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Building C(sp®)-rich architectures using simple and readily available starting
materials will greatly advance modern drug discovery. C(sp®)-H and C(sp?)-O
bonds are commonly used to strategically disassemble and construct bioactive
compounds, respectively. However, the direct cross coupling of these two
chemical bonds to form C(sp®)-C(sp?) bonds is rarely explored in existing
literature. Conventional methods for forming C(sp®)-C(sp?) bonds via radical-
radical coupling pathways often suffer from poor selectivity, severely limiting
their practicality in synthetic applications. In this study, we present a single
electron transfer (SET) strategy that enables the cleavage of amine «-C - H
bonds and heterobenzylic C - O bonds to form C(sp*)—-C(sp’) bonds. Pre-
liminary mechanistic studies reveal a hydrogen bond interaction between
substrates and phosphoric acid facilitates the cross-coupling of two radicals
with high chemoselectivity. This methodology provides an effective approach
to a variety of aza-heterocyclic unnatural amino acids and bioactive molecules.

One of the fundamental tasks in synthetic organic chemistry is to
create structurally and functionally diverse architectures from simple
and abundant feedstocks. C-H and C-O bonds are among the most
commonly utilized chemical bonds for strategically disconnecting and
constructing complex molecules'™. However, the direct cross-
coupling of the C-O bond and C-H bond to form the C(sp*)-C(sp®)
bond has remained a challenging and unexplored area’ (Fig. 1a). Over
the past century, the transition metal-catalyzed C-C bond forming
reactions have garnered immense interest from both the academic
and industrial communities. Although traditional transition metal-
catalyzed cross-coupling reactions, such as the Suzuki reaction
developed in the 1960s, have achieved significant success in synthetic
practices, they still lack broad applicability in constructing
C(sp®)-C(sp®) bonds due to B-hydride elimination side reaction®’.
Recent advances in nickel-catalyzed single electron transfer processes
could partially address this limitation, by forming a high-valent Ni(III)
reactive intermediate®. Another approach to forging the
C(sp®)-C(sp®) bond is through the radical addition reactions to the

activated double or triple bonds, which typically require precise
matching of the substrate electronic properties. Nevertheless, con-
ventional radical-radical direct coupling reactions often lack che-
moselectivity between two radicals that are similar in electronic
properties, leading to the formation of complex by-products (Fig. 1b).
In light of these limitations, we questioned if sp>hybridized C-O and
C-H bond could be disassembled and rearranged to forge
C(sp®)-C(sp®) bond in a chemo-selective way through the process of
photoredox catalysis while maintaining compatibility with various aza-
heterocyclic frameworks.

Owing to the development of various directing groups, transition
metal-catalyzed C-H bond activation reactions have now emerged as a
powerful toolbox in organic synthesis®® >, In recent years, the com-
bination of photoredox catalysis and transition metal catalysis has
propelled this field towards the exploration of non-directed
substrates®*®. The remarkable works from Macmillan’s group
demonstrated a series of elegant photoredox-nickel dual catalytic
processes for constructing C(sp*)-C(sp? and C(sp*)-C(sp®) bonds
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Fig. 1| Hydrogen-bond interaction promoted radical-radical cross-coupling.
a Photo-induced transition metal-catalyzed cross-coupling of C-O or C-H bond
with C-X bond. b Representative radical reaction paradigms. ¢ Chemoselective

SARS-CoV-2 inhibitor

20S Proteasome inhibitor

radical cross-coupling of heterobenzylic C-O bond with C-H bond. d Aza-
heterocyclic unnatural amino acid moieties in bioactive molecules.

