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ABSTRACT: Photocatalyzed Hydrogen-Atom Transfer (HAT) is now an established methodology in the
synthesis of pharmaceuticals and agrochemicals, as well as in the development of late-stage
functionalization campaigns. Yet, the realization of the full potential of this manifold is held back by
intrinsic challenges that still demand meticulous exploration and resolution, such as lack of
regioselectivity and inefficiency. Herein, we propose the HAcTive strategy to address these
longstanding challenges. The fast HAT from aldehydes formyl group and ensuing a-fragmentation of the
photogenerated acylradical (i.e. decarbonylation) is exploited to boost efficiency, steer regioselectivity
and enable reactivity in HAT-based methodologies. We validated this concept in several
decarbonylative C—C bond formation protocols. In-depth mechanistic investigation based on Laser-
Flash Photolysis and Density Functional Theory highlight the crucial role of kinetic factors to control the

observed chemistry.

INTRODUCTION

In the new century, there has been a surge in synthetic methods based on the generation of radicals,
especially carbon-centered radicals. Photocatalyzed hydrogen atom transfer (HAT) has attracted
substantial attention from synthesis practitioners to access these intermediates, often being hailed as
the holy grail of synthetic methodology (Figure 1A)."® In fact, a suited photocatalyst absorbs a photon
and cleaves homolytically an aliphatic C—H bond from an H-atom donor to produce the desired
organoradical.

Although riveting, the realization of the full potential of this manifold is accompanied by challenges that

still demand meticulous exploration and resolution (Figure 1B). Foremost among these challenges is
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the issue of regioselectivity. In fact, C—H bonds are omnipresent in organic molecules, which calls for
the development of tactics to achieve regioselectivity in the C—H cleavage step. This selectivity can be
somewhat adjusted by mastering the complex interplay between substrate, photocatalyst and medium
characteristics,®'? but full control still remains out of reach. Another major limitation for the wide
adoption of photocatalyzed HAT is represented by inefficiency. To cope with this, H-atom donors are
typically used in superstoichiometric amounts, which is paradoxical given the intrinsic atom-economy
of HAT. While this might not be a significant obstacle when working with readily accessible substrates
(e.g. tetrahydrofuran or cyclohexane), it is a considerable limitation for late-stage functionalization
endeavours.” Indeed, in these instances, employing multiple equivalents of the H-atom donors may be
unfeasible due to restricted availability and substantial cost of the starting materials.®

Determined to address the two limitations outlined above, we were inspired by photoredox catalysis.™
'8 Here, a photocatalyst engages with the substrate via a photoinduced single-electron transfer (SET)
step instead of hydrogen atom transfer (HAT). To promote SET, a so-called redox auxiliary group is often
introduced in the substrate to match its redox potential with that of the excited state of the
photocatalyst. Upon successful electron transfer, mesolytic cleavage of the auxiliary group occurs to
reveal the desired carbon-centered radical. Overall, the use of redox auxiliary groups often allows to
avoid using the radical progenitor in excess and ensures site-selectivity in the formation of the radical.
We became intrigued in extrapolating this concept to the field of photocatalyzed HAT by taking
advantage of a Traceless Activating Group (TAG, Figure 1C). This group should be activated via HAT and
react faster than most typical aliphatic C—H bonds found in organic molecules. This ensures that the
H-donor can be used in stoichiometric amount (1 equivalent). Moreover, the radical generated via HAT
from the TAG should undergo prompt fragmentation to reliably reveal the desired organoradical with
minimum impact on atom-economy of the process. Finally, the TAG is a functional group that is
commonly found in organic molecules (or easily installed), therefore granting access to structurally
diverse alkyl radicals (Figure 1C). In view of the above, we identified the formyl group of aldehydes as
the ideal TAG for photocatalyzed HAT."®

In fact, besides C(sp®)—-H bonds, photocatalyzed HAT can be exploited for the activation of aldehydic
formyl C(sp?)—H bonds to yield acyl radicals as well.?>?® The latter intermediates are directly exploited
for the synthesis of unsymmetrical ketones,?"?-3" however competitive decarbonylation to unveil alkyl
radicals was in some cases documented. For example, Fagnoni and co-workers observed competitive
decarbonylation when attempting acylation of electrophilic olefins.?® A few years later, Orfanopoulos
observed a similar phenomenon while developing a procedure for the acylation of [60]fullerene.® More
recently, Wu and co-workers showed that a-alkoxyaldehydes and pivalaldehyde undergo complete
decarbonylation in a Co-based dehydrogenative strategy.?® Although in those instances the

decarbonylation pathway was identified as a selectivity issue, which was addressed by decreasing the
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reaction temperature,®2® we reasoned that this pathway could be turned into a new strategy to tackle
the abovementioned limitations of HAT photocatalysis.

