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ABSTRACT: Preorganization and aggregation in photoredox catalysis can reactivity

significantly affect reactivities or selectivities but are often neglected in synthetic poey enhar;cement OR..

and mechanistic studies, since the averaging effect of flexible ensembles can 1l E® | P-NMR
effectively hide the key activation signatures. In addition, aggregation effects are often RO-P-0O---H---O-P-OR
overlooked due to highly diluted samples used in many UV studies. One prominent 6R strong (")

example is Knowles’s acceleration effect of thiophenol in proton-coupled electron g

transfer mediated hydroamidations, for which mainly radical properties were 'H-NMR

discussed. Here, cooperative reactivity enhancements of thiophenol/disulfide g
mixtures reveal the importance of H-bond networks. For the first time an in-depth Phs .H I &

NMR spectroscopic aggregation and H-bond analysis of donor and acceptor “N-NMR

combined with MD simulations was performed revealing that thiophenol acts also as W

an acid. The formed phosphate-H*-phosphate dimers provide an extended H-bond ~ POSY o

network with amides allowing a productive regeneration of the photocatalyst to

become effective. The radical and acidic properties of PhSH were substituted by Ph,S, and phosphoric acid. This provides a handle
for optimization of radical and ionic channels and yields accelerations up to 1 order of magnitude under synthetic conditions.
Reaction profiles with different light intensities unveil photogenerated amidyl radical reservoirs lasting over minutes, substantiating
the positive effect of the H-bond network prior to radical cyclization. We expect the presented concepts of effective activation via H-
bond networks and the reactivity improvement via the separation of ionic and radical channels to be generally applicable in
photoredox catalysis. In addition, this study shows that control of aggregates and ensembles will be a key to future photocatalysis.

B INTRODUCTION compounds can be fine-tuned independently allowing the
activation of strong bonds which are not easily accessible via
conventional redox processes.’®™***’

Thus, in the field of photocatalytic organic chemistry, using

Light dependent as well as light independent proton-coupled
electron transfer (PCET) reactions play an essential role in

biological systems,''® e.g. for the O, generation in the
8 . 5F 2 8 . PCET, the group of Knowles transformed ketones into cyclic
photosystem IL."" Their potential was also successfully applied 344548 - .. , ,
in electrochemistry 21524 o ition metal chemistry, L2528 4 alcohols,””"™™ activated N—H bonds in extensive hydro-/
) )

photochemical transformations 12,29-45 synthetic organic carboamination and hydro-/carboamidation protocols, opened

chemistry the activation of strong covalent bonds, such as C— Cy_dlcnaglf??f} s4g Xﬁg PCET mediated a1k9xy radical gener-

H, O—H, and N—H, is a very challenging task to access ation,” 777" ™ and succeeded even in the alkylation of
) ) )

. . 33
important synthetic building blocks. To overcome their high remote C—H bonds via an ?mld? PCET p rocess.. MOE‘S

o . . recently, they developed an aliphatic C—H bond activation®
energy barriers in an atom economic and environmentally

. . 51

friendly manner, the combination of PCET and photocatalysis and a .PC'ET driven NH, .SYntheSIS'SZ Even for t.he
. . . . deracemization of ureas, PCET is involved.”” Further coupling

paved the way to an efficient reaction design. Especially, the

photocatalytic concerted multisite. PCET (MS-PCET) was reactions were recently designed including an aldehyde—olefin

found to be successful.”**® There, a decoupled proton and
electron transfer event in one elementary step omits highly Received: ~August 12, 2020
energetic intermediates, which usually arise in conventional Published: January 11, 2021
hydrogen atom transfer (HAT). In the oxidative MS-PCET, a
proton and an electron originating from the same donor bond
are transferred to a base and to a separate oxidant.">'® As a
result, the proton and electron affinities of the two acceptor
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coupling via reductive ketyl radical formatlon, the generation
of pyridine based heterocycles,” and the copper-based
photocatalytic coupling of ketones.”* Moreover, the PCET
concept was employed in visible light mediated selective C—C
bond cleavage of lignines™ and the C—H functionalization of
cyclic ethers.*®

In such light driven oxidative PCET reactions the formation
of a D—H--A hydrogen bond (H-bond) between the D—H
bond to be cleaved and the applied base A (Figure 1a) is stated

a) H-bond mediated pre-aggregation prior to oxidative PCET
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Figure 1. (a) An H-bonded preaggregate is proposed as the key
interaction for a selective cleavage of strong bonds via PCET in
literature. (b) The photocatalytic hydroamidation of phenylamides
developed by Knowles was chosen as the model system. Its postulated
light driven mechanism involves an excited state iridium catalyst and a
phosphate base for the crucial PCET step, thiophenol as the HAT
donor and a highly effective unproductive BET. The N—H cleavage in
the presence of weaker S—H bonds is surprising concerning the
BDFEs (see main text). (c) Our studies reveal the potential to
selectively access the radical and ionic properties of PhSH by the
formation of extended H-bonded aggregates allowing for a productive
back oxidation of Ir(Il) prior to radical cyclization.