from C-H bonds* . These reactions typically involve the cleavage of
C-H bonds at the a-position of amine or alcohol substrates using a
HAT reagent. This is then followed by a cross-coupling reaction with
aryl halides or alkyl halides, catalyzed by nickel species. It has been
reported that the a-C-H bond on glycine derivatives can also serve as
an imine precursor under certain oxidation conditions*°. This imine
intermediate can then be captured by a variety of nucleophiles or
radicals. However, it should be noted that these C-C bond-forming
reactions generally require the presence of transition metals and are
not compatible with aza-heterocyclic motifs in some cases. In a similar
vein, the classic cleavage of C-O bonds involves oxidative addition
reactions to generate reactive organometallic intermediates, which are
catalyzed by transition metals”. This is typically observed for sp?
hybridized C-O bonds. Alternatively, C(sp®)-C(sp®) bond cross-
coupling reactions can also be conducted for sp® hybridized C-O
bonds, employing tosylates or triflates as the reactants®**!, Recently, it
has been reported that the C-O bond can also generate a carbon-
centered radical through the use of an acyl-activating reagent or a
carbene catalyst***. Subsequently, this radical is transferred onto the
transition metal species and results in the formation of a high
valent organometallic intermediate, enabling the formation of a
C(sp®)-C(sp®) bond through a reductive elimination pathway.

In contrast to the abundant availability of alcohols and amines as
organic feedstocks, it is intriguing that there have been limited reports
on their direct coupling reactions. To address this challenge, we pro-
posed an approach that merges photocatalysis with intermolecular
hydrogen bond interactions to enable a redox-neutral and chemose-
lective radical cross-coupling protocol. Our hypothesis is that the
heterobenzylic alcohol can be activated by an electron-deficient

benzoyl group, leading to the generation of a free radical upon
accepting a single electron from the photocatalyst, as previously
reported*>*, Simultaneously, the lone pair electrons in the amine
substrate can also provide an electron under photocatalytic condi-
tions. Thus, these two substrates create an electron donor-acceptor
system, resulting in the formation of two free radicals. These radicals
can then undergo a radical-radical cross-coupling reaction facilitated
by hydrogen bond interactions (Fig. 1c). This approach will hold great
promise for the synthesis of heterocyclic unnatural amino acids, which
are commonly found in natural products and bioactive com-
pounds (Fig. 1d).

Results

We opted for 2-hydroxymethylpyridine as the electron acceptor and
glycine derivatives as the electron donor for our preliminary investi-
gation. Firstly, the 2-hydroxymethylpyridine was esterified using 3,5-
bis(trifluoromethyl)benzoic chloride, while the glycine derivative was
converted into a methyl ester.

We were thrilled to discover that pyridin-2-ylmethyl-3,5-bis(tri-
fluoromethyl)benzoate (1a) and N-phenylmethyl glycinate (2a) were
successfully activated by the photocatalyst Ir(ppy)s, and the resulting
radicals underwent cross-coupling with a 49% yield. This initial finding
prompted us to further investigate the aryl groups on the glycinate
substrate. The presence of strong electron-withdrawing groups, such
as the trifluoromethyl group on the benzene ring, was found to have a
negative impact on the reaction. On the other hand, electron-donating
groups like methoxy led to a slightly lower yield, while a fluoride atom
in the para-position displayed the highest yield (Table 1, entry 1-4).
Furthermore, we tested a range of alcohol-activating acyl groups under
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Table 1 | Optimization of reaction conditions®

A NHR Ir(ppy)3 (2 mol%) N NHR
L L o & . PA (30 mol%) |
N hi CO,Me N CO,M
5 2 DCM, r.t.,, Blue LED 2Vie
Entry Derivation standard conditions Yield (%)°
1 Ar = 3,5-di-CF3-CgHs (1a), R = Ph (2a) 49
2 Ar =1a, R = 4-CF3-CgH, (2b) 8
3] Ar =1a, R=4-F-CgH,4 (2c) 53
4 Ar =1a, R=4-OMe-CgH, (2d) 32
5 Ar = 2,4,6-trifluorobenzene (1b), R=2a 37
6 Ar = 2,4,6-trichlorobenzene (1c), R=2a 15
7 Ar = 4-CF3-CeH,4 (1d), R=2a 40
8 Ar =1a, R=2a, DME as solvent 33
9 Ar =1a, R=2a, MeCN as solvent 33
10 Ar =1a, R =2a, without PA 40
" Ar =1a, R=2¢, NaHCO; (2 eq) 64
12 Ar =1a, R=2c, NaHCO3 (2 eq), 60 °C 72
13 the same conditions as entry 12, in DME 74
14 the same conditions as entry 12, with- 19
out Ir
15 the same conditions as entry 12, in 0
the dark

