
published method.”” As outlined in the introduction, the goal
of the recent studies is to achieve an efficient and fast
formation of higher reduced species of Re,Cl,, i.e. [Re,Cl,]"".
Since the prerequisite for the formation of doubly-reduced
Re,Cl, by an external photosensitizer is a) a high reductive
power in the ground-state (c.f. E<—1.85V vs. F¢/Fc™, Table 1)
and b) a high oxidative power in the excited-state (ie.
reductive quenching by sacrificial electron donors should be
feasible), only few photosensitizers can be considered (Table 1).
Especially Ir and Cu (Scheme 1) do match these conditions and
were chosen for further catalytic experiments.*'™ As sacrificial
reductants either triethylamine (TEA), triethanolamine (TEOA)
or 1,3-dimethyl-2-phenylbenz-imidazoline (BIH), or a combina-
tion of these (vide infra) were selected.” In earlier studies,
TEOA was used in most cases.'”**¢ However, TEOA induces
competitive and in our case unwanted side reactions during
the formation of the catalytically active species (vide infra).*”
Besides, TEA is a better base than TEOA to deprotonate BIH®™,
which is the product of the reductive quenching of PS with BIH,
and thus, prevents fast back electron transfer from BIH** to
reduced [PS]~ as described by Sampaio et al.*?

Initial experiments, applying a A>400 nm longpass filter,
confirmed these statements: le. without BIH and only using a
DMF/TEOA (20 vol %) mixture a TONcq 4, Of 10 is reached that
is much lower than a TON¢ 4, of 52 (entry 1, Table 2) obtained

Table 1. Ground and excited state redox potentials [V] and MLCT absorption maxima [nm] with corresponding molar attenuation coefficients €
[10° M'em™'] of Re,Cl, and photosensitizers Cu and Ir as well as oxidation potentials of sacrificial reductants TEA, TEOA and BIH. Additionally, redox
potentials and absorption maxima of reaction intermediates of Re,Cl, are given. Peak potentials are given vs. Fc/Fc*.

Compound Ereq Eox Eed® E.* Aaps (€) Ref.

Re,Cl, —1.71 +0.99 +0.77 —-1.49 365 (15.5) 20

[Re,Cl,]'"™ ~1.85 —1.61 580 (16.7) 20

[ReRe] ~—1.9¢ —0.46 810 20

Cu —2.05 +0.93 +0.63 —-1.75 389 (5.1) 49

I —2.38 +0.91 +0.37 —1.84 379 (7.1) 41,50

TEA +0.31£0.46 44, 49

BIH —0.05 44

TEOA +0.19+£0.44 44, 51

[a] calculated; [b] fac-isomer; [c] redox potentials E, ;.
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Table 2. TON¢ . (reached after around 4 h reaction time) of Re,Cl,
(always 50 pM) in DMF in relation to various ratios of electron donor (TEA
or TEA/BIH) and photosensitizers (Ir or Cu). A cut-off filter with hv >400 nm
was used for all measurements due to the low absorptivity of the
photosensitizers in the visible region and to avoid detrimental UV light.

Entry PS BIH [eq.] TEA [eq.] PS [eq.] TONcomax
1 Ir - 5% (v/v) 1 52

2 Ir 100 100 1 78

3 Ir 200 200 1 195
33" Ir 200 200 1 154
4 Ir 200 400 1 131
56l Ir 400 200 1 134
6" Ir 400 400 1 193
7% Ir 1000 1000 1 255
8 - 200 200 - 63"
9 Ir 200 200 0.1 124
10 Ir 200 200 0.25 144
1 Ir 200 200 0.5 149
12 Ir 1000 1000 2 270
13 Cu 200 200 1 169"

[a] Lower quality batch of BIH was used; [b] TON, after 4 h, but catalysis
still continues.

using only DMF/TEA (5 vol%). When using 200 eq. BIH in
combination with DMF/TEOA (20 vol%) a TONcq,4, Of 49 is
reached that can be increased to a TON(g .4, of 200 when using
2000 eq. BIH.*® On the other hand, using 200 eq. BIH/200 eq.
TEA in DMF a TONco,, of 63 (green trace, Figure 1) and
TONco4n Of 109 is determined. (Please note, that a TONcg max
means that the final point of catalytic transformation is
reached, while a time indication means that the catalyst is still
active after the specified time point.) As we see a lower TONq
when using BIH/TEOA instead of BIH/TEA mixtures, in most of
the following experiments TEA was applied as base. Please
note that in no experiment the formation of hydrogen or
formic acid could be determined (see further details in SI).