Herein, we report the successful implementation of this concept, which we name HAcTive (Figure 1D),
for C-C bond forming reactions. First, we demonstrate that this strategy enables more practical
conditions for photocatalyzed HAT, by lowering the excess of H-donor needed to achieve efficient
transformations. Second, we show that the introduction of the TAG improves selectivity of the overall
process when the corresponding TAG-free substrate undergoes decomposition. Third, we demonstrate
that it can be used to redirect regioselectivity in the hydrogen abstraction step, thus unlocking new
opportunities in photocatalyzed synthesis. Moreover, as a testament of the potential of the HAcTive
strategy, we developed a protocol for the formal synthesis of a wide range of Non-Proteinogenic Amino
Acids (NPAAs) by exploiting the Garner’s aldehyde as the model substrate. Finally, the working
principles of a TAG have been uncovered through a combination of experimental, spectroscopic and

computational studies.
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Figure 1 — A) Direct Photocatalyzed Hydrogen Atom Transfer (HAT). B) Regioselectivity and efficiency are long-
standing challenges, still frustrating the wide adoption of HAT for process chemistry and late-stage
functionalization campaigns. C) The concept of Traceless Activating Groups (TAGs) for photocatalyzed HAT. D)

The HAcTive strategy.

Results and Discussion

We started validating our concept by comparing the reactivity of methyl tert-butyl ether (S1) and
alkoxyaldehyde 1a in a Giese-type radical hydroalkylation reaction. The decatungstate anion (4 mol%
as tetrabutylammonium salt, TBADT) was chosen as the photocatalyst to trigger the HAT step.3***When

the reactions were performed in the presence of 2-vinylpyridine as the SOMOphile under irradiation at
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390 nmfor 16 h, product 3was detected (Figure 2A). As anticipated, 3 was formed only in trace amounts
when 1.2 or 2 equivalents of 81 were used. Interestingly, even with 5 equivalents of the H-donor, the
yield did not exceed 30%, in spite of the total consumption of 2-vinylpyridine (Figure 2A). When
replacing S1 with the corresponding tagged H-donor 1a, the advantage of the HAcTive strategy was
immediately evident. Indeed, compound 3 was formed in good yield (79%) without the need for a large
excess of the H-donor (1.2 equiv., Figure 2A). Interestingly, no competitive formation of the
corresponding undesired acylated product was detected by GC-MS analysis and 2-vinylpyridine was
completely consumed at the end of the reaction. This approach was verified across different classes of
electrophilic olefins, including unsaturated esters (compounds 4 and 5), nitriles (6-8), sulfones (9) and
ketones (10), reliably delivering the expected Giese adducts in yields (Figure 2A). These results clearly

show that the HAcTive strategy enables more practical conditions for photocatalyzed HAT.
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Figure 2 - Validation of the HAcTive strategy in a Glese-type radical hydroalkylation reaction to: A) increase
reaction efficiency, B) enable reactivity for recalcitrant substrates and C) steer regioselectivity. Reaction
conditions: H-donor (1.2-5 equiv.), 2-vinylpyridine (0.1 mmol) and TBADT (4 mol%) in CH3;CN (0.1 M). The reaction
mixture was bubbled with N, (1 min) before irradiation at 390 nm for 16 h. @ Incomplete conversion of 2-
vinylpyridine was observed.