2Performed with alcohol 1a (0.2 mmol, 2.0 equiv), amine 2a (0.1 mmol, 1.0 equiv), in 1.0 mL of CH,Cl,, 24 h. *Yields were determined by isolation. PA: 1,1-Binaphthyl-2,2-diyl hydrogenphosphate.

the photoredox conditions. It was determined that 3,5-bis(tri-
fluoromethyl)benzoate (1a) was the most effective single electron
accepting group for this deoxygenative cross-coupling, with other
benzoates showing comparatively lower yields or no coupling product
at all in the case of electron-donating benzoates (Table 1, entry 5-7).
Solvents were also evaluated, and the results revealed that dichlor-
omethane performed the best compared to the others (Table 1, entry
8-9). Control experiments were also conducted, and the results
demonstrated a decrease in yield without the involvement of phos-
phoric acid (Table 1, entry 10). The yield was improved to 64% when 2.0
equivalents of sodium bicarbonate were added, which was further
improved to 72% at 60 °C. The solvent 1,2-Dimethoxyethane could
slightly improve the yield to 74% (Table 1, entry 11-13). Furthermore,
the reaction produced a yield of 19% in the absence of the iridium
catalyst, indicating that these two substrates may form a weak
electron-donor-acceptor (EDA) complex under the reaction conditions
(Table 1, entry 14). Lastly, no product was observed when the reaction
was conducted in the dark, indicating that light emission was essential
to the single electron transfer process (Table 1, entry 15).

With the optimal conditions in hand, we embarked on an
exploration of the range of substrates for this reaction (Fig. 2 and
Fig. 3). Firstly, we reexamined N-(para-methoxyphenyl) (PMP) sub-
stituted glycinate using the optimum conditions, resulting in a yield of
67% (1). This is of great significance for the practicality of this protocol,
as the PMP group is readily removed under oxidation conditions.
Subsequently, we examined the substitution of groups with varying
electronic properties and positions on the pyridine ring. The results
indicated that electron-donating groups, such as methoxy (3), as well
as electron-withdrawing groups like fluoride and bromide (4, 5), pro-
vided moderate yields for the 3-substituted pyridines. Similar results
were obtained for the 4-substituted pyridines, with no notable impact
of the electronic properties of the substituents on the reaction effi-
ciency (6-9). Likewise, the 5-substituted pyridines offered moderate to
good yields without any apparent electronic effect (10-16). We also
investigated substitution groups at the 6-position of the pyridine, and
the results revealed an intriguing steric effect on this reaction. The
yield decreased as the atomic radius increased from fluoride to

bromide (17-19). This phenomenon suggests that hydrogen bond
interactions play a crucial role in the success of this reaction, as steric
bulky groups are not conducive to its formation. Multi-substituted
pyridines also yielded satisfactory results with moderate to good yields
(22-24). It is worth noting that all the halogen atoms were compatible
in this reaction, allowing for further modification of the coupling
product. Additionally, the substrates derived from 4-pyridin-methanol
and 3-pyridin-methanol exhibited yields of 51% and 72%, respectively
(25, 26). Considering the challenges encountered in synthesizing
unnatural amino acids containing nitrogen heterocycles using tradi-
tional methods, we decided to shift our focus towards exploring
alternative aza-heterocyclic substrates. To our delight, a range of aza-
heterocycles performed well under the reaction conditions. The sub-
strate derived from 2-pyrimidine methanol achieved a yield of 63%
(27), other aza-heterocycles such as isoquinoline (28), oxazole (29),
thiazole (30, 31), imidazole (32, 34), and pyrazole (33) all exhibited
moderate yields. Furthermore, a series of secondary alcohol deriva-
tives were tested under optimal conditions, resulting in moderate to
good yields, albeit without significant diastereoselectivity (35-40).
This approach also demonstrated remarkable capability in forming
quaternary all-carbon centers through cross-coupling reactions
between tertiary alcohols and glycine derivatives(41-46), which are
typically a significant challenge in transition-metal-catalyzed cross-
coupling reactions.