The addition of an external photosensitizer should accel-
erate the formation of CO. However, the TON¢ .., value when
Ir is used as PS in DMF/TEA (5 vol %) is identical to the reaction

200+ e sy A BIH/TEA; Ir

a7 =" BIH/TEA; Cu
150 i S

> BIH/TEOA; Ir

TON

100

BIH/TEA
TEA; Ir
TEA

T T T T T T T
100 150 200 250
time / min

Figure 1. Comparison of catalytic activity of Re,Cl, (5-107>M), in DMF
applying a A > 400 nm longpass filter, different types of SR and a 200 W Xe-
lamp. Black: No PS, 5% (v/v) TEA; Green: No PS, 200 eq. BIH/200 eq. TEA; red:
1 eq. Ir, 5% TEA; blue: 1 eq. Ir, 200 eq. BIH/200 eq. TEA; orange: 1 eq. Ir,

200 eq. BIH/200 eq. TEOA; magenta: 1 eq. Cu, 200 eq. BIH/200 eq. TEA.
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without PS (black and red curve in Figure 1), because TEA is not
able to quench the excited state of Ir (vide infra). On the
contrary, using Ir and BIH/TEA (both 200 eq.) an increase of the
TONcomax by a factor of ~4 is observed giving quantitative
formation of CO after 2 h reaction time, i.e. TON¢gmax Of 195
(blue curve in Figure 1). Please note that after two hours of
illumination using BIH/TEA (both 200 eq.) but without addi-
tional PS (green trace, Figure 1), only a TONcy,, of 28 is
reached. The usage of BIH/TEOA (both 200 eq.) again leads to
lower catalytic performance and only a TON¢g . Of 122 is
reached (orange curve in Figure 1). Surprisingly, while Re,Cl,
without PS still shows catalytic activity after 24 hours of
illumination, the TON¢om. When Ir is involved is already
reached after 2 hours reaction time (compare blue and red
curve in Figure 1 to green curve). Nevertheless, the usage of Ir
instead of Cu is advantageous, because a slower CO, to CO
reduction is observed in case of Cu and a TON¢g 4, =169 is
determined (magenta curve in Figure 1).

In addition, the influence of the amount of both, ie.
equivalents of photosensitizer and electron donor to catalyst,
was investigated (Table 2). While having the highest TONc,
using a BIH/TEA combination with both 200 eq., an increase by
a factor of 2 of either one or both does not show better
catalytic performance. Only an increase by a factor of 5, i.e.
1000 eq., leads to a slightly higher CO formation (TONgm.x=
255). It is clearly shown that the PS-assisted photocatalysis for
Re,Cl, improves the transformation rate of CO, to CO. Even low
PS equivalents of only 0.1 are able to boost the CO, reduction
activity. This suggests that the supply of electrons by the light-
induced reduced PS is not the limiting factor of catalysis, but
rather the subsequent electron (and/or proton) transfer proc-
esses.

The results of the photocatalytic experiments seem to
suggest that the overspill of reduced PS causes fast catalyst
deactivation within the first two hours of catalysis. When using
smaller amounts of BIH, i.e. 200eq. almost all electron
equivalents end up in the product (CO). Increasing the amount
of BIH does not lead to a linear increase of product formation,
suggesting that the rhenium catalyst is deactivated before the
excess of electron equivalents could be used.

In an additional experiment, we added another 200 eq.
each of BIH/TEA after the catalytic activity has ceased for a
reaction of Re,Cl, with 1 eq. Ir and initially 200 eq. each of BIH/
TEA. Surprisingly, no further formation of CO was observed,
which suggests again catalyst deactivation. Please note that if a
catalytically active form of Re,Cl, would still be present, but Ir
is decomposed, we should still see a turnover (c.f. green trace
in Figure 1).

2.2. Mechanistic Studies

Initial studies by us revealed that the accumulation of two
electrons on Re,Cl, by means of photoinduced electron transfer
reactions from sacrificial electron donors is hampered by a
strong electronic communication between the two metal
fragments.”” However, if the system was reduced twice (e.g. by
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means of electrochemical reduction), a cooperative behavior
was observed as evidenced by a considerably lowered onset
potential for electrocatalysis. Furthermore, the reduction of
both bpyRe-fragments led to the fast formation of a species
with an intramolecular Re—Re bond (i.e. [ReRe]) that has a
more positive reduction potential compared to [Re(bpy)(CO);],.
Reductive bond cleavage within this intermediate can therefore
be exploited to access up to 4-fold reduced species, as has
been evidenced by (spectro-)electrochemical studies.*”