to be responsible for lowering the reaction energy
barrier.">*”*%*"175% Egpecially, the proton transfer requires
an overlap of the vibronic states and thus a minimized donor—
acceptor distance. Hence, the formation of strong donor—
acceptor H-bonded preaggregates is proposed for the initiation
of PCET."”*® Furthermore, the geometry and strength of the
H-bond seem to be essential as shown for competing
mechanisms, HAT versus PCET in benzyl/toluene pairs and
phenoxy/phenol aggregates.’”*® Internal H-bonds of the latter
aggregate were shown to accelerate the coupled electron
proton transfer rate in a pH independent manner.’’ The
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formation of a H-bond was even found to suppress a HAT
mechanism due to steric reasons.”” As expected, charge
assisted H-bonds and solvents promoting strong H-bonds
accelerate charge transfer events for an efficient PCET
process. 3% Moreover, using IR spectroscopy, H-bond
equilibrium constants were determined for a TEMPOH/
pyridine complex.®®

Computational studies on model systems in biology,
biochemistry, solution chemistry, and electrochemistry corro-
borated the essential role of H-bond formation for PCET, e.g.
enhancing the vibronic donor—acceptor coupling. HI1718,66,67
For example, the PCET driven aerobic respiratory chain®'’
and effects of antioxidants®®™"® were shown to occur via the
formation of H-bond mediated aggregates.

In contrast, experimental studies are scarce in the field of
photocatalytic PCET reactions. Via EPR spectroscopy, a strong
H- bonded complex between histidine and a benzoquinone
derivative (TolSQ) was detected.”' Furthermore, combined
NMR, transient absorption, and emission spectroscopic
investigations demonstrated a correlation between H-bond
strengths and charge transfer kinetics in model systems, using
excluswely '"H chemical shift changes for the H-bond
analysis.”*** Later, by applying a combination of 'H NMR
spectroscopy and cyclic voltammetry, this trend was further
corroborated for an electrochemical reaction.”” Via '"H NMR
titration experiments a phenol—pyridine interaction was
identified.”” Knowles and Alexanian even examined a non-
covalent interaction between the iridium photocatalyst and a
phosphate base to be responsible for successful C—H bond
activation.”®

One prominent example deviating from the general
mechanistic concept of concerted MS-PCET is the accelerating
effect of thiophenol in the oxidative photocatalytic hydro-
amidation of phenylamides developed by Knowles and co-
workers (Figure 1b).*” In the proposed mechanism, the excited
state of the photocatalyst acts as electron acceptor and a
phosphate base as the proton acceptor for the activation of the
amide substrate in a H-bonded amide/base preaggregate,
followed by the intramolecular addition of the formed amidyl
radical to the olefin. In a final HAT step involving thiophenol
(PhSH) as the hydrogen atom donor, the lactam product is
furnished in up to 95% yield; however phenol (PhOH), which
is a commonly known HAT transfer reagent, was unproduc-
tive.”> PhSH as the HAT donor was applied in other synthetic
protocols,”*~7® and other groups showed that the S—H bond
can be directly activated via PCET reactions.””~”” The
chemoselectivity factors for the selective cleavage of the
stronger amide N—H group was recently explained by Knowles
via a combination of H-bond networks and PCET kinetics.*’
However, the luminescence quenching experiments in these
studies were conducted at highly diluted concentrations not
addressing the complex aggregation and H-bond networks
expected for ion pairs and amides in apolar organic
solvents.””* An in-depth kinetic study of Nocera revealed
the importance of the overall performance of the PCET/back-
electron transfer (BET) equilibria for quantum efficiency in
these hydroamidations.”" By adding disulfides they allowed for
an off-cycle equilibrium, could reduce the BET rate, and
increased the concentration of the key amidyl radical available
for the downstream reaction. However, both studies neglect
the complex H-bond situation present at synthetic conditions
and its potential to influence the PCET, BET, and
corresponding back-proton transfer (BPT). Here, the central

https://dx.doi.org/10.1021/jacs.0c08673
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Figure 2. (a) The in situ NMR kinetics revealed a drastic acceleration of the overall PCET efficiency for mixtures of PhSh/Ph,S, hinting at a H-
bond effect in terms of cooperativity (top). The fast product formation (~100% after ~10 h) for the PhSH containing photocatalytic system and
very low yields using PhOH (~1.2% after ~10 h) were confirmed by in situ NMR kinetics, too (bottom). The trend of the H-bond donor chemical
shifts deviates from the PCET reactivities: (b) For the NMR spectroscopic H-bond investigations, '*N-phenylpent-4-enamide (amide),
tetrabutylammonium ditert-butylphosphate (base), thiophenol (PhSH) and phenol (PhOH) were used. The H-bond donor side was studied via
(c) 'H and (d) "N NMR chemical shift and scalar coupling analysis in CD,Cl, at 180 K and 1:1/1:1:1 mixtures were used for the multicomponent
samples. For the complete spectra, see SI. The amidyl *"N—H low field shift in both 1D spectra in the presence of base confirmed the existence of
an H-bond, which is weakened after adding PhSH. In contrast, PhSH is mainly free in solution as the -values are only barely affected. (e) A
significant 'H low field shift of the phenol OH proton indicates its incorporation into the H-bonded complex, but the amide chemical shifts are

similar to the PhSH containing samples.

question is the role and effect of thiophenol on this H-bond
network and the overall reaction rate.