Having demonstrated a broad scope for the heterobenzylic alco-
hol substrates, our interest turned to expand the scope of potential
coupling partners (Fig. 4). A series of a-amino ketones were found
to work well under the reaction conditions. For instance, o-
aminoacetophenone yielded 71% (47), while both electron-donating
and electron-withdrawing substituents on the benzene ring resulted in
moderate to good yields (47-52). Furthermore, various heteroaro-
matic amino ketones also exhibited good to moderate yields in this
reaction (53-56). Aliphatic amino ketones were tested as well, all of
which provided good yields (57-59). Notably, benzyl amine only
proved effective in this reaction when an electron-withdrawing group
was present on the benzene ring, resulting in a moderate yield (60). To
showcase the versatility of this method in constructing complex
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Fig. 2 | Substrate investigation for the heterobenzylic alcohols. All of the yields were isolated yields. The diastereomeric ratio was determined by isolation yield.

functional molecules, we examined a series of peptides containing
glycine residues. To our delight, all of these substrates, including
dipeptides and tripeptides, performed well and yielded good to
excellent results (61-64). Additionally, we attached a range of chiral
auxiliaries to the glycine substrates in order to explore the stereo-
selective potential of this reaction. Ultimately, we discovered that
chiral 2,5-diphenyl pyrrolidine exhibited the best diastereoselectivity

(65-69). Furthermore, this method proved to be highly convenient for
the late-stage modification of the beta-adrenergic receptor blocker
Pirifibrate (71) and the synthesis of histone deacetylase inhibitor (74)*5.

To gain further insight into the mechanism underlying this cou-
pling reaction, a series of control experiments were conducted. Initi-
ally, when benzylic alcohol was used as the substrate, no product was
observed (Fig. 4a). This observation suggests that the presence of a
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Fig. 3 | Substrate investigation for the amines and synthetic applications. All of the yields were isolated yields. The diastereomeric ratio was determined by

isolation yield.

nitrogen atom on the substrate is essential for the success of the
reaction. We speculate that the nitrogen atom not only stabilizes the
newly formed radical but also provides a lone pair electron for
hydrogen bond interaction. Additionally, control experiments showed
that the yield decreased significantly from 72% to 38% for 2-pyridine
methanol substrate (1a) in the absence of phosphoric acid, this result
was particularly obvious for 3-pyridine methanol substrate (26) which
decreased from 72% to 19% yield without the participation of phos-
phoric acid. In contrast, no obvious decrease in the yield for the
4-pyridine methanol substrate without the phosphoric acid, indicating
the reactivity of this substrate was mainly controlled by polarity-
matching of two radicals (Fig. 4b). Furthermore, the '"H NMR tracking
experiments also revealed that the chemical shifts for both substrates