On a different note, benzyl methyl ether (S2) is a poor substrate for the Giese reaction, most likely
because of the competition between the two a-to-O positions for the HAT step (Figure 2B). In fact, a
complex mixture resulted from the irradiation and the desired product 11 was detected only in traces,
regardless of the amount of S2 used (up to 5 equiv.). The outcome was completely different, however,
when 1b was used in the role of H-donor: compound 11 was isolated in a satisfying yield as the sole
product in 53% vyield (Figure 2B). Hence, in this case, the HAcTive strategy successfully revived a

reaction that would otherwise be hindered by competing reaction pathways.
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Next, we set off to probe the validity of our approach to steer regioselectivity in photocatalyzed HAT
(Figure 2C). Thus, when sesamol methyl ether (S3) was used as the H-donor in our radical
hydroalkylation conditions, product 12 was obtained in decent yields (38% with 1.2 equiv. of 83) with
complete selectivity for the functionalization of the acetalic methylene site. The product deriving from
the hydrogen abstraction on the methyl group was not observed. Higher concentrations of the H-donor
improved the yield but left the regioselectivity unaltered. Impressively, when the tagged H-donor 1¢c was
adopted in only 1.2 equivalents, the regioselectivity was completely diverted and compound 13 was
formed instead. In this case, product 12 was not observed (Figure 2C). Additional experiments on
aldehydes 1f-1i proving the generality of the HAcTive strategy are reported in Section 7 of the Supporting
Information.

Motivated by the significant impact of the TAG, we started investigating whether the aforementioned
effects could be integrated to design novel synthetic platforms for decarbonylative C-C bond
formation. Inspired by recent work from Baran,®® we opted to apply the HAcTive strategy to achieve the
selective functionalization of the 2,2-dimethyl-oxazolidine ring (S4, Figure 3) as a convenient and atom-
economical access point to 1,2-aminoalcohols. In fact, the oxazolidine ring contains two methylene

groups —the a-to-N and a-to-O positions — that compete for functionalization via photocatalyzed HAT.
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Figure 3. A) The functionalization of oxazolidine S4 via Giese-type radical addition leads to a mixture of
regioisomers in low yield. B) The use of a TAG improves efficiency and selectivity. "H-NMR vyields are shown

(internal standard: CH,Br).

As the Bond Dissociation Energies of a-to-N and a-to-O C-H bonds are nearly identical (92%¢ vs 90%
kcal-mol™ for tetrahydrofuran and pyrrolidine, respectively), this issue cannot be effectively addressed
on thermodynamic grounds. The Garner's aldehyde (1d) is a tagged surrogate for S4 and it has attracted

significant interest as a chiral intermediate for the enantioselective synthesis of amino alcohols.* It is
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commercially available and can be synthesized efficiently on a large scale (see section 4.2 in the
Supporting Information).*® We hypothesized that the formyl group could function as an antenna for a
fast HAT step, delivering an acyl radical. Ensuing decarbonylation would deliver a stabilized a-
aminoalkyl radical. Overall, the formyl group would serve as a TAG to outcompete H-abstraction from
the a-to-O site.

These hypotheses were fully confirmed by our experimental work (Figure 3). In fact, under the reaction
conditions outlined in Figure 2, the adoption of oxazolidine S4 (1.2 equiv.) as the hydrogen donor and
ethyl acrylate as the radical trap led to functionalization at both the a-to-N and a-to-O positions in a
1.1:1 ratio and with a modest overall yield of 25% (Figure 3A). In sharp contrast, using 1d (1.2 equiv.) as
the hydrogen donor significantly improved the reaction, resulting in selective a-to-N functionalization
in 71% yield (Figure 3B). In complete accordance with the funding principles of the HAcTive strategy,
the use of regioisomeric aldehyde 1e redirected the selectivity toward the a-to-O position (57%, Figure
3B, see also Section 9 in the Supporting Information). Taken together, these findings suggested that the
HAcTive strategy represents a streamlined approach for the versatile synthesis of amino alcohols.
After a quick round of optimization of reaction conditions (Section 5.1 in the Supporting Information),
we reacted 1d with a wide array of electron-poor olefins to forge C(sp®-C(sp®) bonds (Figure 4). Starting
from a,B-unsaturated ketones, the reaction occurred smoothly with methylvinyl ketone and methylene
norbornanone, allowing to obtain the expected adducts 14 and 15 in 66% and 76% yield after isolation,
respectively. Next, we found that acrylates were elective compounds in the role of SOMOphiles (16-23),
reliably producing the corresponding hydroalkylation products in high yields (50-83%). Intriguingly,
complex acrylates derived from biologically relevant alcohols, such as prolinol, galactose, cholesterol
and menthol, were also successfully employed (20-23, 50-83%), underscoring the robustness and
applicability of this protocol. Olefins bearing other electron-withdrawing functional groups were also
well tolerated (24-27, 65-79%). Radical addition onto 2-benzylidenemalononitrile proceeded well and
resulted in the formation of adduct 25 in 79% yield (dr 1.2:1). Similarly, (vinylsulfonyl)benzene and 2-
vinylpyridine allowed to prepare the corresponding Giese adducts 26 and 27 in satisfying yields (65%
and 75%, respectively).