In order to investigate the reason for the observed catalytic
results presented above, mechanistic studies focusing on the
electron transfer pathways after light excitation were per-
formed. The addition of an external photosensitizer certainly
complicates mechanistic studies and adds complexity to the
investigations because multiple reaction pathways are conceiv-
able (Scheme 2). Within this intermolecular three-component
system consisting of Re,Cl,, photosensitizer and sacrificial
reductant several photoinduced electron transfer (PET) and
electron transfer (ET) processes are possible for producing
catalytically active species, resting states or deactivated prod-
ucts. The most important reaction pathways are a) reductive
quenching of photoexcited Re,Cl, by SR (TEA or BIH) to
[Re,Cl,]'", b) reductive quenching of photoexcited PS* by SR to
PS'", ) oxidative quenching of photoexcited PS* by Re,Cl, and
d) electron transfer from photoreduced PS'~ to Re,Cl, or
[Re,Cl,]'™ in the dark. Please note that [Re,Cl,]*~ tends to
rapidly lose chloride ions to form a Re—Re bond in [ReRe] as
shown in pathway d. Therefore, the feasibility of the fundamen-
tal PET processes between Re,Cl,, Ir, Cu and sacrificial electron
donors BIH and TEA (processes a)-c) in Scheme 2) is first
elaborated.

reductive quenching by SR oxidative quenching

a) Rexcly || P pst | |9 psr
SR [hv SR Thv Thv
Re,Cly PS PS
SR SR Re,Cl,
Ps™
electron transfer from photoreduced PS'" (light-independent)
' d)

1o
@
&
4

PS PS l-2 Cr
e]

Scheme 2. Possible electron transfer reactions between Re,Cl,, PS and SR for
the formation of doubly-reduced [Re,Cl,]*~ by photochemically produced
reducing agent PS'". Reactions in solid boxes are light-induced reactions,
whereas reactions in dashed box are light-independent (for calculated
reaction energies see Table S1).

ChemPhotoChem 2021, 5, 644-653 www.chemphotochem.org

2.3. Reductive Quenching of Re,Cl, (Scheme 2a)

The efficient nature of reductive quenching of excited *MLCT
states of Re' tricarbonyl complexes has already been studied
extensively.®”>* In line with these findings, the bimolecular
quenching constant for Re,Cl, obtained from Stern-Volmer
analysis is  k,=1.4:10°M7's™" for BIH* and k,=
2.52-10°* M~ 's™! for TEA in DMF (Figure S1). The higher rate
constant for quenching with BIH is clearly attributed to the
lower oxidation potential of BIH compared to TEA (Table 1).5%
In both cases reductive quenching is occurring efficiently, and
reduced species can accumulate during continuous irradiation.

2.4. Reductive quenching of PS (Scheme 2b)

It is also known that Cu can undergo reductive quenching with
TEA and BIH, the quenching rate constant is k,=2.9-10° M 's™"
for BIH (in DMA/TEOA (4:1 v/v, DMA = N,N-dimethylacetamide)
with 7,=240 ns).®*® Quenching of Ir by BIH has been
confirmed by Stern-Volmer analysis, with k,=2.62-10°M's™"
(Figure S1). Due to the high oxidative power of the *MLCT state
of Ir (Table 1) a fast formation of Ir'~ can be assumed. Notably,
reductive quenching of Ir with TEA should be energetically
disfavored, due to the higher oxidation potential of TEA in DMF
(Table 1). This assumption is indeed in line with catalytic results,
as the combination of Ir and just 5% TEA in DMF shows no
improvement in catalysis (Table 2, entry 1).

2.5. Oxidative quenching of PS by Re,Cl, (Scheme 2c¢)

Further, we also investigated the oxidative quenching pathway
of the photosensitizers (Scheme 2, process c¢) with Re,Cl, by
means of Stern-Volmer analysis. Clear evidence for electron or
energy transfer is given by a decrease in *MLCT lifetimes of Ir
(10 uM) and Cu (50 uM) from 1559 ns to 1195 ns and 297 ns to
245 ns, at 100 and 500 pM Re,Cl,, respectively (Figure S2 and
S3). Please note that quenching studies with Cu were
performed in acetonitrile, since the emission in DMF is very
weak, and therefore, the emission of Re,Cl, (A,,=597 nm) is
superimposing even at very low concentrations. Interestingly,
the Stern-Volmer analysis of Ir displays not only collisional, but
also static quenching behavior (Figure S2). Furthermore, oxida-
tive quenching with Cu is around two orders of magnitude
more efficient than it is for Ir (Table 52).57°®

Time-dependent UV/vis measurements during continuous
irradiation (with A>360 nm) of a 1:1 mixture of Re,Cl, and Ir
(50 uM) in DMF in the absence of an electron donor confirmed
the oxidative nature of this quenching process (i.e. Scheme 2c)
by formation of [Re,Cl,]'~ with characteristic signals at 450 and
580 nm (Figure S2).” The cage escape yield, which reflects the
efficiency with which the redox reaction products are separated
into bulk solution after electron-transfer,”” is ®=0.12. The
value was determined with the attenuation coefficient (€559 nm =
4.36-10°M'em™, SI page 8) of [Re,Cl,]'" and is in the same
order as is typically observed for the oxidative quenching of

647 © 2021 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Ru" and Os" metal complexes,”*” but lower than for reductive
quenching processes of Re' complexes.®” However, the reduc-
tive quenching efficiency of the single collisions (17,=[Q]x K,/
(1+I[QIxKs,), @=Quencher, Ky, values are listed in Table S2) of
Ir and Cu using BIH at catalysis concentrations ([BIH]=10 mM
(i.e. 200 eq.), Table 2) 7,>97% and 87% is very effective. In
contrast, under oxidative conditions using Re,Cl, (c=50 uM),
the values obtained are very low (17,<0.2% (Ir) and <3 % (Cu)),
which means that this process can be neglected under catalytic
conditions (Scheme 2c).?”