Therefore, in this study first initial rate kinetics of mixtures
of PhSH and diphenyldisulfide (Ph,S,) were investigated.
These showed cooperativity effects beyond the additivity
expected for the mere radical effect and underpinned the
importance of the H-bond network. Next, for the first time an
in-depth NMR spectroscopic analysis of the donor and
acceptor side of the H-bonds of this PCET driven hydro-
amidation reaction was performed using low temperature 'H,
5N, *'P chemical shifts and "Jyy scalar couplings (Figure 1c).
These and diffusion measurements reveal an unexpected
modulation of the H-bonded aggregates by thiophenol.
Furthermore, these special aggregates were corroborated by
MD-simulations, which is to the best of our knowledge the first
time such a combined NMR/MD approach in chemical
photoredox catalysis has been undertaken. Last but not least,
PhSH was replaced by a combination of Ph,S, and phosphoric
acid, which allowed the ionic and the radical properties to be
dissected and optimized separately. Luminescence quenching
studies and reaction profiles with different light intensities were
employed to dissect the various mechanistic steps and to reveal
a productive regeneration pathway of Ir(1I) to Ir(IlI) being
affected by the extended H-bond network.

B RESULTS AND DISCUSSION

Model System. The employed PCET model system in this
work is directly derived from the synthetic conditions of the
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hydroamidation protocol of Knowles and co-workers.*> For
the in situ reaction kinetics 3,3-dimethyl-N-phenylpent-4-
enamide was synthesized in order to exclude selFHAT. To
get access to the H-bond donor side, a "N labeled N-
phenylpent-4-enamide was synthesized. As a proton acceptor
species, tetrabutylammonium di-tert-butylphosphate was used
which showed excellent reactivity inside the photocatalytic
reaction at room temperature (see SI chapter 3.1-3.4) and
enables simplification of the spectra due to a reduced amount
of NMR signals compared to the originally used n-butyl
phosphate base. For the H-bond and aggregation studies, 1:1
mixtures (50 mM) of amide and phosphate as well as 1:1:1
mixtures of amide, phosphate, and thiol or phenol were
prepared in dichloromethane-d, (CD,Cl,) and measured at
300 and 180 K.** Due to chemical exchange reduction at low
temperature, specific H-bonded aggregates are visible on the
NMR time scale.

Furthermore, dichloromethane was applied by the group of
Knowles and is also suitable for our low temperature NMR
studies.” %

Initial Rate Kinetics Reveal Importance of H-Bonds.
For phenol and thiophenols as additives, huge reactivity
differences®” were observed previously, which can be attributed
to their pronounced distinctions in radical and HAT
properties, potential catalyst inhibition, side reactions of
phenol, or unproductive PCET activation of phenol. Our
initial rate kinetics shown in Figure 2a (bottom) confirmed this
reactivity difference. For phenol, no catalyst inhibition by the

https://dx.doi.org/10.1021/jacs.0c08673
J. Am. Chem. Soc. 2021, 143, 724-735
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product and only marginal byproduct formation were found
but significantly different H-bond networks were found. Thus,
both different radical properties and different H-bond
networks may contribute to dissimilar reactivities of phenol
and thiophenol. The radical/HAT properties of thiophenol
and phenol are so different that it is difficult to dissect the
contributions of radical properties and the H-bond network
between these two. Therefore, we investigated Ph,S,, PhSH,
and mixtures of both. In agreement with Nocera’s results, the
system with 1 equiv of disulfide shows a faster reaction rate
than that with 1 equiv of PhSH corroborating the importance
of the off-cycle radical equilibrium for a reduced BET (Figure
2a; top). Most astonishing however are the data of the
mixtures of Ph,S, and PhSH (80:20 and 70:30). When
considering mere radical effects, reaction rates between those
of pure Ph,S, and PhSH are expected in terms of additivity.
However, compared to pure Ph,S,, significantly higher reaction
rates, i.e. nonlinear effects, were detected. This indicates that
aggregation may play a pivotal role in this reaction type, which
is typical for complex H-bond networks and beyond mere
radical properties of isolated molecules. We interpreted this
special acceleration as a hint that H-bonds may really be
important and may affect the PCET, the BPT back reaction, or
other parts of the mechanistic cycle. The principal importance
of the H-bond binding constants for this reaction was already
outlined by Qiu and Knowles in terms of chemoselectivity.*
However, in their study highly diluted samples were used,
which study the interactions between single molecules but not
within the complex aggregates existing under synthetic
conditions (see DOSY studies below).

H-Bond Analysis by NMR. Therefore, in-depth H-bond
studies were conducted next. In general, the formation of a H-
bond influences the electronic environment of both, the H-
bond donor and acceptor sites. The shift of the proton toward
the acceptor leads to a change in electron density distribution
by deshielding of donor and proton and shielding of the
acceptor.** ™% Thus, the strength of this noncovalent bond can
be read out via NMR chemical shifts and scalar couplings.*’
Limbach and co-workers established a method for the
determination of the H-bond strengths in a biological system
using low temperature 'H and "N chemical shift correla-
tions.”> This concept was already successfully applied in our
group for the analysis of H-bonds in Brensted acid
catalysis.””** Moreover, we recently investigated the impor-
tance of H-bond mediated interactions for the selective
activation of strong single C—F bonds.*”