Motivated by these findings, we subsequently developed a protocol for the SOMOphilic alkynylation of
the Garner’s aldehyde (see Section 5.2 in the Supporting Information).*®*" Although the expected
products were generally not obtained in outstanding yields (Figure 4), it is important to stress that our
approach offers a new metal-free retrosynthetic perspective for the synthesis of alkynyl amino alcohols

(and amino acids), which are more traditionally obtained via a Sonogashira-type cross-coupling.*?
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The a-to-O functionalization was never observed. Thus, several para-substituted
((methylsulfonyl)ethynyl)benzenes allowed to obtain the expected products 28-34 in moderate yields
after isolation (40-53%)).

In an attempt to reduce the reaction time and enable scalability of the protocol, we managed to
translate the transformation into continuous flow for product 23 (Figure 4, lower part; see Sections 6.3
in the Supporting Information). Thus, a CH;CN solution of 1d, menthyl acrylate and TBADT was pushed
by means of a syringe pump into a photochemical reactor (FEP, Vg = 2.5 mL, ID = 0.8 mm, see Figure
S2). As expected, when the reaction was performed in the absence of a back-pressure regulator (BPR),
the flow regime was irregular because of CO gas evolution and the residence time was not reproducible.
The installation of a BPR (2.8 bar) at the outlet of the photochemical reactor solved this issue and
allowed to obtain 23 in 71% yield on a 5 mmol scale. As expected, the oxazolidine ring could be opened
in acidic conditions to unveil the corresponding a-to-N-functionalized amino alcohol 35 in quantitative
yield.

Next, we shifted our focus to understanding the origin of selectivity of the HAT step by adopting a
combined experimental and computational approach. On the one hand, we used Laser-Flash
Photolysis (LFP) to appreciate the kinetic advantage offered by the HAcTive strategy. In more detail, we
opted to measure the quenching rates of the excited state of TBADT (see Section 9.2 in the Supporting
Information) by a set of tagged H-donors used in this work and compared them with those obtained by
using the corresponding untagged scaffolds. In practice, we constructed the relevant Stern-Volmer (SV)
plots and calculated the corresponding absolute kinetic constants for the HAT step. The kinetic data for
substrates 81 vs 1a and 1d vs S4 are presented in Figure 5A (left), while additional substrate
comparisons are shown in Figure 5A (right). In all cases, SV analysis consistently showed the kinetic
advantage of using tagged substrates and, in some cases, quenching rates proved to be 5-10 times
higher than those of untagged ones. Of note, the reported kinetic constants have not been corrected for
the number of hydrogen atoms. These experiments strongly suggest that kinetics plays a fundamental
role in the HAcTive strategy.

In parallel, we conducted DFT calculations at the ®B97xD/def2TZVP level of theory (implicit CH;CN
solvent) to have insight into the reasons for the observed selectivity (see Section 9.3 in the Supporting
Information for further details). In particular, we modelled H-abstraction from all the available positions
in model compounds 1a (H...) and untagged derivative S1 (Ha.p; see Figure 5B). As the hydrogen
abstractor, we decided to adopt the tert-butoxyl radical (tBuQO°®) based on the assumption that most
photocatalysts operating via direct HAT (when in the excited state) show a behaviour analogous to this
alkoxyl radical.*®* Furthermore, tBuO® is a convenient computational choice due to the limited
computational cost and the symmetric substitution pattern of the tert-butyl group, that limits the

number of conformations to be screened.
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A) Laser-Flash Photolysis investigation
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Figure 5 - Mechanistic studies: A) Laser-Flash Photolysis experiments and B) Density Functional Theory analysis.