2.6. Electron transfer from photoreduced PS' to [Re,Cl,]'~

After having evaluated the likelihood of fundamental reaction
pathways (in particular Scheme 2a and b), which are a
prerequisite for the formation of higher reduced states, like
[Re,Cl,)*", via PS-assisted reduction, our attention turned to
possible implications on chemical reactivity (Scheme 2d). On
account of the close vicinity of the two metal centers, Re,Cl,
tends to form a Re—Re bond when both bpyRe-units are
reduced once, i.e. formation of [Re,Cl,]*>~ induces rapid chloride
loss and transformation to [ReRe] (Scheme 2d).”?” This species
is considered to be a possible resting state during catalysis and
does not present a deactivation product™ [ReRe] has a
pronounced and characteristic band at 810 nm in the UV/vis
spectrum, which is persistent against oxidative conditions such
as potentials more negative than [ReRe]*®=—0.46 V vs. Fc/Fc*
(Figure S4) or air (at least on a short time scale). Since this band
is also well separated from any other absorption features of
one of the two photosensitizers (g, . 500 nm~0 for Cu and Ir),***%
it can therefore be used to verify the success of a two-electron
reduction process.

However, the formation of [ReRe] (or formally [Re,Cl,]*") is
only possible if photoreduced PS'™ is able to transfer an
electron to [Re,Cl,]'~ (Scheme 2d). This process is addressed by
transient absorption spectroscopy: When exciting a mixed
solution containing Re,Cl,, Ir (0.1 mM each) and BIH (5 mM) at
355 nm, addressing MLCT states of both complexes, a new
long-lived (>5 ps) signal at 810 nm can be recorded (Fig-
ure S5). Without photosensitizer, Re,Cl, has an excited state
absorption spectrum similar to mononuclear bpy-Re and
exhibits no such signal (Figure 56).°**¥ Since none of the
complexes has (excited state) absorption features in this
wavelength range, the signal can (tentatively) be assigned to
[ReRel. Additionally, the kinetic profile of the signal recorded at
560 nm is slightly changed upon addition of Ir (compare
Figure S7 and S5). The intensity of the signal keeps increasing
even after a first rise which is indicative of follow-up reactions
such as for example electron transfer reactions from Ir'~. The
same behavior is also observed in the case when Cu is used as
photosensitizer (Figure S8). Interestingly, this second process
takes place in the same time regime (i.e. <300 ns), as the
formation of the long-lived signal at 810 nm (Figure S5).

For both photosensitizers, Ir and Cu, the formation of
[ReRe] can also be verified by time-dependent UV/vis measure-
ments during irradiation (hv>360 nm) of a solution containing

ChemPhotoChem 2021, 5, 644-653 www.chemphotochem.org

Re,Cl, and PS in equimolar amounts (0.05 mM) in the presence
of BIH/TEA (5/10 mM) and subsequent aeration of the reaction
mixture (Figure S9). The last step is mandatory, since formation
of [ReRe] is not selective and other reaction products such as
singly-reduced [Re,Cl,]'" are superimposing the absorption
spectrum.?’ However, the reduction process of singly reduced
species is fully reversible and UV/vis signals therefore vanish
completely under air without the formation of side-products.
Hence, only the new signals of [ReRe] remain after aeration.
The same reactivity is also observed with significantly reduced
amounts of SR (10 eq. BIH, Figure 2), which indicates a high
efficiency of the quenching of the respective *MLCT states as
well as the efficacy of the electron transfer process from PS'~ to
[Re,Cl,]'" (vide infra).

Furthermore, the formation of [ReRe] is absent when
irradiating with A >460 nm, because the PS does not absorb
any light in this wavelength range (Figure S12).