H-Bond Donor and Reactivity Profile. First, the H-bond
donor side was analyzed via 'H and "N NMR chemical shifts
and scalar coupling studies. An overview of the analyzed
compounds is depicted in Figure 2b. The formation of a H-
bond between amide and phosphate base is expected to go
hand in hand with a low field shift for both the amidyl proton
and nitrogen as well as a reduced "N—H scalar coupling. In
Figure 2c and 2d, the details of the 'H and "N NMR spectra
of pure "“N-phenylpent-4-enamide (bottom), the '*N-amide/
base (middle), and the '*N-amide/base/thiophenol (top)
mixtures are shown. For the applied concentration of 50 mM,
the pure amide itself exists as an oligomer (for detailed studies,
see SI chapter 4.6.4) and the signals of the '"N—H
functionality at 8.45/134.49 ppm (89.9/91.3 Hz) refer
therefore to the amide—amide H-bond (Figure 2c,d). In the
presence of phosphate base, both amide proton and nitrogen
are drastically low field shifted and the coupling is reduced
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(12.34/138.65 ppm, 89.6/89.6 Hz) indicating a by far stronger
H-bond of the amide to the phosphate in accordance to their
H-bond donor and acceptor abilities (see SI chapter 4.4).”
The addition of PhSH slightly weakens the "N—H--O—P H-
bond, which was identified by the reduction of the chemical
shifts and a small increase of the coupling constant (11.45/
137.91 ppm, 89.9°'/90.0 Hz). In contrast to the amide signals,
the 'H chemical shift changes of the thiol S—H proton with
and without base and amide are quite small (3.73—4.07 ppm;
see Figure 2c, orange signal) and, hence, denote minimal
interaction with the phosphate base or the amide. Via 'H,'H
NOESY experiments, we further confirmed that the average
amide—phosphate interaction is slightly reduced upon addition
of thiophenol (see SI chapter 4.6.3).

Next, the situation with PhOH as the HAT donor was
investigated, which showed a drastically reduced reactivity
compared to PhSH as the additive (see Figure 2a, bottom).
The phenolic O—H proton signal, which is located at 6.79 ppm
for pure phenol, is significantly shifted to higher ppm values
(12.26 ppm) in the presence of amide and base indicating that
phenol is incorporated in a complex network of considerably
strong H-bonds (Figure 2e). Simultaneously, the amidyl *N—
H doublet shows in principle similar chemical shift and scalar
coupling values (11.84/137.95 ppm, 89.7/90.6 Hz) compared
to the amide/base/PhSH sample in both 'H and "*N spectra
even with a trend toward slightly stronger amide—phosphate
H-bonds. As a result, the classical H-bond strength analysis
using exclusively 'H chemical shifts as the sensor suggests a
similar H-bond activation of the amide in the presence of
PhSH and PhOH and fails to explain the huge reactivity
difference of these two HAT donors (see Figure 2a), which
previously was mainly attributed to their different radical and
HAT properties, potential catalyst inhibition, or side reactions
of phenol.*” The only detectable difference is the inclusion of
phenol into the H-bond network in contrast to mainly free
thiophenol. However, this simplified donor-only observation of
H-bonds can also hide the full situation.

H-Bond Acceptor and Phosphate Dimer Formation.
Therefore, next the H-bond acceptor side of these mixtures
was analyzed by *'P NMR measurements. According to the
trend demonstrated via 'H and N NMR, the movement of
the proton toward the base predicts a shielding of the acceptor
and therefore a high field shift of the *'P signal of the base.
Furthermore, the diminished H-bond interaction after adding
PhSH is expected to be reflected in a back shift to low field. As
shown in Figure 3a, the *'P signal of the pure phosphate anion
(—7.44 ppm; bottom) was shifted toward high field in the
presence of the amide (—8.19 ppm; above), which is in full
accordance with the previous results. However, upon addition
of PhSH to the pure base, the phosphate signal was even
further high field shifted to —8.69 ppm, which is in strong
contrast to the 'H spectra indicating only very weak H-bonds
to PhSH in all thiol containing samples (vide supra). Thus,
upon addition of PhSH another very strong H-bond has to be
created independently of the thiol proton itself. This is also
corroborated by the appearance of a 'H signal at 16.43 ppm
(PhSH: 3.94 ppm) for all PhSH/base containing mixtures.
Since in our group dimers of chiral phosphoric acids were
found to produce H-bond signals with 'H chemical shifts
around 16.00 ppm,*® we suspected that a proton being H-
bonded inside a phosphate dimer might cause this signal.
Indeed, by adding a high excess of H,O to the pure base in a
control experiment, 'H and *'P signals at approximately equal

https://dx.doi.org/10.1021/jacs.0c08673
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Figure 3. Phosphate dimer 1 possessing high electron density was
identified as the crucial complex enabling strong H-bonds to amide:
(a) The H-bond acceptor side was studied by P NMR chemical shift
analysis in CD,Cl, at 180 K, and 1:1/1:1:1 mixtures were used for the
multicomponent samples. For complete spectra, see SI. The high field
shift of the phosphate after adding amide confirms the existence of an
amide-base complex. Against the '"H/N chemical shift trend (Figure
2¢,d), the phosphate signal is further high field shifted in the presence
of PhSH (red box). We assume dimer 1 is created by partial
protonation of the base by PhSH (see SI chapter 4.1), which was also
formed in a base/H,O control experiment (top). The main signal
(1:3 ratio) of the amide/base/PhSH mixture appeared at maximum
high field position indicating high amounts of amide H-bonded in
aggregate 2. (b) The low field 'H signals at ~16.5 ppm for PhSH
containing as well as for the base/H,O samples represent the
hydrogen-bridged proton inside 1. (c) The broad *'P signal of the
amide/base/PhOH sample corroborates a phenol containing large
aggregate and the absence of dimer 1 is verified by '"H NMR.

positions appeared (16.54/-8.59 ppm; Figure 3a, top), albeit in
small concentrations. In addition, in mixtures of PhSH and
base the occurrence of thiophenolate species was identified by
NMR spectroscopy (a detailed characterization is given in
chapter 4.1, SI). Thus, the addition of PhSH creates a new
species, the phosphate dimer 1, with a strong intermolecular
P—O-+H--O—P H-bond and high electron density being
located at the *'P nuclei identified by the high field shift. In the
mixture of amide, base, and PhSH, the phosphate dimer 1 is
present as well (see Figure 3a).