Figure 5B (left) describes the thermodynamic (AG) and kinetic (AG*) parameters associated with the
hydrogen abstraction processes by the tert-butoxyl radical from the different positions of 1a and S1.
Importantly, AG values offer indications about both the relative strength of the cleaved C-H bonds and
the relative stability of the generated C-centered radicals. On one hand, the introduction of the HAcTive
group has a negligible impact on both thermodynamic and kinetic parameters of H, (methyl position).
On the other hand, the incorporation of the TAG has a tremendous impact on the lability of C-H, bond
(AAG = 18 kcal mol™) since in this case a highly stabilized captodative radical is formed upon cleavage
of named bond. Furthermore, 1a features an additional (quite) labile position, namely formyl C-Hc, with
the overall bond dissociation energy (BDE) order for 1a: C-H, >> C-H; > C-H,, somehow contradicting
the experimental selectivity toward the C-H; position. In the context of radical chemistry, it is well-
established that selectivity profiles often emerge from kinetic rather than thermodynamic factors.®
Actually, the activation energy for C-H cleavage (AG*) follows the order: C-H, >> C-H, > C-H.. This
behaviour can be rationalized based on polar effects governing the transition state for the C-H
cleavage: it is no surprise that the electrophilic tert-butoxyl radical targets the most hydridic C-H site,
namely the formylone (C-H.), with exquisite selectivity. Collectively, these results point towards kinetic

selectivity too: although weaker bonds are present in tagged substrates, TAG is able to guide HAT.*
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Another key aspect for the success of the HAcTive strategy is the decarbonylation step, which has to be
fast, avoiding any competitive reactivity of the initially formed acyl radical. Figure 5B (right) analyzes the
behaviour of a set of diverse acyl radicals. Thus, decarbonylation of the acyl radicals deriving from
substrates 1a and 1d has to confront with modest barriers (+9.44 kcal-mol™ and +6.86 kcal-mol™,
respectively) and are overall exergonic processes. For the sake of comparison, the same process has
been modelled for the acyl radicals arising from propanaldehyde and isobutyraldehyde, taken as
reference for primary and secondary acyl radicals, respectively. Thus, decarbonylation of the former is
slightly endergonic (AG = +3.75 kcal-mol™) and kinetically challenging (AG* =~ +16 kcal-mol™). In
contrast, the decarbonylation of the secondary acyl radical is almost thermoneutral and occurs with a
smaller activation energy (AG* =~ +13 kcal-mol™) than the primary one. On one side, this analysis
highlights an important aspect of the HAcTive strategy: its efficiency is closely linked to the
decarbonylation step, making it particularly well-suited for generating stabilized carbon-centered
radicals (e.g. a-to-heteroatom ones). On the other side, it suggests the formyl group as a « super »
hydrogen donor, capable of guiding selectivity despite the presence of weaker C—H bonds within the
substrates and boosting efficiency in the HAT step thanks to kinetic factors. Importantly, an additional
advantage of the proposed approach is the traceless nature of the CO group, which does not leave

residues to get rid of at the end of the process.

CONCLUSION

We developed the HAcTive strategy, which harnesses kinetic factors inherent to the HAT step to tackle
persistent challenges in photocatalyzed HAT, specifically regioselectivity and inefficiency. This
approach involves exploiting the formyl group as a traceless activating group (TAG) at the targeted
position on the substrate. The rapid HAT from the highly hydridic formyl C(sp?)-H bond of aldehydes,
followed by the a-fragmentation of the resulting acyl radical (i.e., decarbonylation), significantly
enhances both regioselectivity and overall efficiency. A detailed experimental, spectroscopic and
computational analysis validates the conceptual framework of the HAcTive strategy. We are confident
that the results presented in this work will stimulate further research in the field of photocatalyzed HAT
for the synthesis of pharmaceuticals and agrochemicals, as well as in the development of late-stage

functionalization campaigns. Further studies are underway to further expand the strategy.
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