The effect of TEA as an additive to BIH to deprotonate
BIH** and to limit unproductive charge recombination was
recently described.”® Surprisingly, when TEA (or TEQA) is used
in commonly applied catalytic concentrations (i.e. 5% or 20%,
v/v respectively)*™¥ the signal at 810 nm is not formed and
only [Re,Cl,]'" is accumulated (Figure S10 and S13). However,
the necessity of TEA is more pronounced for Cu and no Re—Re
bond formation can be seen if only BIH is used in this case
(Figure S11). In addition, widely used triethanolamine (TEOA,
20% v/v) seems to be detrimental for the accumulation of
[ReRe] (d in Scheme 2), since i) slow deprotonation of BIH**
may be insufficient to kinetically compete with charge recombi-
nation from the reductively quenched species to oxidized BIH**

wavelength / nm

350 450 550 650 750 850

™ o

end ( )
=1 Ir(dFppy); n
= BiH, TeA =  [ReChI™ n=12
RGQC|2
hv > 360 nm n-
1 t=20min;pMF  [ReRe]™ n=01

absorbance

absorbance

5
wavelength / nm

Figure 2. Top: Time-dependent UV/Vis absorption spectroscopic measure-
ments of Re,Cl, (50 uM) in DMF with Ir/BIH/TEA (1/10/20 eq.) during
continuous irradiation (orange to dark magenta). Bottom: UV/Vis spectrum
of [ReRe] (blue) obtained by aeration of the solution after 20 min of
illumination.
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“8 and ii) formation of Re-TEOA adducts may compete with

Re—Re bond formation.””" The spectroscopic results confirm
the catalytic observations described above, in which the
combination of BIH/TEA gives highest turnover numbers. This is
surprising, since the possibility of Re—Re bond formation
obviously exceeds the beneficial effect of CO,-capture by
TEOA-adducts."*”

As a collision induced process, the light-independent
reduction process/electron transfer from PS'~ to [Re,Cl,]'
(Scheme 2d) is dependent on the diffusion ability, concentra-
tion, and the lifetime of the intermediates. Exemplarily for this
photosensitized mechanism the concentration dependence of
Ir and BIH has been investigated. For this purpose, the
evolution of the absorbances at 580 nm and 810 nm were
evaluated, because these signals are characteristic for the
formation of [Re,Cl,]'~ and [ReRe], respectively (Table 1). When
irradiating Re,Cl, and Ir (50 pM each) in the presence of BIH
(50 uM) fast formation of signals at 450, 580 and 810 nm are
observed (Figure S14). The accumulation of [ReRe] starts at a
BIH concentration of 50 uM (1 eq.). A further increase in the
concentration of BIH does not change the initial process, the
band shape or the band positions. In general, the light-induced
process can be characterized by three distinctive time intervals:
fast increase of absorbance (1*" phase), succeeded by a follow-
up reaction (see “bump” at ~45 s in the absorbance at 580 nm,
2" phase) and further a slight increase in intensity (3 phase,
Figure S14). Overall, there is a pronounced concentration
dependency on the evolution of the signal at 810 nm, which
reaches its peak at cgy=125mM (i.e. 25 equivalents w.r.t.
Re,Cl,, Agio nm=0.21) and decreases again at higher concen-
trations of BIH.

On the other hand, if the concentration of BIH is kept
constant and the amount of Ir is changed, a different, linear
correlation is observed (Figure S15). Increasing the amount of Ir
leads to a faster formation as well as larger intensity of
absorbance at 810 nm. Even with PS loadings of only 2.5 uM
(0.05 equivalents w.r.t. Re,Cl,) an absorption signal is observed
at 810 nm. The assignment of this signal to [ReRe] was again
verified by exchanging the inert atmosphere with air. However,
when increasing the amount of Ir (i.e. 4 eq.) new shoulders at
540 nm and 640 nm are formed (Figure S15). Since there is no
substrate at this stage, these new absorption features can only
belong to higher reduced states of Re,Cl,. Indeed, such signals
are also observed for Re,Cl, in DMF under spectroelectrochem-
ical conditions for applied potentials of —1.81 <E< —1.96 V.2
At these potentials it is expected that [Re,Cl,]>~ and [ReRe]'~
will be formed (see also Figure S4). However, it is questionable
whether these new bands develop as a result of consecutive
electron transfer processes or due to photoinduced reactions of
accumulated reaction intermediates. Hence, the photoinduced
cleavage of Re—Re bonded species can be a feasible reaction
pathway due to the lower stability of the Re—Re bond in the
xanthene bridged dinuclear complex.”

For further analysis, the light-induced formation of reducing
equivalents (i.e. Ir'") was separated from the electron transfer
process(es) by experimental design (see Scheme S2 and Fig-
ure S16). Adding a solution of photo reduced Ir'~ (50 nmol) to
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a solution of Re,Cl, (100 nmol in DMF) only leads to the
formation of a signal at 580 nm. At a higher amount of Ir'~ (100
—200 nmol) there is a subsequent formation of an absorption
band at 810 nm as a result of a slow electron transfer from Ir'~
to [Re,Cl,]'". Interestingly, the formation of [ReRe] is initiated
with a 1:1 stoichiometry of photoreduced Ir to dinuclear
Re,Cl,. Additionally, at a higher concentration the band shape
changes around 580 nm and new signals (shoulders) are
formed at 640 and 720 nm (Figure S16). These signals are
indicative for the formation of higher reduced species with
formally two-fold reduced bpyRe-units, such as [Re,]'” and
[Re,*", as very similar spectra are obtained in UV/vis
spectroelectrochemical measurements at applied potentials of
—2.16<E<—236 VY These species with formal Re%bpy’")
moieties are considered to be catalytically more potent
intermediates than singly-reduced bpyRe-units./**¢¢”