In addition, the main and sharper *'P signal of the amide
included complex is even further high field shifted (—9.05
ppm) indicating the highest electron density is located on the
phosphate. This chemical shift reduction excludes a simple
change in the concentration of the original amide—base
complex and confirms a modulation of the overall aggregation.
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Therefore, the protonation of the phosphate by PhSH creates a
classical network of phosphates H-bonded to both amide and
phosphoric acid (N—H:-A™---H—A; with A being the
phosphate). These structures could also be verified by MD
simulations (vide infra). The higher electron density on the
phosphates detected in these aggregates (see Figure 3a)
indicates that a significant amount of phosphates is
incorporated in extended H-bond networks with at least two
H-bonds. The actual strengths of the N—H ---:O—P H-bond is
difficult to assess, since the DOSY experiments and the MD
simulations discussed below show a release of the ammonium
cations from the aggregate as well as a reduction of the overall
amount of N—H moieties incorporated in H-bonds in the
presence of phosphate dimers. In addition, an averaging of the
chemical shifts with weaker bifurcated H-bond aggregates and/
or a dynamic hopping of the amide from one phosphate to the
other within dimer 1 may occur. Such proton exchange on the
NMR time scale is corroborated by the line broadening of the
N—H proton in the 'H NMR spectrum (Figure 2c, top). The
bifurcation motif could directly be found in our MD derived
snapshots (vide infra). Nevertheless, the interaction of the
phosphate dimers with the amides and the resulting change of
the overall aggregation is clearly visible from the *'P spectra.

In contrast, for the amide/base/phenol mixture only a very
broad *'P signal over a ppm region of —7.77 to —11.16 ppm
was detected but no 'H signal at around 16.50 ppm (see Figure
3c). This indicates no protonation of phosphate and in
consequence no phosphate dimer formation with phenol in
accordance with the relative pK, values of thiophenol and
phenol (pK, (PhSH): 10; pK, (PhOH): 18; in DMSQ).”” The
high field position of the base signal indicates high electron
density also for this complex potentially induced by extended
networks with phenol.

The presented data show that thiophenol is able to partially
protonate the phosphate in an acid—base reaction and to form
H-bond mediated P—O---H:-O—P dimers, while with phenol
as the additive no phosphate protonation occurs. However, the
'H and *'P chemical shifts as average parameters of the H-
bond strengths are similar in both cases. This is an indication
that besides H-bond strengths also the overall molecular
arrangement is important for reactivity.

Aggregation Analysis by NMR. Therefore, the nature of
the different aggregates was analyzed in detail via diffusion
ordered spectroscopy (DOSY) at 300 and 180 K. From the
obtained self-diffusion coeflicients, which refer to averaged
values for the species in the entire solution, the viscosity
corrected volumes V (DOSY) were calculated (for details see
SI chapter 4.6.2). In Figure 4, the volumes derived from DOSY
for the amide/base, amide/base/PhSH, and the amide/base/
PhOH mixtures as well as the literature derived monomer
volumes according to Bondi”® are summarized.

At both temperatures large aggregates were detected as
expected for ion pairs and molecules (amides), which can form
H-bonds in apolar organic solvents. The modulation of
aggregation between ambient and low temperature follows
the expected trends. The amide tends toward higher aggregates
at 180 K, while the ion pair shows higher complexation at
room temperature due to the reduced dielectric constant of the
solvent (see Figure 4 and Table SI, SI).

However, at both temperatures the high amount of
aggregation exemplifies that it is of utmost importance for
the interpretation of H-bond networks in PCET reactions to
check the aggregation situation at the concentrations used in
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Figure 4. Reduced aggregation in the presence of PhSH and release of
ammonium: An overview of the main aggregates identified by 'H,
5N, *'P NMR, DOSY, and MD simulations is given. The tables
summarize the DOSY derived volumes and the estimated van der
Waals monomer values according to Bondi.”? Large amide-base
aggregation (top) shown as complex 4 with partial release of the
ammonium counterion was identified. In addition to dimer 1 the main
amide containing aggregate 2 with mostly released counterion and an
immense disaggregation was identified for the PhSH containing
mixture. In contrast, for the amide/base/PhOH sample, the volumes
verify the formation of a large PhOH containing aggregate 3. The
value is assumed to be higher, as the phosphate signal is not
completely baseline separated from the adjacent ammonium CH,
groups. blComplete overlap of signals made the analysis of the
phosphate diffusion impossible.

catalysis and not in highly diluted samples usually used for UV
luminescence quenching.