and phosphoric acid protons changed significantly when these com-
pounds were mixed together (see Supplementary Fig. 3 and Supple-
mentary Fig. 4). These observations indicated that phosphoric acid did
promote the radical-radical cross-coupling via hydrogen bond inter-
action along with the polarity-matching of two radicals in this reaction.
An effort was also made to capture the radical intermediate by adding
TEMPO to the reaction conditions. The heterobenzylic alcohol was
converted into the TEMPO-trapped product 75 with a yield of 10%
(Fig. 4c), indicating the formation of a pyridyl methylene radical in the
reaction. Furthermore, Minisci-type side product 76 and homo-
coupling product 77 were also isolated in yields of 5% and 8%,
respectively (Fig. 4d), suggesting that the glycine substrate also
underwent a radical process. In order to explore the potential
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Fig. 4 | Mechanistic insight into the reaction. a Control experiment using benzylic alcohol as substrate. b Control experiments in the absence of phosphoric acid.
¢ Radical-trapping experiment. d Product distribution of the reaction. e Optical absorption spectra for the reaction components. f Proposed reaction pathways.

formation of an electron-donor-acceptor (EDA) complex in this
reaction*>, we conducted optical absorption spectra tests on sub-
strates 1a, 2c, and their combination. The results revealed that the
combination of 1a and 2c¢ did not display a significant red shift (Fig. 4e),
indicating that the EDA complex is not strong enough to effectively
drive this reaction. Therefore, we propose that the single electron
transfer (SET) process in this reaction occurs through the utilization of
an iridium photocatalyst as the mediator for electron transfer. Based
on these findings, we have put forward a proposed reaction pathway
illustrated in Fig. 4f. Substrate 1a accepts one electron from the
reductive iridium species, leading to the formation of a pyridyl
methylene radical intermediate (78). Concurrently, substrate 2c
donates one electron to the oxidative iridium species, resulting in a
radical at the a-position of the amine (79). The cross-coupling of 78
with 79, facilitated by hydrogen bond interaction with phosphoric
acid, ultimately results in the formation of the C(sp*)-C(sp®) bond.

Discussion

In summary, we have presented an approach for the direct deox-
ygenative C(sp®)-C(sp?) cross-coupling of heterobenzylic alcohols and
amine substrates. This protocol demonstrates a wide range of

substrate compatibility and shows good tolerance towards various
functional groups, resulting in moderate to high yields of the desired
products. A diastereoselective version of this reaction was also
achieved by using a chiral 2,5-diphenyl pyrrolidine as the chiral aux-
iliary. Importantly, this approach offers a convenient route to access a
variety of heterocyclic unnatural amino acids, which are highly valu-
able in the fields of drug discovery and chemical biology research.
Preliminary mechanistic investigations suggest that this reaction pro-
ceeds through a radical-radical cross-coupling pathway facilitated by
hydrogen bond interactions. This methodology is expected to find
broad applications in the efficient synthesis of challenging sp*riched
heterocyclic unnatural amino acid scaffolds.

Methods

General procedure for the deoxygenative cross-coupling of
C(sp*-0/C(sp®)-H bonds

Substrate 1a (0.20 mmol), 2¢ (0.10 mmol), iridium photocatalyst
(0.002 mmol), phosphoric acid (0.03 mmol), sodium bicarbonate
(0.20 mmol), and anhydrous 1,2-Dimethoxyethane (1.0 ml) were added
sequentially to a 5 ml sealed tube with a magnetic stir bar. The tube was
then flushed with N, gas for 15s and sealed with Teflon cap
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immediately. The reaction mixture was irradiated under a blue LED
(A=450 nm) at 60 °C for 24 h. The mixture was cooled to room tem-
perature, diluted with 2 ml of ethyl acetate, and washed with saturated
NaHCO; solution; the aqueous phase was extracted with ethyl acetate
(2 ml) 2 times. The organic phase was combined, dried with anhydrous
sodium sulfate, and concentrated. The residue was purified by pre-
parative thin-layer chromatography to provide the cross-coupling
product with a 74% yield. Full experimental details and characteriza-
tion of compounds are given in the Supplementary Information.

Data availability

The data supporting the findings of this study are available within the
article and its Supplementary Information files. All other data sup-
porting the findings of this study are available within the Article and its
Supplementary Information, or from the corresponding author upon
request.
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