A plausible explanation for the formation of these higher
reduced products is that the reductive quenching of Ir by BIH
formally produces two redox equivalents under this condition:
One redox equivalent is Ir'~ and the other is the BIH*" radical
cation, which has a high reductive power after deprotonation
(E%(BI") = —2.06 vs. Fc™*)"® and participates in an equilibrium
with its dimerized product (BI),.* An accumulation of both
redox equivalents Ir'~ and BI(H)*™ is possible due to the
efficient reductive quenching process (k,=2.62-10°M~'s™,
Table S2) and because an electron transfer from BI® to Ir is
thermodynamically not possible. Consequently, the reduction
of [Re,CL,]"" (with n=0,1), as well as the formation of higher
reduced species by the Ir'/BI(H)*) mixture is possible. The use
of a BIH/TEA mixture instead of only BIH to form the reduced
PS does not lead to any significant changes (Figure S16), but
only increases the overall yield of reduced Re,Cl, reaction
products. Most likely the slowed back electron transfer
reactions due to the deprotonation of BIH** by TEA (k4=
5.5-10°M~"'s") are the reason for this observation.

The determination of the amount of [ReRe] (as well as
[Re,ClL,1"") generated in the photochemical reaction between
Re,Cl, and Ir in the presence of BIH was then investigated by
titration experiments with stochiometric amounts of a Rh"
electron acceptor such as [Rh(phen)(Cp*)CIICI (phen=1,10-
phenanthroline, Cp*=C;Mes, £"=—-1.2V, Figure 3 and S17).
Monoelectronic reduction of this complex leads to an inter-
mediate formation of a Rh" species which undergoes fast
disproportionation to form a stable Rh' species.”®’" When the
Rh" complex is added to a previously irradiated solution
(Figure 3, process indicated by grey arrow) containing the
photo reduced products, the characteristic signal of [Re,Cl,]'"
at 580 nm gradually disappears, while a characteristic and well-
separated absorption of reduced Rh' species is formed (A=
680 nm, Figure 3, process marked by blue arrows, and Fig-
ure S17). The saturation of the absorption of the Rh' species is
reached as soon as all redox equivalents from photoreduced
products have been transferred to the initial Rh" species. This
condition is fulfilled with n(Rh")>50 nmol for the case that
only Re,Cl, (100 nmol) and BIH (5 pmol) were irradiated. This is
equivalent to the selective and quantitative formation of
[Re,Cl,]'~ (Figure 3). On the contrary, if Ir (100 nmol) is also
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ReChl* ) T spectrum obtained for a 1:1 mixture of Re,Cl, with Ir (50 uM
. each) in presence of BIH/TEA under 1 atm CO, (Figure 4, top) is
BIH Th" markedly different from any reaction described so far: A fast
fRe,Cly] n/2 R formation of an absorption feature at 580 nm, indicative for
- X [Re,Cl,]'" (Table 1), is observed within the first 40 seconds.
l ’ Thereafter, simultaneous formation of a signal at 540 nm as
[Re,Cl]™ n/2 Rh' < v>\/<-;l(l)0as a. broad absor.ption with an absorbance maximum
. Disproportionation : nm is obse.rved (Figure 4 phase |, top). .
When the light-source is removed (phase II, Figure 4,
5 bottom), the signals at 540, 580 and around 900 nm decrease
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Figure 3. Top: Mechanism of electron transfer from photoreduced Re,Cl, to
[Rh"(phen)(Cp*)CIICI. Please note: Due to the disproportionation reaction of
the Rh" intermediate, the formation of one molecule of reduced rhodium
complex (i.e. Rh") requires two-electrons. Bottom: UV/Vis absorption
spectrum of Re,Cl, (100 nmol) and BIH (5 pmol) in DMF (2 mL) during
irradiation (light- to dark-grey) and after photoreduction ceased (orange).
Thereafter, the light source was removed and aliquots of [Rh"(phen)(Cp*)Cl]
Cl (2 mM) with n=5 nmol (cyan), 50 nmol (blue) and n=100 nmol (dark
blue) were added. The experiments were repeated with new solutions for
every concentration of Rh"-complex. After an addition of 50 nmol (0.5 equiv
w.r.t. Re,Cl,) the reaction reaches a steady state. This implies that in total 1.0
electron per molecule Re,Cl, has been transferred to the rhodium complex.

present, only n(Rh")>15 nmol are required to completely
oxidize photoreduced reaction products (Figure S17). It follows,
that 0.6 electrons per molecule Re,Cl, are stored in the reaction
mixture (i.e. oxidation of ~~60 nmol of [Re,Cl,]'") and the
~40 nmol (40%) of initially converted Re,Cl, remain due to the
formation of [ReRe], which cannot interact with the Rh"
complex (Figure S17).