Amide/Base and Amide/Base/Thiophenol. In the
following only the aggregation at low temperature is discussed,
as this can be analyzed by both H-bond study and MD
simulations. For the amide/base sample, large volumes were
obtained for both the amide (V(DOSY) = 1900 A®) and
phosphate (V(DOSY) = 1681 A®) confirming the existence of
an amide—base complex, proposed as aggregate 4 (Figure 4).”*
The low volume of NBu,* indicates (V(DOSY) = 1389 A%) a
partial dissociation from complex 4. In the presence of PhSH,
surprisingly, an immense reduction of the amide complexation
was obtained (AV(DOSY) = 591 A®). This suggests less self-
aggregation and partial release of the substrate from the
phosphate complex. This unexpected result also explains the
reduction of the 'H and "*N chemical shifts after addition of
PhSH. Due to the low time resolution of NMR spectroscopy,
the signals of the highly activated N—H moieties in H-bonds
with the P—O--H--O—P dimers are averaged with non-
activated N—H moieties of pure amides and the real activation
is masked by the crowd of aggregates. Only in the nonaveraged
signal of the phosphate—amide interaction the extended H-
bond network is reflected. In addition, the comparably small
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DOSY derived value of NBu,* (V = 986 A%) indicates that
upon addition of PhSH even a higher percentage of the cation
is pushed away from the phosphate complex, which may
support higher electron densities on phosphate as well. Of
course, also the formation of thiolate—NBu,* complexes may
explain the small volumes to some extent. For the pure PhSH,
the volume is within the range of the monomer, which is in full
accordance with the poor H-bond donor ability.

Amide/Phosphate/Phenol. In contrast, the measurement
of the amide/base/phenol sample yielded immense values for
both the amide and phenol species (V(DOSY) = 2096 and
1966 A%). Thus, both compounds are incorporated in large
aggregates (see aggregate 3 in Figure 4). As a result, the
amide—phosphate and the phenol—phosphate H-bonds coexist
competitively in large ensembles. The reduced activity using
PhOH for the hydroamidation indicates that both H-bond
competition and aggregation are potentially detrimental to
react1v1ty as was shown for aggregation in flavin photo-
catalysis.”

These data show that PhSH generates a phosphate dimer
with increased electron density and a H-bond network to
amides within smaller aggregates, which partially release
ammonium cations while phenol produces larger aggregates
with H-bonds, which are competitive to those of the amide.

Molecular-Dynamics (MD) Simulations. In order to
obtain more details about the essential substrate activating
aggregates, MD simulations were performed. While the
underlying classical force fields often require care for
quantitative predictions of solution structures, they can give
a qualitative account of the manifold of expected and
unexpected aggregates that are present in complex mixed
solutions. In Figure S, selected PCET relevant snapshots of a
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Figure 5. The PCET relevant amide containing aggregate 2 was
verified by MD simulations: MD snapshots of a mixture containing N-
phenylpent-4-enamide, di-tert-butyl phosphate anion, tetrabutyl-
ammonium cation, tert-butyl phosphoric acid, thiophenolate, H,O,
and H;O" show the H-bond mediated amide-dimer complex 2 (top)
and an additional extended H-bond motif with two amides (bottom).

simulation containing N-phenylpent-4-enamide, a di-tert-butyl
phosphate anion, a tetrabutylammonium cation, thiophenolate,
tert-butyl phosphoric acid, H,0, and H;O" are depicted. The
acid was used in order to be able to mimic the phosphate—H*
interaction. For detailed information about the simulations, see
chapter S in the SI. In general, the existence of phosphate
dimer 1 was verified. The crucial complex 2, which is formed
via attachment of the amidyl N—H group to the phosphate
dimer, could also be directly found (Figure S; top). In
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addition, hydrogen bridged to this complex by N—H---O=C, a
second amide was found to contribute to the extended H-bond
network in a cooperative way. Also sterically demanding
complexes with one amide attached to the phosphate and one
on the phosphoric acid of dimer 1 could be detected, which
showed geometrically distorted, ie. weaker, H-bonds (see
Scheme S59). Furthermore, a significant reduction of the
absolute number of H-bonds between amide and phosphate
was calculated upon addition of PhSH.

Considering the averaging function of the ensemble, these
findings explain the overall reduction of the amide—phosphate
H-bond strength in the presence of PhSH indicated by the
'H/BN high field shift of the ISN—H doublet representing all
amide-containing species inside the solution. Thus, also the
MD simulations corroborate significant changes of the overall
aggregates in the presence of protons originating from the
acidic channel of thiophenol.”®

Multisite Effect of PhSH within the Mechanism. The
mechanism of the photocatalyzed hydroamidation is extremely
complex, and the PhSH additive can act both as an acid and as
a radical. Therefore, the presence of PhSH has an impact on
multiple rates at different stages of the reaction (see violet
boxes for proton channels and gray boxes for radical channels
of PhSH in Figure 6). The protonated phosphate dimers
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Figure 6. Multisite effects of PhSH on the mechanism in
hydroamidation reactions. Mechanistic steps affected by the acidic
properties of PhSH are highlighted with violet boxes, those affected by
the radical properties with gray boxes. Ionic and radical channels are
intertwined via the partial deprotonation of PhSH. The rates
presented originate from previous studies by Nocera and co-
workers.”!

themselves and the resulting aggregates discussed above can
influence the initial PCET step as well as the BPT via potential
proton trapping and/or differences in their aggregate size.
PhSH as the radical may impact the radical off-cycle
equilibrium as well as the two HAT steps. In addition, the
amount of thiolate anions reduces the availability of PhSH for
the radical channels; thus, the radical and ionic channel
intertwine. Therefore, PhSH and its derivatives were regarded
as unfavorable additives to separate these effects and additives
were selected which allow for separating the radical and the
ionic pathways at least in the ground state.
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Acceleration Effects Substituting PhSH by Diphenyl-
disulfide and Phosphoric Acid. In case the radical and the
ionic pathway influence the hydroamidation reaction in-
dependently from each other, it should be possible to replace
the radical part of PhSH and the acidic part by two additives.
Given the complex mechanism shown in Figure 6, it is key for
further understanding to avoid additional players in the cycle.
Therefore, Ph,S, was selected to represent the radical part of
PhSH and phosphoric acid was chosen to replace the acidic
part of PhSH. Both Ph,S, and phosphoric acid were detected
by NMR in the reaction mixtures with PhSH as the exclusive
additive. This separation of the properties of PhSH into two
additives opens the unique opportunity to modulate the
relative amount of acid and radicals by using different ratios.””