However, this concentration ratio is only a snapshot, since
the absorbance at 810 nm increases significantly with longer
irradiation times (c.f. Figure S14-15). Even after 30 minutes of
irradiation no quantitative transformation of [Re,Cl,]'"
[ReRe] could be achieved regardless of the reaction conditions.
Since the electron transfer from Ir'~ to [Re,Cl,]'" is very
efficient in the dark (c.f. Figure $16), this slow accumulation of
[ReRe] is most likely attributed to counterproductive light-
induced reactions such as the photolysis or photoreduction of
the Re—Re bonded species.

2.7. Photoreactivity with CO,

In a next step the reactivity of photoreduced complexes with
CO, was investigated by time-dependent UV/vis and IR studies
under photocatalytic conditions. Surprisingly, the absorption

ChemPhotoChem 2021, 5, 644-653 www.chemphotochem.org

again. Surprisingly, the spectrum obtained at the end of the
dark phase no longer changes after further aeration, but
matches quite well to the spectrum of [ReRe]. This observation
indicates that 1) light is required for the catalytic turnover and
2) formation of Re—Re bonds also occurs under CO, saturated
conditions. The decay of the absorption feature between 500-
600 nm, after the light source is removed, can be analyzed by a
mono-exponential function (Figure S18-520). Half-life’s of the
reduced species/intermediates are considerably reduced under
CO, compared to argon atmosphere (Table S4). In addition,
faster reaction kinetics in the presence of PS is confirmed -
nicely in line with the results of the photocatalytic experiments
(vide supra).

In a similar experiment with continuous irradiation (no dark
phase), the signals at 540 and around 900 nm also decay within
30 min (Figure S21). Contrary to the decay in the dark, however,
the signal intensities are strongly diminished and essentially
only the absorption band at 580 nm remains. This can be
reasoned to the onset of rapid catalytic transformations. The

N vom o]\ pem
w0 | Omin 3 min 2 omin 40 sec phase |
s <
So
g | £ =
S 2
_ES_ mg.
o
8
© = T T T T T T T T T T
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o o < wavelength / nm
O T — ———
350 400 450 500 550 600 G 0 700 750 800 850 900
wavelength / n|

I
o 3min 6 min + aerated phase Il

absorbance
1.0

350 400 450 500 550 600 650 700 750 800 850 900
wavelength / nm
Figure 4. Time-dependent UV/Vis absorption spectrum of Re,Cl, (0.05 mM)
with Ir (0.05 mM) in CO,-saturated DMF in the presence of BIH (5 mM) and
TEA (10 mM) under 1 irradiation for 3 minutes (phase |, top figure), 2"
subsequent storage in the dark for 3 minutes and 3" after exposure to air
(black dotted line, bottom figure). Irradiation condition: 150 W Xe-arc lamp,
L >360 nm. A kinetic analysis and determination of decay constants is given
in the supporting information (Figure S18).
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residual signal at 580 nm can most likely be assigned to
[Re,Cl,]'"~ which only slowly interacts with CO,.?” A similar
reactivity is also observed when Cu is used as a photosensitizer
(Figure S21). In this case, however, the depletion of absorption
is less pronounced, which can be correlated with the somewhat
lower formation rate of CO in the catalytic experiments
(Figure 1, Table 2). The new signal at 540 nm can presumably
be assigned to either [ReRe]'~ (vide supra) or a CO,-adduct
(vide infra, Figure S22), while absorption>900 nm is quite
unusual. The latter absorption feature is not observed in the
absence of PS (Figure S19) and only observed under CO,
atmosphere and might tentatively be assigned to a (reduced)
CO, adduct in which both rhenium center coordinate to the
CO, molecule (see further discussion below).