Indeed, the initial rate kinetics of amide, Ph,S,, and different
mixtures of phosphate and phosphoric acid show that the
addition of acid accelerates the photoredox catalytic reaction
(Figure 7) up to three times, which is even higher than the
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Figure 7. Acceleration effects substituting PhSH by phosphoric acid
and Ph,S, presented by initial rate kinetics of amide, Ph,S,, and
different amounts of base and acid; (a) in 1:1:1 mixtures of amide/
Ph,S,/acid+base acceleration effects up to a factor of 3 validate the
effect of the proton network on the photoredox catalytic reaction; (b)
under synthetic conditions (1:0.1:0.2 of amide/Ph,S,/acid+base) the
selective optimization of ionic and radical channels allows even an
acceleration by 1 order of magnitude.

acceleration effect of PhSH with its partially acidic function
(see Figure 2a, top; di-n-butyl phosphoric acid was used
because of instability of the fert-butyl acid).

In addition, again the proton signature of the phosphate
dimer was detected, corroborating the assignment (see Figure
$26). Under synthetic reaction conditions the acceleration
effect is even more pronounced (see Figure 7b). Compared to
the reaction with base and disulfide only the real reaction is
accelerated up to a factor of ~4 (the values are derived from
the comparison of the slopes; see chapter 3.6 and 3.7 in the
SI). Compared to the initially published reaction conditions in
the presence of PhSH (see Figure 2a, bottom, and brown curve
in Figure 7b) even a factor of ~10 is achieved.®” As a result,
these mechanistic investigations show that the radical and the
acidic properties of PhSH can be successfully replaced by a
combination of disulfide and acid. In addition, by applying
these two additives, the radical and the acidic properties can be
selectively modulated and optimized leading to a reactivity
improvement of 1 order of magnitude. We expect that this will
have a huge impact on the developments in synthetic
chemistry.
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Effect of Phosphoric Acid on the Mechanism. Next, we
investigated which steps in the mechanism contribute to the
observed acceleration upon addition of phosphoric acid. First,
the effect of the proton network on the photoreaction was
tested via luminescence quenching experiments at relevant
synthetic concentrations (for details, see chapter 6, SI).
Previous studies determined very fast and highly effective
PCET rates close to the diffusion limit.*”®' Indeed, the
emission decays of the excited photocatalyst were fastest
without acid as the additive (see Figure S$62). The
luminescence decays show that addition of phosphoric acid
significantly slows down the quenching of the photocatalyst’s
excited state, as expected for quenching species becoming
bulkier with increasing amounts of acid. This is in agreement
with DOSY measurements showing larger aggregates in the
presence of phosphoric acid (see Table S1) and excludes the
photostep effecting the acceleration of the overall reaction (for
mechanistic scheme, see Figure 8a). Since acid slows down the
PCET step, the observed acceleration can be caused by either
an acceleration of the productive radical cyclization or a
reduction of the unproductive BET/BPT back reaction.
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Figure 8. (a) Mechanistic proposal using Ph,S, and phosphoric acid
instead of PhSH; (b) light intensity dependent reaction profiles
reflecting conditions of a mixture of amide/base/Ph,S, (blue curve)
and a mixture of amide, base+acid (70:30), and Ph,S, (green curve).
The observed persistence times after reducing the light intensity
indicate a large amidyl radical reservoir in the presence of acid. This as
well as the light intensity dependent persistence times reveal a
productive pathway of regenerating Ir(IIl). For details, see text.
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Therefore, next the availability of the photogenerated amidyl
radical was tested, which is the key intermediate for the
productive reaction. We achieved this by measuring NMR
reaction profiles, applying different light intensities during the
reaction (see Figure 8b). The exclusive change of light
intensity allows the different steps in the mechanism regarding
the amount of amidyl radical to be dissected. The PCET
generation of the radical should be proportional to the light
intensity. The rate constant of the cyclization step should be
independent of the light intensity and constant at least within
one reaction profile. As a result, the rate of the cyclization,
which can be read out in the slope of the overall reaction
profile is expected to be proportional to the amount of
photogenerated amidyl radical available for the productive
reaction.

The blue curve in Figure 8b shows the response of the
overall reaction with disulfide and base. After reducing the light
intensity to 50% or to 25%, a small persistence of the previous
reaction rate is observed for about half a minute. An
acceleration of the cyclization should reduce the amount of
the photogenerated amidyl radical. In contrast the reduction of
the BET/BPT should increase the amount of the amidyl
radical intermediate.

This is in contrast to our previous studies, in which direct
responses to light reduction were detected (upon light
reduction the systems relaxed below the NMR time resolution
to the new photochemical equilibrium situation even in the
case of reaction intermediates).”® This indicates the formation
of an amidyl reservoir feeding the cyclization over a longer
time span. Such an accumulation of the amidyl radical
photogenerated at higher light intensity in the presence of
Ph,S, is in agreement with the mechanistic proposal and the
relative reaction rates previously proposed by Nocera and co-
workers (see Figure 6), in which the amidyl radical is stored as
the S—N intermediate shown in Figure 8.8 Thus, in the
following the term amidyl radical reservoir describes both the
amidyl radical itself and the amidyl radical stored in this S—N
intermediate. The PCET step is very fast, while the amidyl
cyclization is the rate-determining step of the reaction. In case
the BET/BPT back reaction can be slowed down, an excess
formation of amidyl radical is expected. This was achieved by
Ph,S, as the additive providing an off-cycle equilibrium to the
S—N intermediate. This amidyl reservoir seems to be now
visible in the persisting slope corresponding to the preceding
light intensity (and in the slower initial buildup in the first
minutes, see also Figure 7). In principle, different times for this
persistence of the slope depending on the preceding light
intensity are expected; however, the slow time resolution of the
NMR spectra (0.5 min per spectrum) is not sufficient in the
case of Ph,S, as the exclusive additive.

Upon applying a 30:70 mixture of phosphoric acid and base,
again a significant acceleration at 100% light was observed.
After reducing the light to 50% intensity, a persistence of the
initial reaction rate over 3 min can be observed (green curve in
Figure 8b). This directly shows that, with acid as the additive, a
significantly larger amidyl reservoir is formed. In addition, this
indirectly proves the presence of the S—N intermediate, since
the pure amidyl radical would be consumed by far faster by the
cyclization reaction (2.4 x 10* s7').*" By reducing the light
intensity from 50% to 25%, this persistence of the previous rate
is repeated but the length is shorter (2.5 min) as anticipated
for lower light intensities. This pattern is corroborated by the
third switching of the light intensity: Again, the previous slope
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continues, but for a shorter time. These data show that with
acid such a huge excess of amidyl radical is formed (and stored
in the S—N intermediate) and that even the slow time
resolution of NMR spectroscopy is sufficient to resolve the
additive-dependent offset between the photogenerated for-
mation of an amidyl radical reservoir and its reaction in the
downstream dark reaction.

After reduction of the light from 100% to 50%, around 10%
conversion is observed at the initial rate, which is significantly
more than the 2% of Ir(IIl) catalyst available in this reaction
(even in case the ongoing conversion at 50% is subtracted).
This substantial size of the amidyl reservoir indicates that a
productive regeneration pathway of Ir(Il) to Ir(III) has to be
present prior to the cyclization reaction. Initially this
regeneration was proposed by Knowles and co-workers via a
sequential ET/PT involving PhS- and phosphoric acid after the
cyclization step (see Figure 1b). Considering the off-cycle
equilibrium to the S—N intermediate creating PhS- and the
presence of additional protons in close proximity within the
phosphate dimers, we propose this additional Ir(III)
regeneration pathway directly after the PCET step as shown
in Figure 8a.

In principle, this shortcut should be also possible in the
presence of disulfide and without additional acid since
phosphoric acid is generated in the PCET step and PhS- is
available from the off-cycle equilibrium to the S—N
intermediate. However, the reaction profiles only with disulfide
in Figure 8b show only a very short persistence of the previous
reaction rate upon light reduction. In contrast, with 30% acid a
persistence up to 3 min is observed. This shows clearly the
importance of additional protons, which are in close proximity
(phosphate dimers) to the reaction center which is key to an
effective and productive regeneration of the reduced Ir(II)
catalyst back to the initial Ir(III) state.

Overall, reaction profiles with variation of the light intensity
are used to dissect the effect of acid on the different
mechanistic steps within the catalytic cycle. In the presence
of acid, persistence times of the reaction rate at higher light
intensities were observed over minutes after attenuating the
light, indicating the formation of a large amidyl radical
reservoir. This shows that additional protons in close proximity
are able to open up a productive shortcut for the photocatalyst
regeneration prior to the slow cyclization step.

B CONCLUSION

In conclusion, this study shows that complex aggregation and
H-bond networks are potentially present under synthetic
conditions in photoredox catalysis, which affect key properties
in terms of reactivity. Due to highly diluted samples in many
UV studies, these effects have been often overlooked so far.
Regarding the puzzling activation effect of thiophenol in PCET
hydroamidation reactions, it was shown that the interplay of
sophisticated NMR studies, MD simulations, initial rate
kinetics, and light-dependent reaction profiles allow the
disclosure of activation patterns which are hidden by the
average properties of the ensembles.

To our knowledge, the combination of techniques within
this study reveals quite a number of aspects in photocatalysis
for the first time: (1) An extended H-bond network was
directly detected as the key element in photocatalysis, here
allowing a productive shortcut for the regeneration of the
reduced photocatalyst to become effective. (2) The broadly
used PhSH additive in photocatalysis was shown to be
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replaceable by disulfide and acid, allowing for the first time an
individual tuning of the radical and ionic channel and yielding
accelerations up to a factor of ~10 under synthetic conditions.
(3) Advanced NMR studies in combination with MD-
simulations revealed activation modes of photoredox catalysis
within a complex ensemble of H-bond assisted ion pairs. (4)
Light intensity dependent reaction profiles allowed the
accumulation of a photogenerated radical species to be traced
indirectly and the correlation of the overall reaction rate to
individual mechanistic steps.

We expect that all aspects of this study, ensembles and
extended H-bond networks, proton transfer pathways, and
tuning of ionic and radical channels, will play crucial roles in
future photoredox catalysis.
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