The process of photocatalytic conversion was further
monitored by IR spectroscopy (Figure S22). The stoichiometry
between Re,Cl,/Ir/BIH was kept constant, but the concentration
had to be increased by a factor of 20, which could potentially
initiate different reaction pathways. During the first two
minutes of irradiation, characteristic signals of [Re,Cl,]'~ (1995,
1882, 1866 cm™') and [ReRe] (1981, 1946, 1848 cm™") as well as
additional signals of a new intermediate at 2003 and 1990 cm™'
were formed (Figure S22, Table S5). Furthermore, overlapping
signals at 1898 and 1866 cm™' can be identified by comparison
to IR experiments under argon atmosphere in the absence of
Ir2% These signals can be assigned to a CO,-bridged species
[Re(u-CO,)Re] (Scheme S3), because of the well matching
signals of [Re(bpy)(CO);1(CO,) at 2002, 1989, 1896 and
1867 cm™' (Table S6)."? The IR data therefore suggest that
addition of CO, competes with the Re—Re bond formation and
that the activation of CO, occurs through bimetallic activation
by two singly-reduced bpyRe-units. Further irradiation (5-
10 min) leads to the decline of signals of [ReRe], indicating that
the Re—Re bond is cleaved during photocatalysis."® At later
times (20-30 min) the signals at 2003, 1990, 1898 and
1866 cm™' are also depleting and a new signal with a maximum
at 2014 cm™' is formed. However, the parent signal of Re,Cl, at
2022 cm™' is clearly affected and eventually masking the true
band position or further signals. Additionally, another signal
around ~1917 cm™' is evolved, but is overlapped with the
bleach of Re,Cl, at 1919 cm™.*” The high frequency vibration
mode v(CO)=2014cm™" of this new species (Table S5) indi-
cates an oxygen-coordination to the rhenium center, as has
been found in carbonate-bridged [Re(dmbpy)(CO),],(0CO,)
(2011, 1899, 1867 cm™') or carboxylate coordinated Re-
(dmbpy)(CO);(OC(O)OH) (2017, 1912, 1888 cm™', Table 56).7?
Both species have been identified as oxidation products during
the photolysis of [Re(dmbpy)(CO);1,(CO,), and hence, similar
reactions are expected for [Re(u-CO,)Re] (Scheme 53).2

3. Conclusion

Cooperative bimetallic activation of CO, can be of great
advantage compared to monometallic-single site activation,
because electron transfer reactions can be efficiently chan-
neled. The dinuclear Re' complex Re,Cl, has previously
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demonstrated an increased photocatalytic activity (up to 45-
fold higher TON.,) compared to monometallic [Re(bpy)(CO);Cl],
although bimetallic activation by two singly-reduced bpyRe-
units could not be proven explicitly. Therefore, external photo-
sensitizers with suited redox potentials and excited state
energies were used in this study to a) elucidate the mecha-
nisms of electron transfer to Re,Cl, via light-driven generation
of strong reductants b) enable bimetallic activation of CO,. As a
result, a strong enhancement of photocatalytic CO, to CO
reduction by the addition of the external photosensitizers to
the dinuclear rhenium complex could be demonstrated. An Ir"
as well as a Cu' photosensitizer were able to increase the
catalytic turnover by a factor of at least 4. The efficiency of the
electron transfer and thus the turnover frequency is higher for
Ir. Surprisingly, the usually observed longevity of the rhenium-
based catalysts is not seen in the presence of an added PS and
catalysis stops after about two hours, while it still continuous
after 24 hours of illumination without PS.

Mechanistic investigations using nanosecond transient
absorption and time-dependent UV/vis spectroscopy confirmed
for the first time that the interaction of a reduced photo-
sensitizer with Re,Cl, generates an intermediate with two
singly reduced bpyRe-units. If a solution of Re,Cl, and BIH
without PS is irradiated, the selective and quantitative
formation of mono-reduced species [Re,Cl,]'~ can be observed.
However, if Ir is used as PS, the electron transfer from Ir'~ to
[Re,Cl,]'" is very efficient and enables the accumulation of
double reduced species, such as intermediate [ReRe] possess-
ing a Re—Re bond. No quantitative formation of [ReRe] is
observed, most likely due to light-induced follow-up reactions
such as the photolysis of the Re—Re bond and creation of
higher-reduced species. Interestingly, within this intermolecular
arrangement an efficient electron transfer from the photo-
sensitizer to the catalyst occurs, even when the PS is applied in
very low amounts as low as 0.05 equivalents. IR spectroscopy
under photocatalytic conditions clearly revealed the formation
of a CO,-bridged intermediate, and hence bimetallic activation
of CO, was proven.

In summary, we obtained new insights on the reaction
mechanism of bimetallic CO, activation. The key steps are i)
efficient and fast build-up of redox equivalents PS'~ (PS=Ir" or
Cu' photosensitizer); ii) efficient electron transfer from PS'™ to
[Re,CLL]"" (n=0,1) and formation of higher reduced species
such as [Re,Cl,]*~ and [ReRe]; iii) bimetallic activation of CO,
and formation of [Re(n-CO,)Re]. In this scenario the supply of
electrons via the photoreduced PS is not the limiting factor for
catalytic transformation, but rather the subsequent electron
(and/or proton) transfer processes. The results demonstrate
that thermodynamic constraints can be overcome by carefully
revising the catalytic system. Further investigations will focus
on determining the crucial intermediates after CO, activation.

Experimental Section

Supplementary data associated with this article as well as general
information on the experimental details (photocatalysis, NMR, IR,
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UV/vis and nanosecond time-resolved spectroscopy, UV/vis spec-
troelectrochemistry) can be found in the supporting information
(S).
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